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Abstract

We present a comprehensive multi-parametric analysis of Lithosphere-At-
mosphere-Ionosphere Coupling (LAIC) processes associated with the 24 Jan-
uary 2018 Aomori earthquake (M ~ 6.2), located off the east coast of north-
ern Honshu, Japan. Thermal observations reveal coherent pre-seismic irregu-
larities in near-surface air temperature, relative humidity, and atmospheric
chemical potential (ACP), with notable variations emerging 1 - 2 days prior to
the event, followed by co-seismic intensification and rapid post-seismic relax-
ation. Acoustic channel analysis indicates enhanced atmospheric gravity wave
(AGW) activity derived from ERAS5 reanalysis, with significant amplification
beginning 3 - 5 days before the earthquake, peaking around the event time,
and gradually diminishing afterward. Electromagnetic and ionospheric signa-
tures are evident in both lower and upper atmospheric regions. Very-Low-
Frequency (VLF/LF) sub-ionospheric observations exhibit statistically signif-
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icant pre-seismic anomalies, particularly one day prior to the earthquake,
while GNSS-based Vertical Total Electron Content (VTEC) shows clear en-
hancements during the preparatory phase and maximum deviation on the
earthquake day. Global Ionospheric Map (GIM) analysis further confirms lo-
calized ionospheric perturbations centered around the epicentral region, with
a clear spatial decay away from the source. All observations were obtained un-
der geomagnetically quiet conditions, ensuring minimal external influence.
Together, these thermal, acoustic, and electromagnetic signatures indicate a
consistent sequence of pre-seismic build-up, co-seismic response, and post-
seismic recovery, providing a robust multi-channel imprint of the Aomori
earthquake and highlighting the importance of integrated multi-parametric
approaches for understanding earthquake preparatory processes.

Keywords

Lithosphere-Atmosphere-Ionosphere Coupling, Multi-Parameter Analysis,
Ground and Space-Based Study, Pre-, Co-Post-Seismic Impressions

1. Introduction

Earthquakes are complex geophysical phenomena that extend beyond the simple
release of accumulated strain energy, involving coupled physical, chemical, and
electromagnetic processes across pre-, co-, and post-seismic stages. These pro-
cesses propagate from the lithosphere into the atmosphere and ionosphere, form-
ing a vertically interconnected system linking the Earth’s interior to near-space
environments [1]-[6]. Since the mid-twentieth century, earthquake science has
evolved toward a coupled geosystem perspective, where lithospheric disturbances
produce measurable atmospheric and ionospheric responses, providing new op-
portunities for identifying earthquake precursors [7].

The Lithosphere-Atmosphere-Ionosphere Coupling (LAIC) mechanism pro-
vides a fundamental framework for understanding these interactions [1] [3]. It
describes four primary channels—chemical, thermal, acoustic, and electromag-
netic—through which seismogenic disturbances propagate upward. The chemical
channel involves ionization and gas emissions, the thermal channel reflects per-
turbations in heat flux and temperature, the acoustic channel is associated with at-
mospheric gravity waves (AGWs), and the electromagnetic channel encompasses
subsurface currents and ionospheric disturbances. These processes are highly non-
linear, anisotropic, and spatially heterogeneous, necessitating integrated multi-
parametric approaches for reliable characterization [2].

Thermal anomalies are among the most consistently observed pre-seismic in-
dicators. Perturbations in the Earth’s radiation budget, along with variations in
surface temperature, air temperature, surface latent heat flux (SLHF), outgoing
longwave radiation (OLR), relative humidity, and atmospheric chemical potential,

have been widely reported prior to major earthquakes [8]-[12]. Satellite observa-
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tions reveal spatially coherent thermal signatures that often precede seismic events
[13]-[16]. These anomalies can induce buoyancy-driven convection, generating
AGWs that transport energy to higher atmospheric layers. Such disturbances, pro-
duced by stress-induced thermal and pressure variations, are detectable using ra-
dar, satellite, GPS, and radio techniques [17]-[22].

The electromagnetic channel spans from subsurface regions to the magneto-
sphere and exhibits highly complex behavior. Ultra Low Frequency (ULF) emis-
sions near earthquake epicenters are widely recognized as key indicators of pre-
seismic activity [23]-[26]. These emissions are often linked to energetic particle
bursts in the radiation belts, indicating lithosphere-magnetosphere coupling [27]-
[29]. In the lower ionosphere, seismo-electromagnetic disturbances are effectively
monitored using sub-ionospheric Very Low Frequency (VLF) radio techniques.

Extensive VLF/LF studies have established strong statistical and physical corre-
lations between ionospheric perturbations and seismic activity. Early investiga-
tions demonstrated systematic anomalies in radio signal propagation prior to
earthquakes [5] [30] [31], while subsequent works confirmed these findings across
different regions and propagation paths [32]-[38]. Recent analyses emphasize
quantitative correlations and regional variability, further supporting LAIC pro-
cesses [39]-[42].

Global Navigation Satellite System (GNSS)-based observations provide addi-
tional evidence through variations in Vertical Total Electron Content (VTEC),
which frequently exhibit anomalies prior to strong earthquakes [43]-[46]. Such
precursory signals have been reported across multiple seismic regions, including
Wenchuan, Chile, Nepal, and Tamenglong [47]-[50]. Additional parameters, such
as F-layer critical frequency variations, Traveling Ionospheric Disturbances (TIDs),
and satellite-based measurements of magnetic field and electron density (e.g.,
Swarm), further support seismo-ionospheric coupling [2] [51]-[53]. Ground-based
observations, including GPS-derived deformation and aerosol anomalies, provide
complementary evidence [54] [55].

Despite these advances, pre-seismic anomalies remain highly variable in both
space and time, and no single parameter can fully characterize earthquake prepa-
ration processes. Consequently, recent research emphasizes multi-parametric ap-
proaches that integrate diverse datasets to identify robust precursors. Such frame-
works have been successfully applied to major earthquakes worldwide, including
the 2021 Samos earthquake (M = 6.9) and events across Japan, Italy, Nepal, and
China [2] [40] [56]-[62].

