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Abstract: Periodic signals replaced noise that was found in continuous seismic data, particularly
in the nighttime, from the broadband seismometer at the MVP-LAI (monitoring vibrations and
perturbations in the lithosphere, atmosphere and ionosphere) system before the occurrence of the
Luxian earthquake on 16 September 2021. A short distance of ~150 km between the MVP-LAI
system and the epicenter of the Luxian earthquake suggests the periodic singles as promising
seismo-phenomena, due to that the radius of the earthquake preparation zone is ~380 km for an
M6 event. Integration of geophysical parameters, including atmospheric pressure, vertical electric
field, radon concentration, groundwater level and precipitation, at the MVP-LAI system provides an
excellent opportunity for studying the seismo-LAI coupling associated with the Luxian earthquake.
Analytical results show that ground vibrations, atmospheric pressure and total electron content varied
from ~10−3 to ~10−2 Hz before the Luxian earthquake. The seismo-LAI coupling in the relatively
low frequency band (~10−3 Hz) can be referred to as the acoustic-gravity waves triggered by the
amplified ground vibrations. In contrast, the seismo-LAI coupling in a relatively high frequency
band (~10−2 Hz) would be caused by micro-cracks and/or the high-mode natural frequency that
further drives changes of TEC due to the atmospheric resonance.

Keywords: the LAI coupling; natural frequency; atmospheric resonance

1. Introduction

A fault at a depth of ~10 km underground dislocated around Luxian in the southeast
of Sichuan in China at 04:33 LT on 16 September 2021, and hereafter the event was named
the Luxian earthquake. The Luxian earthquake (105.3◦ E, 29.2◦ N; Figure 1), with a mag-
nitude of 6, caused more than 100 aftershocks within the following three days. Previous
studies [1–4] reported that areas dominated by earthquake-related stress accumulation in
the crust are many times larger than the fault rupture zones of earthquakes. A radius of
the earthquake preparation zone can be generally estimated by the formula (R = 100.43 M,
where R is the radius of the zone, and M is the magnitude of an earthquake) proposed by
Dobrovolsky et al. [5]. Based on the formula, the radius of the zone associated with the M6
Luxian earthquake is ~380 km. A novel instrumental system for monitoring vibrations and
perturbations in the lithosphere, atmosphere and ionosphere (MVP-LAI) was established
in the Sichuan Basin in 2021 [6]. The MVP-LAI system comprises more than 14 distinct
instruments with a short sampling interval (for more details, see Reference [6]) for rou-
tinely monitoring vibrations and perturbations in the LAI, utilizing more than 14 distinct
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geophysical parameters. Most instruments were installed within a place with a size of ~400
(=20 × 20) m2. Meanwhile, the Qinghai-Tibet plateau near the Sichuan Basin yields an
obvious discrepancy of ~3000 km in altitude (Figure 1). These provide an excellent oppor-
tunity for studying vertical vibrations and perturbations in the LAI coupling. Note that the
MVP-LAI system is located ~150 km away from the epicenter of the Luxian earthquake.
The distance between the MVP-LAI system and the epicenter is smaller than the radius
(i.e., ~380 km) of the earthquake preparation zone estimated by the formula. This suggests
that seismo-anomalous phenomena could exhibit a high opportunity existing around the
MVP-LAI system.
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Figure 1. Locations of the Luxian earthquake and the MVP-LAI system in the Sichuan Province,
China. The Qinghai-Tibet plateau and Sichuan Basin are located in the western and eastern parts
of the Sichuan Province. An obvious difference of ~3000 m in altitude can be found between the
western and eastern parts of Sichuan. The red star and triangle denote the locations of the Luxian
earthquake and the MVP-LAI system, respectively. The distance between the earthquake and the
MVP-LAI system is ~146 km.

