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Abstract

We present the variation of unusual atmospheric phenomena, aerosols, to understand the preseismic irregularities for two major
earthquakes in Japan. We consider aerosol optical depth and Angstrom exponent data retrieved from the Moderate Resolution Imaging
Spectroradiometer (MODIS) instrument onboard the Terra satellite to establish possible connections between earthquakes and the gen-
eration of aerosols. Variation of the aerosol parameters shows significant changes before the April 15, 2016, Kumamoto earthquake
(M ¼ 7:0; h ¼ 10 km) and the November 21, 2016, Fukushima earthquake (M ¼ 6:9 and h ¼ 9 km), where M indicates the Richter mag-
nitude and h indicates the focal depth. To identify the source of the aerosol particles, we use the Hybrid Single-Particle Lagrangian Inte-
grated Trajectory model (HYSPLIT-4). This model uses both Lagrangian and Eulerian approaches to compute trajectories and establish
a source-receptor relationship. We compute backward trajectories to check whether the aerosol generated near the epicenter is due to the
preseismic processes or is transported from other areas. From our results, we conclude the fine-mode aerosols are generated in the vicin-
ity of the epicenter, 3–7 days before the earthquakes.
� 2022 COSPAR. Published by Elsevier B.V. All rights reserved.
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1. Introduction

Atmospheric aerosols are particles suspended in the air
in the form of a solid or liquid. They play an important role
in climate change, atmospheric dynamics, weather change,
and human health. These aerosols can be produced from
two types of sources: (i) biogenic and (ii) anthropogenic.
Natural aerosols are mainly sea salt and dust, whereas
anthropogenic aerosols are mostly carbonaceous. A signif-
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icant amount of tropospheric aerosol is anthropogenic and
is created because of different processes, mainly industrial-
ization. Aerosols act as cloud condensation nuclei and
influence the climate by the direct and indirect methods
of scattering of sunlight and changing cloud optical prop-
erties. They also regulate the energy balance of Earth,
which has a great impact on climate variability (Zhao
et al., 1988; Charlson et al., 1990; Jacobson, 2001;
Jacobson, 2002; Lohmann and Lesins, 2002; Huebert
et al., 2003; Andreae et al., 2005). As mentioned, aerosols
can influence the climate by backscattering and absorption
of radiation (direct method) and by changing the properties
of clouds (indirect method). Positive and negative forcing
result in net warming and net cooling on the surface of
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Earth. Carbonaceous aerosols and mineral dust are respon-
sible for warming, whereas sulfates and sea salts act as
agents that cool the climate system (Charlson and
Heintzenberg, 1995). The current economic upswing in
the Asian region is the most significant cause of an increase
in anthropogenic aerosols. Agricultural activities and bio-
mass burning are also contributing significantly to the
aerosol concentration in this region (Venkataraman et al.,
2006; Kumar et al., 2011). Together they create mixed aero-
sol characteristics in the entire Asian region. The increase
in atmospheric aerosols influences climatological variabil-
ity as well as human health. Long-term observation of
aerosols and their precursors has been conducted to under-
stand the diurnal and annual variation and their chemical
constituents along with the consequences for different cli-
matological events and human health (Naja et al., 2014;
Greenstone et al., 2015; Ghude et al., 2016; Joshi et al.,
2016). Aerosol optical depth (AOD) is a measure of aero-
sols (urban haze, smoke particles, desert dust, and sea salt)
distributed within a column of air from the instrument
(Earth’s surface) to the top of the atmosphere.