This study introduces an integrated multi-parametric framework that simulta-
neously analyzes thermal, acoustic, electromagnetic, and ionospheric parameters
to identify coherent pre-seismic signatures. By combining ground-based and sat-
ellite observations, the approach enables improved characterization of the spatio-
temporal evolution of anomalies while explicitly accounting for the nonlinear and
event-specific nature of seismogenic processes.

The framework is applied to the Aomori earthquake of 24 January 2018 (19:51
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JST; M = 6.2; depth 30 - 40 km), located off the east coast of Aomori Prefecture
near Misawa, Japan. This event occurred within the Japan Trench subduction sys-
tem, where the Pacific Plate subducts beneath the Okhotsk/North American Plate.
Its tectonic setting provides an ideal case for investigating lithosphere-atmos-
phere-ionosphere coupling, with emphasis on identifying pre-seismic anomalies,
their temporal evolution, and inter-parameter relationships within a coupled ge-

ospace system.

2. Data and Analysis

The earthquake analyzed in this study occurred on 24 January 2018 at approxi-
mately 19:51 JST, with a moment magnitude of M ~6.2 and a focal depth of
about 30 - 40 km (https://www.jma.go.jp/jma/index.html). The epicenter was lo-

cated off the east coast of Aomori Prefecture, near Misawa in northern Honshu,
Japan, at geographic coordinates (41.10°N, 142.43°E). This event occurred within
the tectonically active Japan Trench subduction system, where the Pacific Plate is
subducting beneath the Okhotsk (or North American) Plate. The region is char-
acterized by complex plate interactions, high seismicity, and significant stress ac-
cumulation, frequently generating moderate- to large-magnitude earthquakes.
Owing to its offshore location and relatively shallow focal depth, this event is par-
ticularly suitable for investigating lithosphere-atmosphere-ionosphere coupling
processes, as stress-induced perturbations can efficiently propagate from the crust
to the upper atmospheric and ionospheric layers. The well-defined tectonic frame-
work, combined with the availability of multi-instrument observational data,
makes this earthquake an ideal case for examining pre-seismic anomalies and

their spatiotemporal evolution within a coupled geophysical system.
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Figure 1. (a) Location of the earthquake epicenter (red star) and the nearby MIZU IGS station

(blue circle) used in this study, along with the estimated EPZ; (b) Great-circle propagation paths
of NPM VLF signals to WKN, AMR, and TGN with Fresnel zones, along with the earthquake
epicenter and EPZ.

Figure 1(a) shows the location of the earthquake epicenter (red star), along
with the nearby MIZU IGS station (blue circle), from which data are used in this
study. The blue circle also represents the estimated earthquake preparation zone
(EPZ) as computed by the Dobrovolsky formula [63].

VLEF/LF observations were conducted by the Hi-SEM network at eleven stations
across Japan during the period 2015-2019 [40]. In the present study, data from
three representative stations are analyzed: Aomori (AMR), Wakkanai (WKN),
and Togane (TGN). Figure 1(b) depicts the great-circle propagation paths of VLF
signals transmitted from the NPM 21.4 kHz (Lualualei, Hawaii (21°25'N, 158°09'W))
transmitter to three VLF receivers. These are WKN (green diamond, 45.51°N,
141.93°E), AMR (cyan diamond, 41.29°N, 141.21°E), and TGN (yellow diamond,
35.50°N, 140.38°E). The great-circle path lengths are approximately 6007 km for
NPM-WKN, 6035 km for NPM-AMR, and 6112 km for NPM-TGN. The corre-
sponding Fresnel zones (similar color-coded curves) represent the regions of max-
imum wave sensitivity within the Earth-Ionsophere Waveguide EIWG, where
perturbations in the lower ionosphere can significantly influence signal amplitude
and phase. The earthquake epicenter is marked by the red star. The dashed circle
denotes the EPZ. Among the three receivers, AMR is the closest to the earthquake
epicenter, WKN lies near the boundary of the EPZ (borderline), while TGN is
located outside the EPZ. This spatial configuration allows comparative assessment
of ionospheric perturbations as a function of distance from the seismic prepara-
tion zone. Importantly, substantial portions of the Fresnel zones intersect the
EPZ for all three propagation paths, indicating that the VLF signals are likely
modulated by localized ionospheric disturbances associated with the seismic ac-

tivity.
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The solar wind parameters and geomagnetic indices derived from the NASA-
OMNIWeB database https://omniweb.gsfc.nasa.gov/ were examined over a 23-
day interval spanning 15 days before and 7 days after the earthquake of 24 January
2018 (DOY ~24) (Figure 2). Around the earthquake, geomagnetic conditions re-
main relatively quiet, with Dst varying between ~-20 to +10 nT, indicating the
absence of storm-time activity. The Kp index mostly stays below 3, and the Ap
index remains low (<20 nT, with daily Ap ~5 - 10 nT), confirming quiet to mildly
disturbed conditions. The F10.7 solar flux is stable around ~66 - 69 sfu, suggesting
steady solar EUV input without significant enhancements. The IMF Bz compo-
nent fluctuates within ~2 - 8 nT without prolonged southward excursions. Alt-
hough minor increases in Kp (~4) and Ap (~25 - 30 nT) are seen just after the
earthquake, no major geomagnetic storm conditions are present, indicating that the
observed seismogenic impressions in various channels are unlikely to be driven by

external solar-geomagnetic forcing.
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Figure 2. Temporal variations of geomagnetic and solar parameters during 09-31 January 2018 indicate

predominantly quiet conditions around the earthquake day (24 January), with no significant storm-time

disturbances.
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2.1. Thermal Parameter Analysis

To examine possible anomalies in surface temperature, relative humidity (RH),
and atmospheric chemical potential (ACP), reanalysis data were obtained from
the NOAA Physical Sciences Laboratory
(https://psl.noaa.gov/data/gridded/data.ncep.reanalysis.html). The analysis was
carried out over the region 39°N - 43°N and 140°E - 145°E, representing an area
of approximately 5° around the earthquake epicenter. Since the NOAA reanalysis
is provided as global fields, the required variables were first downloaded and then
subset for the study region. The ACP (AU ) was then estimated from air temper-
ature and RH according to [7]:

AU =5.8x10" (20T, +5463) In (%), (1)

where T denotes air temperature and H denotes relative humidity. Spatio-
temporal maps were generated using the daily mean values of each parameter over

the selected period surrounding the earthquake.