Hayakawa [7,8] summarized numerous studies and concluded that four promising
channels through which seismo-anomalies in the lithosphere can drive changes in the
atmosphere and ionosphere. The chemical channel is mainly dominated by releases of air
from the underground to the atmosphere changing atmospheric contents near the Earth’s
surface [7,8]. Changes in the atmospheric contents can generate local atmospheric electrical
anomalies, leading to ionospheric modification over epicenters [9–11]. In addition, seismo-
thermal anomalies [12–14] can also be detected due to the radon variations. The seismo-LAI
coupling through the chemical channel can be determined once anomalous phenomena
are limited within observation data of radon concentration and the electrical field near the
Earth’s surface. Regarding the conductivity channel, variations in groundwater levels [15]
and/or accumulation of stress in the crust [16,17] change underlying electrical conductivity
that causes downward lightings as upward ones heating the ionosphere [18–20]. Once
the conductivity channel is the causal mechanism of the seismo-LAI coupling, anomalous
phenomena can be found in the groundwater levels and the electrical field near the Earth’s
surface. On the other hand, seismo-thermal anomaly and ground vibrations before earth-
quakes can drive change in the ionosphere through the acoustic-gravity waves [21–26].
Chen et al. [2] observed ground vibrations in a wide area before earthquake occurrence
from seismograms and ground-based GNSS (Global Navigation Satellite System) data.
The ground vibrations exhibit characteristics of the frequency at ~10−4 to ~10−3 Hz [2],
which is considered to be the natural frequency, due to the fact that the earthquake-related
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stress accumulates in a thin crustal plate with a size close to the earthquake preparation
zone [27,28]. Ground vibrations can originate changes in atmospheric pressure near the
Earth’s surface [29]. Changes in atmospheric pressure would propagate upward to the
ionosphere and further cause variations in the total electron content (TEC) [30]. In terms of
the electromagnetic channel, the seismo-electromagnetic field with enhancements at the fre-
quency of ~0.01 Hz directly influences TEC in the ionosphere due to seismo-electromagnetic
emissions. The seismo-LAI coupling through the electromagnetic channel can be exam-
ined by utilizing amplitude of the electromagnetic data via the Fourier transform [31–33]
and/or the geomagnetic polarization method [34–36]. In short, data comprise multiple
geophysical parameters that are necessary for the clarification of the channels dominating
the seismo-LAI coupling. The power efficiency of the MVP-LAI system, which monitors
numerous geophysical parameters in a limited place, creates an excellent chance to clarify
the causal mechanisms of the seismo-LAI coupling during the Luxian earthquake.

In this study, groundwater levels in the well with a depth of 5 m from the piezometer
(MIK-P260; a sampling interval: 2 s; a resolution of 0.0001 m), ground vibrations from the
broadband seismometers (Trillium 120QA; a sampling interval: 0.01 s; environmental noise
level: ~200 counts), surface atmospheric pressure from the barometers (PTB330; a sampling
interval of 2 s; a resolution of 0.01 hPa), surface vertical electric field from the atmospheric
electric field meter (CS110; a sampling interval: 1 s; a resolution of 0.32 V/m), air radon
concentration from the emanometer (AlphaGUARD P2000F; a sampling interval of 10 min;
a resolution of 0.01 pCi/l), precipitation from the udometer (WS100; a sampling interval
of 3600 s; a resolution of 0.01 mm) and the TEC data at 350 km in altitude, which are
continuously retrieved from the ground-based station (GR50; a sampling interval of 1 s)
located at the northwestern side of the MVP-LAI system and the geostationary satellites of
the BeiDou navigation system (BDS) [37], were retrieved from the MVP-LAI system (for
more detailed information, please visit the website at http://geostation.top (accessed on
2 December 2021), and also see Reference [6]) during 1 August–16 September 2021. The
employee of the BDS geostationary satellite can make sure the monitoring of the TEC at
the ionospheric pierce point [38] that is “right” over the MVP-LAI system 24–7, without
interruption. All of these retrieved data were compared in both the time and frequency
domain, due to the fact that the seismo-LAI coupling through the multiple channels cannot
be ruled out. After geophysical parameters without significant anomalies were eliminated,
residuals with anomalies were utilized to determine causal mechanisms of the seismo-LAI
coupling. Note that it is a pity that the magnetometer at the MVP-LAI system did not
function during the Luxian earthquake; thus, examinations of the electromagnetic channel
could not be processed in this study.