2.2. AGW Analysis

To investigate the potential excitation of AGWs in relation to the seismic event,
vertical temperature profiles were retrieved from the ERA5 reanalysis database
available via the Copernicus Climate Data Store
(https://cds.climate.copernicus.eu). The temperature data span 137 geopotential
levels, extending from level 137 (approximately 10 m above the surface) up to level
1 (about 79.30 km altitude), thereby covering the troposphere, stratosphere, and
mesosphere. The analysis period includes 15 consecutive days, comprising seven
days before the earthquake, the day of occurrence, and seven days afterward, with
a temporal resolution of one hour.

AGWs in the middle atmosphere are typically characterized by relatively long
vertical wavelengths, often reaching up to ~30 km [64]. However, employing such
a broad filtering range would encompass nearly the entire mesosphere (approxi-
mately 45 - 80 km) and may introduce contamination from large-scale back-
ground structures, such as temperature inversions near the tropopause and strat-
opause. T'o mitigate this, a Chebyshev Type-I digital band-stop filter with a stop-
band corresponding to vertical wavelengths of 2 - 10 km (the typical vertical scales
of stratospheric AGWs) and a ripple of 3 dB was applied to the ERAS5 temperature
profiles T [19] [21]. This filtering step removes gravity-wave-scale components
and yields the background temperature field T . The perturbation component as-
sociated with AGWSs was then obtained as:

T'=T-T. ()

The atmospheric stability was quantified using the Brunt-Viiséld frequency (N ),

which describes the oscillatory response of an air parcel in a stably stratified medium:

N9 dr 9 3)
Tldz ¢

p
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where z denotes altitude (km), c, =1.005kJ-kg™-K™ is the specific heat at

constant pressure, and g =0.0098 km-s™ is the gravitational acceleration. The

. . dT . .
vertical gradient term m was evaluated at a resolution of 100 m using the
z

background temperature profile.

The gravity wave potential energy per unit mass ( E;) was subsequently

2y N2
2l (7, ®
2 N T layer
where the variance term is altitude-dependent and defined as:

Y 1 o (T'Y
7t (F) e ®

max mi

estimated as:

here, z,,, and z,, representthelower and upper limits of the selected altitude

min
interval. In this study, the variance was computed within discrete 100 m layers to
capture fine-scale vertical structures. The temporal evolution of E; was examined
within the altitude range of 35 - 50 km above the earthquake epicenter, corre-
sponding to the upper stratosphere-lower mesosphere region where decreasing
atmospheric density enhances gravity wave amplitudes and improves detectability.
Furthermore, spatial distributions were constructed by mapping the daily mean
E, values within £10° of the epicenter at an altitude of around 46.3 km. This
specific altitude corresponds to the level at which gravity wave potential energy
exhibited a pronounced and coherent maximum during the study period, thereby
providing a representative level for interpretation, consistent with previous findings
(2] [21].

2.3. VLF Analysis

To examine the VLF fluctuations, we use the conventional Nighttime Fluctuation
Method (NFM), which is one of the most widely adopted statistical techniques for
analyzing VLF signal perturbations [40]. The methodology consists of three principal
stages.

First, the raw VLF amplitude data A(t) (in dB) are used to compute the
residual nighttime signal dA(t) by subtracting the mean nighttime amplitude
<A(t)> calculated over a 31-day window (Z.e., £15 days around the day of interest,
including the day itself). Thus,

dA(t)= A(t)—(A(t)). (6)
In this study, the nighttime interval is defined as 18:00 - 02:00 UT.
Second, three daily parameters are derived from dA(t) to characterize VLF
signal variability: the trend (TR), dispersion (DP), and nighttime fluctuation (NF).
These are defined as:

“ S ), @
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where TR represents the mean value of dA(t) over the selected nighttime interval,
and N, and N, denote the starting and ending time indices, respectively.
The dispersion (DP), corresponding to the standard deviation of dA(t) , is

given by:
pp= |1 Nz (dA(t)-TR)’. (®)
N, - N, &
The nighttime fluctuation (NF), representing the signal power, is defined as:
Ne 2
NF =" (dA(t))". ©)
t=Ng

Third, the daily time series of TR, DP, and NF are normalized to obtain TR",
DP",and NF using:
. X=(X)

X :—ﬂ5, (10)
O 415

where (X)  and o, represent the mean and standard deviation computed

+15
over the same +15 day window. Anomalies exceeding the +20 threshold in these
normalized series are considered potential earthquake-related disturbances.

It is important to note that TR and DP are generally independent quantities,
with TR often regarded as the primary indicator, whereas NF reflects a combined
contribution of both trend and dispersion. The above implementation of NFM,
based on a symmetric £15 day window, is standard in retrospective (a posteriori)
analyses [2] [38] [40]. However, such an approach inherently incorporates future
information. For real-time applications or earthquake forecasting systems, the sta-
tistical baseline should instead be computed using only prior data, typically 30

days preceding the day of interest.

2.4. GPS-TEC Analysis

The ionospheric TEC quantifies the integrated electron density along the propa-
gation path between a GNSS and a ground-based receiver. In this study, TEC val-
ues were derived from dual-frequency GPS observations using the Gopi Seemala
GPS-TEC software (https://seemala.blogspot.com), which has been extensively
utilized and validated in ionospheric research [65] [66]. The software computes
Slant TEC (STEC) through the geometry-free linear combination of dual-frequency
pseudorange and carrier-phase measurements. To enhance accuracy, carrier-phase
observations are employed to level the code-derived TEC, thereby reducing meas-
urement noise.