2. Interpretation

Figure 2 shows variations in ground vibrations at three components from the broad-
band seismometer at the MVP-LAI system from 1 August to 16 September 2021. Sudden
and intensity fluctuations of ground vibrations often appear in the recorded data, as shown
in Figure 2a–c. Those are referred to as the arrivals of tele-earthquakes. In addition,
long-term fluctuations usually happen at noontime, due to unknown factors. To avoid
the influence of human activities and/or unknown factors, Figure 3 shows the ground
vibrations in the low-noise time at 20:00–04:00 LT during the study period. Typically, noise
is a significant characteristic in the low-noise time, except for arrivals of tele-earthquakes
before 14 August 2021 (Figure 3a–c). Periodic signals replace noise that can be found after
14 August 2021, particularly at the north-south component (Figure 3a) and the east-west
component (Figure 3b). Amplitude and frequency of the periodic signals become large and
tend to be high with the approaches of the Luxian earthquake, respectively (Figure 3a,b).
In contrast, ground vibrations at the vertical component exhibit noise characteristics during
the study period, except for the day on 18 August 2021 (Figure 3c). The periodic signals
mainly observed at the two horizontal components would be caused by a certain distance
from the epicenter. The transformation from noise to the periodic signals is a novel phe-
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nomenon that attracts our attention for further investigations. Other physical parameters
monitored at the MVP-LAI system were collected to examine their relationships. The
Fourier transform is utilized to study their frequency characteristics for determining causal
mechanisms of the seismo-LAI coupling.
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Figure 2. Raw data of ground vibrations from the broadband seismometer at the MVP-LAI system
from 1 August to 16 September 2021. Gray lines show the raw data of ground vibrations at the
north-south, east-west and vertical components in (a–c), respectively. The 1-min moving median
of the raw data is also plotted by the black lines for references. The red vertical lines indicate the
occurrence time of the Luxian earthquake.

Figure 3. Variations of ground vibrations at 20:00–4:00 LT from the seismometer at the MVP-LAI
system from 2 August to 15 September, with an interval of 3 days. Gray lines show raw data of
ground vibrations at the north-south, east-west and vertical components in (a–c), respectively. The
5 s moving median of the raw data is also plotted by the black lines for references. Data at the vertical
component are twice the amount of the original raw data for demonstration.
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Figure 4 shows variations in TEC (Figure 4a), atmospheric pressure (Figure 4b), verti-
cal electric field (Figure 4c), radon concentration (Figure 4d), groundwater level (Figure 4e)
and precipitation (Figure 4f) at the MVP-LAI system during 1 August–16 September 2021.
During the study period, pouring precipitation often happened in Leshan, due to the rainy
season (Figure 4f). Groundwater levels increase accordingly. No significant anomalous phe-
nomenon can be found straightly in groundwater levels, as shown in Figure 4e. Variations
of radon concentration are roughly ranged between 20 and 40 Bq/m3 (Figure 4d). Intensity
fluctuations of radon concentration, which are larger than the thresholds of 3σ (standard
deviations), mainly happened in August 2021. However, intensity fluctuations were barely
observed before the Luxian earthquake. Noticeable fluctuations, which are larger than 3σ
(standard deviations), can also be found in the data of the vertical electrical field (Figure 4c).
In fact, these obvious fluctuations are related to the clouds with precipitation (Figure 4c,f).
The fluctuations are not contributed by the changes in the lithosphere underground but in
the atmosphere over the MVP-LAI system. Changes in the atmospheric pressure exhibit
diurnal variations due to fluctuations of temperature near the Earth’s surface dominated by
solar radiation (Figure 4b). Figure 4a shows the variations in the TEC at 350 km in altitude
in the ionosphere. Obvious diurnal variations can also be found in the TEC data due to
solar radiation (Figure 4a). The maxima of the TEC generally appear in the afternoon that
well agrees with the observation in the previous studies [22]. Variations of the Dst (Distur-
bance Storm Time) and Kp indices, which reflect solar activities during the study period,
are shown in Figure 4g,h for the references. A magnetic storm occurred on 27 August 2021.
The Dst and Kp indices show that minor geomagnetic activities occur during the focused
period (Figure 4g,h). No obvious anomalous phenomena can be directly found from the
atmospheric pressure and the TEC data. The atmospheric pressure and the TEC data in the
nighttime (i.e., 00:00–02:00 LT) were chosen for mitigating influence from human activities.
The chosen data were further transferred into the frequency domain by utilizing the Fourier
transform to examine frequency characteristics associated with the ground vibrations.