Satellite differential code biases (DCBs) are corrected using International GNSS
Service (IGS) DCB products, while receiver DCBs are estimated internally during
the processing stage. The resulting STEC values are expressed in TEC units
(TECU), where 1 TECU = 10'¢ electrons/m? Subsequently, Vertical TEC (VTEC)
is obtained by mapping STEC to the vertical direction using a single-layer iono-

spheric model with a fixed shell height of 350 km, corresponding to the typical
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altitude of the ionospheric F-region peak [43].

The VTEC values are calculated at the ionospheric pierce points (IPPs) associ-
ated with each satellite-receiver line of sight, enabling spatial characterization of
ionospheric variability. To ensure data quality and minimize uncertainties arising
from multipath effects and low-elevation signal distortions, only observations with
satellite elevation angles exceeding 30° are considered. These processing proce-
dures and bias corrections ensure the reliability and robustness of the derived TEC
measurements for subsequent statistical and seismo-ionospheric analyses.

To identify TEC anomalies, a statistical approach based on the median and in-
terquartile range (IQR) was employed. For each universal time (UT), the median
( X') of VTEC values over a sliding window of 15 days (7 days before, the day of
the event, and 7 days after) was computed along with the corresponding IQR. The
upper bound (UB) and lower bound (LB) were then defined as:

UB=X +IQR, (11)
LB=X —IQR. (12)

This method is consistent with the approach of [44], where for a normally
distributed dataset with mean ( x ) and standard deviation (o ), the median and
IQR correspond approximatelyto x and 1.34c, respectively [67]. An anomaly
is identified when the VTEC exceeds the upper bound or falls below the lower
bound with a confidence level of approximately 80% - 85%. Accordingly, positive

and negative anomalies are defined as:

anomaly = VTEC > UB, (13)
anomaly = VTEC < LB. (14)

This procedure enables robust detection of statistically significant enhance-
ments and depletions in TEC relative to the background ionospheric state [68].

The GIM analysis in this study is based on the global ionospheric map product
available through the JPL GUARDIAN system
(https://guardian.jpl.nasa.gov/analysis/globallonoMovie/index.html). These maps
are generated using GPS and Galileo observations within a global differential
GNSS framework, with a temporal resolution of 15 minutes and a spatial resolu-
tion of 1° x 1°. The analysis was carried out over the region 39 - 43°N and 140 -
145°E during 17-31 January 2018. As GIM data represent a model-assimilated
global ionospheric state, the interpretation is based on relative spatio-temporal
variations within the study period rather than explicit subtraction from a multi-
year climatological baseline. Mean VTEC values were obtained by averaging the
GIM grid values over the selected study region, enabling characterization of re-

gional ionospheric evolution around the earthquake period.

3. Main Results
3.1. Thermal Irregularities

Figure 3(a) illustrates the daily air temperature anomalies over the region 39 -

43°N and 140 - 145°E during 17-31 January, with values ranging approximately
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from —6 K to +6 K. The anomaly baseline was defined as a multi-year climatolog-
ical mean computed at each grid point using corresponding daily averages from
2017 and 2019, thereby accounting for both spatial and temporal variability. At
the epicentral location (~41.1°N, 142.4°E), the anomaly is nearly neutral on 17
January (~0 K), followed by weak cooling on 18 January (~—1 K) and slight warm-
ing on 19 January (~+0.5 K). Variations remain small up to 21 January (~+1 K),
indicating a weak warming phase, before increasing to ~+2 K on 22 January and
then dropping to ~—1 K on 23 January, corresponding to a rapid change of about
3 K within one day. On 24 January (earthquake day), a clear intensification is ob-
served, with the anomaly rising sharply to ~+4 K at the central location, marking
the onset of a strong warming event; this peaks on 25 January (~+5 K) and remains
elevated on 26 January (~+4 K). The maximum anomaly reaches about +6 K in
the southwestern sector (39 - 40°N, 140 - 141°E), while the northeastern region
shows relatively lower values (~+3 K), producing a pronounced latitudinal gradi-
ent of approximately 2 K per degree. Subsequently, after 27 January (~+2 K), a
rapid cooling phase occurs, with anomalies decreasing to ~—1 K on 28 January
and reaching minimum values near —4 K in the northeast, followed by stabiliza-
tion during 29-31 January within the range of 0 to +0.5 K with weak spatial vari-
ation. Overall, the results indicate a distinct and abrupt warming anomaly initi-

ated on the earthquake day, followed by a rapid post-event relaxation.
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Figure 3. (a) Daily air temperature

Longitude
(©
anomalies over 39 - 43°N and 140 - 145°E during 17-31 January 2018 show a warming

phase beginning 2 days prior to the earthquake, peaking on the event day (24 January), and persisting for 2 - 3 days afterward
before relaxing; (b) Daily relative humidity (RH) anomalies for the same temporal and spatial span as like Figure 3(a). It clearly
shows humid conditions much before the earthquake, a decrease on 23 January, renewed moistening on the earthquake day
(24 January), and a subsequent drying post-seismic phase; (c) Daily ACP anomalies for the same temporal and spatial span as

in Figure 3(a) show a distinct enhan

cement immediately prior to the earthquake (23 January), followed by a reduction on the

earthquake day (24 January), and a subsequent post-seismic increase, indicating a transient modulation.