Figure 5 shows the amplitude as a function of frequency for the ground vibrations,
atmospheric pressure and TEC from the MVP-LAI system from 2 August to 15 September
2021, with a temporal interval of 3 days. Noticeable enhancements fix at frequencies of
~7 × 10−3 Hz and ~2 × 10−1 Hz that can be found from the ground vibrations (Figure 5a).
The enhancements appeared during the entire study period and are considered to be
contributed from environmental background around the MVP-LAI system. In contrast,
an unusual phenomenon of variable frequencies from ~10−3 Hz on 18 August 2021 to
~10−2 Hz on 15 September 2021 can also be found in Figure 5a. The variable frequencies
are similar with those dominated by earthquakes observed in the previous study [27], sug-
gesting that the variable frequency would be related to the Luxian earthquake (Figure 5a).
Amplitudes versus frequencies for the atmospheric pressure are shown in Figure 5b. En-
hancements in amplitudes at frequencies exist at ~10−2 Hz during the study period. In
contrast, frequency at ~10−3 Hz on 14 August 2021 tends to ~10−2 Hz on 15 September 2021
that can also be found in the atmospheric data in Figure 5b. Regarding the TEC data in the
ionosphere, variable frequencies from ~10−3 Hz to ~10−2 Hz appear from 10 August to 15
September 2021 (Figure 5c). In short, ground vibrations, the atmospheric pressure and TEC
share characteristics of variable frequencies mainly ~10−2 Hz from ~10−3 Hz on 14 August
2021 to ~10−2 Hz on 15 September 2021 before the Luxian earthquake. Disturbances for the
solar activities occurred on 27 August 2021, which is obviously shorter than the 1.5-month
study period. Under minor geomagnetic activities (from the Dst and Kp indices shown in
Figure 4g,h during the study period) at the solar minimum, Cai et al. [39] reported TEC
variations happen mainly in the areas of > ~40◦ N in the US sector (~50◦ N geomantic
latitude). The perturbations at the MVP-LAI system and the Luxian earthquake in this
study are located at the latitude of ~29◦ N in the Asia sector (~19◦ N geomantic latitude)
that is away from the auroral latitude. Note that the amplitudes of TEC on the 5 quietest
days determined from the Kp index during the study period are also shown in Figure 5c
for further examining whether the analytical results are dominated by solar activities.
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No significant anomaly can be found in the amplitudes of TEC on 5 and 22 August 2021
(Figure 5c). The TEC Amplitudes with the enhancements at frequencies of ~2 × 10−3 Hz
can be consistently found on 14, 23 and 24 August 2021. The seismo-characteristics of the
variable frequencies (denoted by the red dashed line in Figure 5c) can also be found in the
amplitudes of TEC on the 5 quietest days, except for on 22 August 2021. This suggests
that the seismo-characteristics of the variable frequencies before the earthquake are solid,
regardless of the influence of solar activities on TEC. Therefore, the ground vibrations,
atmospheric pressure near surface and TEC share the variable frequencies that are not
dominated by the solar activities from the space but the ground variations in the litho-
sphere associated with the Luxian earthquake. Ground vibrations would be the major
factor dominating changes in the atmospheric pressure and TEC.
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Figure 4. Variations of the TEC, atmospheric pressure, vertical electric field, radon concentration,
groundwater level, precipitation, Dst and Kp indices from 1 August to 16 September 2021. TEC at the
piece point with an altitude of 350 km over the MVP-LAI system is retrieved from electromagnetic
signals emitted from the BDS stationary satellite is shown in (a). Atmospheric pressure, vertical
electric field, radon concentration, groundwater level and precipitation are retrieved from the in-
struments at the MVP-LAI system are shown in (b–f), respectively. (g,h) Variations of the Dst and
Kp indices, respectively, for the references of the disturbances from solar activities during the study
period. Horizontal red dashed lines in (c,d) are the thresholds computed by utilizing an average
value adding 3σ (standard deviations) from the entire date from 1 August to 16 September 2021.
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Figure 5. Amplitude as a function of frequency of the ground vibrations at the vertical component, atmospheric pressure
and TEC at 00:00–02:00 LT from 2 August to 15 September 2021. The amplitude of the vertical component of the ground
vibrations, atmospheric pressure and TEC are shown in (a–c), respectively. Observation data are downsampled as a
temporal interval of 2 s for mitigating short-term sudden and intensity fluctuations. Meanwhile, influence from the
long-term period is removed by using the running median with a 1 h window and a linear trend. Red dashed lines indicate
the variable frequencies associated with the Luxian earthquake. Blue vertical dashed lines reveal influences associated with
the environmental background that fixes at particular frequencies. Note that the blue lines in (c) indicate the amplitudes
from TEC on the 5 quietest days from the Kp index during the study period.