Figure 3(b) shows daily relative humidity (RH) anomalies (in %) over the re-
gion 39 - 43°N and 140 - 145°E during 17-31 January, with values ranging approx-
imately from —20% to +20%. At the epicentral location (~41.1°N, 142.4°E), con-
ditions begin with pronounced negative anomalies on 17 January (~—5% to —7%),
intensifying further on 18 January (~—8% to —10%). A sharp transition to positive
anomalies occurs on 19 January (~+10% to +15%), followed by sustained humid
conditions during 20-22 January (~+5% to +12%). On 24 January (earthquake
day), RH remains elevated at approximately +5 to +8%, indicating a persistent
moist anomaly over the region. Immediately afterward, however, a marked drying
phase develops: by 25 January, values decrease to ~0% to —2%, followed by further
reduction to ~—6% to —8% on 26 January. The minimum anomalies reach about
—15% to —20%, particularly over the southern sector (39 - 40°N), while relatively
higher values (~—3% to 0%) persist in the northern region, producing a latitudinal
gradient of approximately 2% - 3% per degree. During 27-28 January, dry condi-
tions dominate (~—8% to —12%), followed by a gradual recovery, with anomalies
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reaching ~—2% to 0% on 29 January and transitioning back to moist conditions
during 30-31 January (~+2 to +8%), with stronger positive anomalies in the north-
eastern sector (~+10 to +15%). Overall, the observed pattern indicates a humid
phase around the earthquake day, followed by a pronounced post-event drying
and subsequent recovery.

Figure 3(c) presents daily variations of atmospheric chemical potential (ACP, in
eV) over the region 39 - 43°N and 140 - 145°E during 17-31 January, with values
ranging approximately from —0.02 to +0.02 eV. At the epicentral location (~41.1°N,
142.4°E), ACP values are initially positive on 17 January (~+0.004 to +0.006 eV) and
show a slight increase on 18 January (~+0.006 to +0.008 eV). A sharp transition to
negative values occurs on 19 January (~—0.004 to —0.006 e V), followed by more pro-
nounced negative anomalies on 20 January (~—0.006 to —0.008 V). On 21 January,
the central region remains weakly negative (~—0.003 to —0.005 eV), while 22 January
exhibits mixed conditions with a strong zonal gradient, characterized by negative
anomalies in the western sector and positive anomalies in the eastern part. On 24
January (earthquake day), ACP values near the epicenter are close to neutral to
slightly negative (~—0.002 to 0 eV), indicating a transitional state. Immediately af-
terward, a clear positive phase develops, with values of ~+0.002 to +0.004 eV on 25
January, further intensifying during 26-27 January (~+0.004 to +0.006 eV). The
southern sector (39 - 40°N) exhibits relatively higher values (~+0.006 to +0.008 eV),
producing alatitudinal gradient of approximately 0.001 - 0.002 eV per degree. From
28 January onward, ACP values begin to decrease, showing near-neutral to weakly
positive conditions (~0 to +0.002 eV), followed by a pronounced negative phase
during 30-31 January (~—0.006 to —0.01 eV), particularly over the eastern region.
Overall, the results indicate a transition from positive to negative anomalies prior to
the earthquake, near-neutral conditions on the event day, followed by post-event

positive enhancement and subsequent decline.

3.2. Acoustic Irregularities

Figure 4 presents the temporal-altitudinal evolution of AGW potential energy per
unit mass ( E;) derived from ERAS5 reanalysis over the altitude range ~35 - 50 km
during 17-31 January, with the vertical dashed line marking the earthquake
occurrence on 24 January 2018. The AGW activity is predominantly confined to
the middle atmospheric region (approximately 42 - 48 km), where the majority of
energy is concentrated. During the pre-seismic phase (17-22 January), moderate
wave activity is observed, with E_ values generally in the range of ~10 - 25 J/kg
and localized enhancements up to ~28 J/kg around 22-23 January near 44 - 46 km
altitude. A clear intensification begins just prior to the earthquake, with E;
increasing to ~26 - 30 J/kg on 23-24 January. On the earthquake day, enhanced
AGW activity is evident, particularly within the 43 - 47 km altitude band. The
most significant feature occurs immediately after the event, where a strong post-
seismic amplification is observed on 25 January, with peak E, values exceeding

~35 - 38 J/kg, indicating substantial energy enhancement. This increase exhibits a
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well-defined vertical structure, with a dominant maximum around 43 - 45 km and
secondary extensions up to ~48 km, suggesting efficient upward propagation of
wave energy. Following this peak, the AGW activity gradually diminishes during
26-27 January (~15 - 25 J/kg) and further decreases to background levels (~2 - 10
J/kg) after 28 January. Below ~40 km altitude, E, valuesremain consistently low
(<10 J/kg), indicating that the dominant wave activity is concentrated in the upper
stratosphere-lower mesosphere region. Overall, the results demonstrate a clear
enhancement of AGW energy beginning shortly before the earthquake, peaking
immediately after the event, and subsequently decaying, consistent with the gen-

eration and vertical propagation of seismically induced atmospheric disturbances

within the lithosphere-atmosphere-ionosphere coupling framework.
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Figure 4. Temporal-altitudinal evolution of AGW potential energy ( E, ) derived from ERA5 over 35 - 50 km

during 17-31 January 2018, with the earthquake day (24 January) marked by a dashed line. Enhanced AGW
activity is observed in the 42 - 48 km region, showing pre-seismic intensification and a pronounced post-
seismic peak (>35 J/kg) followed by gradual decay.

3.3. Electro-Magnetic Irregularities

3.3.1. VLF Signal Irregularities

Figures 5(a)-(c) illustrate the results of the Nighttime Fluctuation Method (NFM)
where the top panel shows the normalized trend ( TR™), representing the nighttime
average amplitude; the middle panel shows the normalized dispersion ( DP" ); and
the bottom panel presents the normalized nighttime fluctuation ( NF).

Focusing on the AMR station (Figure 5(a)), which is closest to the earthquake
epicenter, two pronounced anomalies are observed in the most significant parameter,
TR", with values dropping below the —2¢ threshold approximately 5 days and 1
day prior to the earthquake. A comparison with the geomagnetic Dst index (Figure
2) indicates that the earlier depletion (around 5 days before the event) is associated
with a weak geomagnetic storm occurring on 19 January, while the subsequent
anomaly around 4 days prior can be interpreted as a residual or recovery-phase effect,
consistent with the known persistence of geomagnetic disturbances. In contrast, the

depletion observed one day before the earthquake is not correlated with geomagnetic
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activity and is therefore considered to be of seismogenic origin. Although the
magnitude of this anomaly is moderate, likely due to the relatively small earthquake
magnitude (M =6.2), it is accompanied by a simultaneous enhancement in DP",

which is a characteristic signature of VLF/LF precursory behavior.