3. Discussions

Based on variations of the time-series data and the statistical analysis, no significant
anomaly can be found in the radon concentration during the study period in Figure 4d.
Although intensity fluctuations can be found in vertical electrical field in Figure 4c, contri-
butions of the heavy precipitation cannot be ruled out. Therefore, the chemical channel is
not the primary factor dominating the seismo-LAI coupling during the Luxian earthquake.
In contrast, groundwater levels permanently increased due to the precipitation during the
study period. Even if the TEC anomaly appeared during the Luxian earthquake that would
be caused by the increase of the electrical conductivity underground via the conductivity
channel, the influence from the precipitations cannot be entirely removed. Therefore, the
seismo-LAI coupling via the conductivity channel cannot be proved during the Luxian
earthquake. In terms of the seismo-LAI coupling via the acoustic-gravity channel, the
ground vibrations could be the potential source in the lithosphere. Chen et al. [2] ob-
served large-scale common-mode ground vibrations before major earthquakes from data
recorded by seismometers and ground-based GNSS receivers. Chen et al. [27] estimated
seismogeneric areas utilizing spatiotemporal distributions of seismicity from relatively
small events associated with major earthquakes. A radius of seismogeneric areas for an
earthquake with a magnitude of ~5 would be larger than ~200 km. Seismogeneric areas
are larger than fault rupture zones that can also be supported by the observation from
the seismo-crustal deformation [2,4]. Meanwhile, frequencies at ~10−3 Hz would be the
natural frequency calculated from a promising model of material broken for a mage-size
(hundreds by hundreds km) thin plate [27,28]. Ground vibrations in such a particular
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frequency band are close to the frequency characteristics of acoustic-gravity waves [40,41]
that could trigger variations in atmospheric pressure and drive changes of TEC in the
ionosphere. Atmospheric pressure from the barometer in Figures 4b and 5b are taken into
consideration because the variations in it are the most important evidence to prove the up-
ward propagation of the acoustic-gravity waves from the lithosphere up to the ionosphere.
Atmospheric pressure changes accordingly while the frequency of the ground vibrations
is ~10−3 Hz, suggesting that the acoustic-gravity waves excited by ground vibrations at
~10−3 Hz would be the promising candidate driving changes of TEC in the ionosphere. The
acoustic-gravity channel is the promising candidate for the seismo-LAI coupling during
the Luxian earthquake. It is worth mentioning that the enhancements of the amplitude at
frequency of ~10−3 Hz become small at a frequency of >5 × 10−3 Hz in TEC on 3 September
2021 (Figure 5c). The obvious transformation of the amplitude would suggest the other
causal mechanism that dominates the seismo-LAI coupling in the relatively high frequency
(~10−2 Hz).