Normalized Trend (TR*)

Y R—— —E__
1TTENT  mm =

mmAnomaly

|

-3
3 Normalized Dispersion (DP*)
A nomaly
2
» ]
o — == ==
g og= T T TE=
-1
-2
-3
3 Normalized Nighttime Fluctuation (NF*)
mmAnomaly

2
1
& u .|:1 |:|

S | i m mgm™

S G > >
o D qp\% N %Q\% ,19\% ,LQ\% A 39\ N qp\% S qp\cb S qp\q’
A G G S ST O S S S
USRI A N N A A S A VS A AR B U
Date
(a)

Normalized Trend (TR*)

= — _m__
AN TEm

mmAnomaly

|

-3
3 Normalized Dispersion (DP*)

A nomaly
ko ]
-9 —— — =] —_—

EE | L. o
-1
-2
-3
3 Normalized Nighttime Fluctuation (NF*)

mmAnomaly
2
1 u
Lo —

2 :ID..E = mEgE

SIS SIS SRS U N RN
NN NSNS\ & &
AU A S R A A A L AL A A U S

DOI: 10.4236/0jer.2026.152002 25 Open Journal of Earthquake Research


https://doi.org/10.4236/ojer.2026.152002

K. Nanda et al.

Normalized Trend (TR*)

- mmAnomaly
0 — .
1
&0 —— . —
=
-1 .
-2
3
A Normalized Dispersion (DP*)
- mmAnomaly
2
] .
%o =m e I e B
A L] =
-2
-3
5 Normalized Nighttime Fluctuation (NF*)
N mmAnomaly
i . = .
1 I—I
*
0 — ==
-1
-2
3
NSNS SISO IO T N N O O P N
\ﬁ» N 7 v W oV oV W v ) W v » WV
T S Y QT Y
AR AR A S A SN S N SO AR A A SO
Date

Figure 5. (a) Time series of normalized TR", DP" and NF" at the AMR station showing
anomalies below the —20 threshold, with the pre-seismic anomaly (1 day before the event)

identified as likely of seismogenic origin; (b) Same as Figure 5(a) for WKN station; (c) Same as Fig-

ure 5(a)

for TGN station.

For the WKN station (Figure 5(b)), located at the highest latitude among the
three stations, the TR™ parameter exhibits a weaker depletion one day prior to
the earthquake, which can still be interpreted as a seismogenic effect, albeit less
pronounced than at AMR. However, more significant depletions observed 5 - 6 days
before the earthquake are clearly associated with the geomagnetic disturbance. It is
well established that high-latitude stations, such as WKN, are more sensitive to
geomagnetic activity, and therefore storm-related signatures are more prominently
detected at this location.

In contrast, the TGN station (Figure 5(c)), situated at a lower latitude and at a
greater distance from the epicenter, shows a distinct depletion in TR” one day
before the earthquake, which is attributed to seismogenic ionospheric perturbations.
Notably, geomagnetic storm effects are nearly absent at this station, further sup-
porting the non-geomagnetic origin of the observed anomaly. Despite its greater
epicentral distance compared to WKN, the presence of a clear anomaly at TGN
suggests that the spatial extent of the seismogenic ionospheric disturbance extends
significantly toward lower latitudes. This behavior is consistent with previous
observations of major seismic events, such as the 2011 Tohoku earthquake [37] [38],
in which ionospheric perturbations were predominantly observed over lower-

latitude regions.
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VTEC (TECU)

Anomaly in VTEC

3.3.2. GPS-TEC Irregularities

Figure 6(a) illustrates the temporal variation of VTEC and its anomaly over the
period 17-31 January, with the vertical dashed line marking the EQ occurrence on
24 January 2018. Panel (a) shows the observed VTEC (black curve) along with its
corresponding mean (blue curve), exhibiting a clear diurnal pattern with ampli-
tudes typically ranging between ~5 and 12 TECU. This regular oscillation reflects
normal ionospheric behavior driven by solar forcing; however, noticeable deviations
from the mean are observed during specific intervals. In particular, around 23-24
January, VTEC shows enhanced fluctuations, with peak values reaching ~13 - 14
TECU, exceeding the usual diurnal range. Panel (b) presents the corresponding
VTEC anomaly, highlighting departures from the mean behavior. During the pre-
seismic period, moderate anomalies are observed, generally within ~0 - 2 TECU,
with occasional enhancements up to ~2.5 TECU around 19-21 January. A signi-
ficant increase is observed on 23 January, where the anomaly reaches ~3.5 - 4
TECU, followed by a pronounced peak on the EQ day (24 January), exceeding
~4.5 TECU, representing the maximum deviation during the entire interval. After
the EQ, the anomaly rapidly decreases, returning to lower levels (<1 TECU) during
25-26 January, with only sporadic fluctuations thereafter. Overall, the results
indicate a clear intensification of ionospheric variability immediately prior to and
during the EQ, followed by a rapid relaxation, suggesting a possible seismo-