The variable frequency from low to high near the Earth’s surface can be referred to
as developments and/or increases of microcracks [27] and a substitute of the high-mode
nature frequency with the approaching of forthcoming earthquakes. A few days before the
Luxian earthquake, the amplifications of the ground vibrations exhibited the relatively high
frequency characteristics of ~10−2 Hz. Amplitudes of the atmospheric pressure and the
TEC enhanced at the frequency of ~10−2 Hz, accordingly. The frequency is slightly higher
than it associated with the acoustic-gravity waves. This results in difficulty for the upward
propagation of the acoustic-gravity waves through the atmosphere driving changes in the
TEC accordingly. The other mechanism would dominate the seismo-LAI coupling at the
relatively high frequency. Dautermann et al. [42] reported that volcano eruption emits gas
and causes intensity ground motion that can result in resonance in the atmosphere and
ionosphere. The observation and numerical simulation suggest that the frequency band
of the resonance is mainly larger than >5 × 10−3 Hz [42]. Alternatively, instead of the
intensity of ground vibrations during volcano eruptions, large-scale ground motion with
the particular frequency (>5 × 10−3 Hz) is the other promising factor causing the resonance.
TEC can be changed by the existence of large-scale vertical motion in the lithosphere, such
as tsunami and Rayleigh waves [43–46]. Ground vibrations before earthquakes happen
in a wide area (hundreds of kilometers × hundreds of kilometers) [1–4] that would lead
to waves and/or vibrations upward propagating into the ionosphere driving changes in
TEC [21–26,30], particularly in place around epicenters of forthcoming earthquakes. Once
a resonance resides around the epicenter, ground vibrations at a relatively high frequency
band could be carried by the resonance changing the atmospheric pressure and TEC at the
high-frequency band, accordingly. This would have been a promising mechanism with
which the relatively high frequency anomalies could have been observed from ground
vibrations in the lithosphere, atmospheric pressure in the atmosphere and TEC in the
ionosphere during the Luxian earthquake. Note that the upward and downward resonance
motion can also modulate the level of the Schumann resonances prior to earthquakes [47].
In short, high-mode natural frequency ground vibrations would be the causal mechanism
dominating ground vibrations at a relatively high frequency. The ground vibrations in
a large-scale area at a relatively high frequency drive the changes of the TEC via the
atmospheric resonance. If the high-mode natural frequency ground vibrations and the
atmospheric resonance are accurate, then methods that can retrieve high-mode and/or
resonant signals from multiple geophysical parameters are essential. Correlations of the
resonant signals in the seismo-LAI coupling can be examined by multiple geophysical
parameters in LAI, utilizing the associated methods, in the near future.

4. Conclusions

Multiple geophysical parameters from the novel instrumental system for the monitor-
ing vibrations and perturbation in the lithosphere, atmosphere and ionosphere provide an
excellent opportunity to examine the seismo-LAI coupling associated with the M6 Luxian
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earthquake, due to the fact that a distance from the epicenter is less than the radius of the
earthquake preparation zone. No significant anomalous phenomena can be observed in
the vertical electrical field, radon concentration and groundwater level. In contrast, ground
vibrations, atmospheric pressure and TEC share the frequency varying from ~10−3 Hz to
~10−2 Hz before the earthquake. The acoustic-gravity channel is a promising candidate
dominating the seismo-LAI coupling associated with the Luxian earthquake at a frequency
band of ~10−3 Hz. Meanwhile, ground vibrations in a wide area can result in atmospheric
resonance residing around the epicenter that can trigger changes at the relatively-high
frequency of ~10−2 Hz in the atmosphere and the ionosphere. The retrieval of the reso-
nance values from the multiple geophysical parameters would shed light on practices of
earthquake forecasts.
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