ionospheric disturbance superimposed on the background diurnal variation.
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Figure 6. (a) Temporal variation of the Vertical Total Electron Content (VTEC) recorded at
the MIZUOOJPN station from Day of Year (DoY) 17 to 31. The (top) panel shows the observed
VTEC profile (black curve) along with the upper (UB, red curve) and lower (LB, green curve)
bounds. The earthquake day (DoY 24) is marked with a yellow line. The (bottom) panel
presents the corresponding TEC fluctuations, expressed as deviations from the background
values; (b) Daily GIM VTEC over 39 - 43°N and 140 - 145°E shows localized enhancement near
the epicenter before and after the earthquake, with a reduction on the earthquake day and
subsequent recovery to background levels; (c) Mean VTEC variation with distance from the
earthquake epicenter on 23-25 January 2018 shows a decreasing trend with distance, with pre-
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seismic enhancement, co-seismic reduction, and post-seismic increase.
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Figure 6(b) shows daily GIM VTEC over 39 - 43°N and 140 - 145°E during 17-
31 January 2018, with the black dot marking the EQ epicenter. A clear latitudinal
gradient is observed, with higher VTEC (~14 - 20 TECU) in the southern sector
(39 - 41°N) and lower values (~2 - 8 TECU) toward the north (>42°N). During 17-
22 January, VTEC remains relatively stable with moderate variability. A noticeable
enhancement appears on 23 January near the epicenter (~15 - 18 TECU), followed
by sudden decrease on the EQ day (24 January). A stronger enhancement is
observed during 25-26 January, with peak values exceeding ~18 - 20 TECU,
mainly in the southwestern region, along with a sharper latitudinal gradient. After
27 January, VTEC gradually decreases, returning to background levels (~10 - 15
TECU) by 29-31 January. Overall, the results indicate localized VTEC enhancement
around the EQ period, suggesting possible seismo-ionospheric perturbations super-
imposed on the background structure.

The variation of mean VTEC (TECU) with distance from the EQ epicenter for
23 (blue), 24 (orange), and 25 (green) January 2018 is shown in Figure 6(c). The
mean VTEC values presented in Figure 6(c) were obtained by calculating the daily
mean GIM value around the earthquake epicenter. The study area was divided
into 10 km radial bins, and all VTEC observations within each bin were averaged
to produce a representative mean value for that distance. This procedure was
applied separately for 23, 24, and 25 January 2018, enabling the assessment of pre-,
co-, and post-seismic ionospheric variations. A clear decreasing trend of VTEC
with increasing distance is observed for all three days, indicating that the
ionospheric response is strongest near the epicentral region. On 23 January (pre-
EQ), VTEC values are relatively elevated near the epicenter (~14.5 - 14.8 TECU
within ~10 - 30 km) and gradually decrease to ~12.7 TECU at ~95 km. On the EQ
day (24 January), an overall reduction in VTEC is evident, with values decreasing
from ~13.8 - 13.9 TECU near the epicenter to ~12.4 TECU at larger distances,
suggesting a temporary suppression of ionospheric electron density. In contrast,
on 25 January (post-EQ), a clear enhancement is observed, with peak VTEC
reaching ~15.6 TECU near ~15 - 25 km, followed by a gradual decline to ~13.5
TECU at ~95 km. This behavior is consistent with the spatial pattern observed in
GIM maps, where enhanced TEC is concentrated near the epicenter and diminishes
outward. The systematic radial decrease, together with pre-EQ enhancement, EQ-
day depletion, and post-EQ amplification, suggests a localized ionospheric
perturbation centered around the epicentral region, likely associated with LAIC-

related processes.

4. Discussions

The results presented in this study provide a coherent and quantitatively con-
sistent multi-parametric perspective of lithosphere-atmosphere-ionosphere coupling
processes associated with the 24 January 2018 Aomori earthquake. The thermal
parameters (temperature, RH, and ACP) exhibit systematic and measurable

variations around the event. Surface air temperature shows a sharp increase of
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approximately 4 - 5 K on the earthquake day relative to the background level (~0
- 1K), corresponding to an enhancement of nearly 300% - 400%. This is followed
by a rapid post-seismic decrease to ~—1 to —4 K, indicating a strong relaxation
phase. In contrast, RH displays an inverse response, with a pre-seismic transition
from negative anomalies (~—10%) to positive values (~+10% - 15%), followed by
a drop of nearly 15% - 20% after the earthquake. ACP variations further support
this coupling, showing a pre-seismic decrease from ~+0.006 eV to ~—0.006 eV (a
relative change exceeding 150%), near-neutral conditions on the earthquake day,
and a post-seismic increase of ~0.004 - 0.006 eV before declining again. These
combined thermal signatures indicate significant modulation of atmospheric
thermodynamic conditions associated with seismic processes.

The acoustic channel, represented by AGW activity, exhibits a clear quantitative
enhancement in E; prior to and following the earthquake. During the pre-
seismic phase, E; values increase from background levels of ~10 - 15 J/kg to ~26
- 30 J/kg (an increase of ~100% - 150%), followed by a peak exceeding ~35 - 38
J/kg immediately after the earthquake, corresponding to an overall enhancement
of nearly 200% - 250% relative to background conditions. The vertical confinement
of this enhancement within 42 - 48 km altitude indicates efficient upward propagation
of energy. The subsequent decrease to ~2 - 10 J/kg after 28 January reflects a return
to background levels, confirming the transient nature of the disturbance.

Electromagnetic and ionospheric observations further demonstrate strong
quantitative signatures. VLF/LF measurements show pre-seismic TR" depletions
exceeding the —20 threshold, indicating statistically significant anomalies.
GNSS-based VTEC analysis reveals anomaly amplitudes increasing from background
levels of ~1 - 2 TECU to ~4.5 TECU on the earthquake day, representing an
enhancement of over 100% - 150%. Similarly, GIM observations indicate localized
TEC increases from ~14 - 15 TECU to ~18 - 20 TECU (approximately 20% - 30%
enhancement) in the epicentral region. Radial analysis further confirms a spatial
decay of ~2 - 3 TECU (about 15% - 20%) within ~100 km from the epicenter,
demonstrating that the perturbation is strongly localized.

A comparative assessment of different parameters reveals a consistent and quan-
tifiable sequence of pre-, co-, and post-seismic responses. Pre-seismic signatures
are characterized by moderate thermal variations (~1 - 2 K), RH increase of ~10%
- 15%, ACP reversal (~150% change), AGW enhancement of ~100%, and iono-
spheric anomalies exceeding ~2 - 3 TECU. Co-seismic effects are marked by peak
thermal anomalies (~4 - 5 K), maximum VTEC deviations (~4.5 TECU), and
transitional ACP behavior. Post-seismic responses include strong AGW amplifi-
cation (up to ~250%), RH depletion of ~15% - 20%, and gradual relaxation of
ionospheric parameters to background levels. The temporal alignment and quanti-
tative consistency among these parameters strongly support a coupled geophysical
response rather than isolated variations.

A consistent significance assessment across all parameters confirms the robust-

ness of the observed anomalies. Thermal parameters show clear exceedance of
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their respective thresholds, with temperature anomalies of ~4 - 5 K surpassing
20 (~+2.4K), RH variations of ~15% - 20% exceeding 20 (~+8%), and ACP
changes beyond 120 (~%0.0036 eV). Similarly, the acoustic channel exhibits
strong enhancement, with AGW energy increasing to ~35 - 38 J/kg, well above the
120 threshold (~19 J/kg). The ionospheric response is also significant, as VTEC
anomalies reach ~4.5 TECU, exceeding +20 (~+3 TECU), while GIM-based
VTEC enhancements up to ~18 - 20 TECU surpass the regional +20 threshold
(~+6 TECU). Collectively, these statistically significant perturbations across
thermal, acoustic, and ionospheric channels demonstrate coherent multi-parameter
variability associated with the earthquake, supporting a coupled lithosphere-
atmosphere-ionosphere response.

Overall, the multi-parametric analysis demonstrates that integrating thermal,
acoustic, and electromagnetic observations provides a more robust and physically
consistent framework for understanding earthquake-related processes. The observed
magnitudes of variation across domains highlight the efficiency of energy transfer
within the LAIC system and underscore the importance of combined-parameter
analysis for identifying the complex physics underlying earthquake preparation
processes.

In the ~15 days preceding the 24 January 2018 Aomori-region earthquake,
environmental conditions were governed by typical winter variability, with no
typhoon or tropical cyclone activity affecting northern Japan. The only notable
meteorological event was a short-lived winter snowstorm on 22-23 January,
associated with a passing extratropical low-pressure system, moderate pressure
fluctuations (~5 - 10 hPa), and cold-air advection—conditions that are
climatologically common for Aomori in January

(https://www.jma.go.jp/jma/indexe.html). Additionally, a minor geomagnetic

disturbance around 19 January (likely substorm-level activity) remained within
low-to-moderate geomagnetic indices (e.g., K, <4), insufficient to produce
strong ionospheric or lithospheric coupling effects at regional scales

(https://wdc kugi.kyoto-u.ac.jp/). Taken together, both meteorological and geoma-
gnetic conditions during this period fall within background seasonal norms,
lacking the magnitude, persistence, or spatial coherence required to account for
sustained anomalies, thereby supporting a seismogenic origin for the observed
signals.

This study is based on a retrospective analysis of a single earthquake event.
However, the reported anomalies are not evaluated in isolation; they are derived
relative to corresponding non-earthquake periods under geomagnetically and
meteorologically quiet conditions, thereby incorporating a robust reference baseline.
Furthermore, the observed variations across all parameters are consistent with their
known long-term statistical behavior under non-seismic conditions, as established
in previous studies. The multi-parameter anomalies also exhibit strong temporal
alignment and internal consistency across independent datasets, supporting their

close association with earthquake-related processes. Although the precise causal
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mechanism governing these lithosphere-atmosphere-ionosphere interactions
remains to be fully established, the coherence and quantitative agreement among the
observed signatures provide robust observational evidence of a coupled geophysical

response.

5. Conclusions

The results obtained in this study demonstrate clear and consistent multi-
parametric signatures associated with the seismic event. A notable and potentially
novel feature of the present analysis is the asymmetric behavior of the observed
anomalies, characterized by pronounced enhancements during the pre- and post-
seismic phases, while the co-seismic period exhibits a relative depletion across
multiple parameters. This behavior contrasts with earlier studies (see Introduction),
where co-seismic enhancements or mixed responses were more commonly reported.
In the present case, the suppression of anomalies on the earthquake day, despite
the absence of significant geomagnetic or meteorological disturbances, suggests a
transient reorganization of the LAIC system.

Interestingly, the presence of both pre- and post-seismic anomalies has been
reported in several previous studies. Statistical and case-based analyses indicate
that ionospheric perturbations can occur several days before and also persist for a
few days after an earthquake, typically within a window of ~5 days prior and up
to ~3 - 5 days after the event [69] [70]. For example, multi-event studies have
identified TEC anomalies appearing 4 - 10 days before and 3 - 5 days after
earthquakes, supporting the existence of both preparatory and relaxation phases of
the ionospheric response [71] [72]. Thus, post-seismic ionospheric disturbances
can also be interpreted as either residual effects or secondary adjustments of the
coupled system following the main shock. However, the nearly symmetric and
comparable magnitude of pre- and post-seismic responses observed in the present
study is relatively uncommon. This suggests that the processes governing stress
accumulation and post-rupture relaxation may follow similar physical pathways,
possibly involving comparable energy transfer mechanisms through the LAIC
system. Such symmetry implies that post-seismic anomalies are not merely
residual signatures but may represent an integral part of the overall coupling
dynamics. These findings highlight the importance of considering both pre- and
post-seismic intervals within a unified framework and suggest a more complex,
and potentially reversible, coupling mechanism than previously recognized.

The observed temporal offsets among different pre-seismic parameters can be
attributed to the underlying physical mechanisms governing earthquake preparation
and energy transfer. Progressive stress accumulation within the lithosphere leads
to deformation and instability governed by rock mechanics and fracture processes
[73]-[75]. These processes are controlled by fundamental principles of elasticity,
thermodynamics, and energy conservation, resulting in the buildup and eventual
release of stored strain energy. As a result, different geophysical parameters as

thermal, acoustic, and electromagnetic, respond at different times prior to the
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earthquake, each reflecting specific stages of energy redistribution. This temporal
variability highlights the differing sensitivities of these parameters and the
complex, multi-layered nature of energy coupling, underscoring the importance of
a multi-parametric framework for a comprehensive understanding of seismogenic

processes.
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