The physical and chemical processes associated with
pre-earthquake processes are a complex, inhomogeneous,
multidimensional, and multiparametric problem, as
reported earlier (Pulinets and Boyarchuk, 2004;
Molchanov and Hayakawa, 2008; Ouzounov et al., 2018).
Thus, the precursory framework of seismic hazards
involves many chemical, thermal, acoustic, and electro-
magnetic phenomena having a wide range of parameters.
To achieve such thought and to validate this thought with
significant variabilities of such parameters, a unified con-
cept is proposed of coupling in various layers of the atmo-
sphere and ionosphere due to seismic events through
various channels (Pulinets and Boyarchuk, 2004;
Molchanov, 2009; Pulinets and Ouzonov, 2011). This
mechanism is known as lithospheric-atmospheric-iono
spheric coupling (LAIC). As per the mechanism, several
geochemical and geophysical processes are interrelated
and connected with earthquake events. The initial geo-
chemical and physical processes start with radon emana-
tion (Omori et al., 2007). This radon is the primary
source of air ionization in the near-surface area. Ions gen-
erated in this process coagulate with water molecules and
start forming ion clusters. As the ion clusters of a few
nanometers are injected into the atmosphere, the natural
air conductivity profile changes, and this leads to a change
of the ionospheric potential (Klimenko et al., 2011;
Pulinets and Ouzonov, 2011). Hence, these continuous
changes are reflected in the ionosphere as seismogenic iono-
spheric perturbations (Hayakawa et al., 1996a; Hayakawa
et al., 1996b; Sasmal and Chakrabarti, 2009; Chakrabarti
et al., 2010; Sasmal et al., 2014; Chakraborty et al., 2017;
Ghosh et al., 2017; Asano and Hayakawa, 2018;
Chakraborty et al., 2018; Hayakawa et al., 2018; Ghosh
et al., 2019; Biswas et al., 2020). So from the mechanism
explained above, we can expect a variation in the aerosol
concentration associated with large seismic activities.
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Initially, Tributsch (1978) found the interrelationship of
aerosol anomalies and earthquakes. Pulinets et al. (1994)
made the first attempt to describe seismo-ionospheric cou-
pling using aerosols, natural radioactivity, and atmospheric
electricity. The generation and the transportation were
explained by application of the theory of a dirty plasma
(Kikuchi, 1991). This emphasizes the consequences of
two simultaneous processes: the generation of piezoelectric
fields and the fluidity of hard materials. Microparticles are
created because of the fluidity effect and accelerated move-
ment is observed because of the electric reconnection effect
of the piezoelectric fields. These aerosols change the con-
ductivity profile of the atmosphere and are finally injected
into the ionosphere, creating ionospheric perturbations.
Atmospheric turbulence and the generation of thermo-
spheric winds, increase in the atmospheric conductivity
profile and the associated ion acceleration, and penetration
of electric fields are mainly behind aerosol transportation
to ionospheric heights. Later Araiza et al. (2006) used
Aerosol Robotic Network (AERONET) information and
found that the aerosol concentration increased during the
San Simeon earthquake (California, USA). Okada et al.
(2004) used SeaWiFS satellite data to study the aerosol
anomaly for the Gujarat earthquake in 2001. They con-
cluded that in the northeastern part of the Arabian Sea,
AOD increased after the Gujarat earthquake and it was
generated in the preparation zone of the earthquake as pro-
posed by Dobrovolsky et al. (1979). Qin et al. (2014) used
Moderate Resolution Imaging Spectroradiometer
(MODIS) aerosol data from the Terra and Aqua satellites
to find a possible effect of the 2008 Wenchuan earthquake.
From their study, it was found that AOD locally increased
7 days before the 2008 Wenchuan earthquake near the
active faults. They also reported that the increase of the
AOD was related to the positive and negative ionospheric
perturbations and was also associated with atmospheric
anomalies. Pulinets et al. (2014) obtained AOD in
1020 nm data from AERONET for three earthquakes with
magnitudes ranging from 5.8 to 7.1, and found abnormal
behavior before those earthquakes. AOD during the 2015
Nepal earthquake was studied by Ganguly (2016) using
Terra MODIS data, and increases in AOD of 0.9 and 0.6
were reported at 550 nm before and after the main shock,
respectively. Phanikumar et al. (2018) presented the unu-
sual variation of mesospheric ozone and its correlation
with a very low frequency signal anomaly before the 2015
Nepal earthquake. A strong shift in the terminator time
of the very low frequency signal amplitude was observed
during the Nepal earthquake. This shift was strongly
related to the mesospheric ozone anomaly. HYSPLIT-4 is
a model developed by the National Oceanic and Atmo-
spheric Administration (NOAA) to compute the trajecto-
ries of air parcel movements as well as the
transportation, dispersion, and deposition of various chem-
ical constituents (Draxler and Hess, 1998). Several studies
have been conducted on anomalous aerosol increase and
trajectories using the Hybrid Single-Particle Lagrangian
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Integrated Trajectory (HYSPLIT) model (Li et al., 2015;
Zhao et al., 2015). Okada et al. (2004) computed the back-
ward trajectories for the 2001 Gujarat earthquake and
found that the increase in aerosol parameters over the Ara-
bian Sea was transported from the earthquake region.

In this article, we study the Kumamoto and Fukushima
earthquakes of 2016. To investigate possible preseismic and
co-seismic aerosol increase, we compute the aerosol anom-
aly from satellite data and present the conventional spa-
tiotemporal variation of the anomaly by removing the
background variation of the nonseismic condition. Our
main aim is to find the anomaly variation of atmospheric
aerosols before earthquakes to establish the hypothesis of
the possible coupling mechanism during preseismic condi-
tions. We have also checked that these aerosols are gener-
ated in the preparation zone or are transported from other
places. Earlier work successfully observed a variety of
parameters that are found to be very significant in the con-
text of preseismic and co-seismic anomalous behaviors.
This covers most of the major channel of the LAIC mech-
anism. As mentioned in Section 1, aerosol is also found to
be a potent source of seismogenic impressions. We chose
the earthquakes in such a way where evidence of such seis-
mogenic impressions is already established by use of other
parameters. This will also enable us to study and compare a
multiparametric approach for LAIC mechanisms (Sasmal
et al., 2021; Biswas et al., 2022; Chowdhury et al., 2022;
Hayakawa et al., 2022). This article is organized as follows:
in Section 2 we present our observations and the methods
for extracting the anomaly, in Section 3 we present the
results and discuss our results, and in Section 4 we provide
concluding remarks.

2. Data and methods

We chose the Kumamoto and Fukushima earthquakes
of 2016 to investigate possible preseismic and co-seismic
irregularities of aerosol parameters. In Fig. 1, we present
the epicenters of the two earthquakes. In April 2016, a ser-
ies of earthquakes struck Kumamoto City, Japan. The
mainshock, of magnitude M ¼ 7:0, hit on April 16, 2016,
at 01:25 JST (April 15, 2016, 16:25 UTC) at a depth of
10 km, and was preceded by a foreshock of magnitude
M ¼ 6:2 on April 14, 2016, at 21:26 JST (12:26 UTC).
On November 22, 2016, at 05:59 JST (November 21,
2016, 20:59 UTC) another earthquake of magnitude
M ¼ 6:9 occurred in Fukushima prefecture at a depth of
9 km. We present the details of these two earthquakes in
Table 1.

To study the aerosol anomaly, we use two different
parameters: AOD and the Angstrom exponent. We used
the MODIS 1� � 1� dark target AOD at 550 nm and ‘‘land
only” Angstrom exponent data from the Terra satellite to
investigate the possible correlation between the aerosol
anomaly and large earthquakes. MODIS records data in
36 different spectral bands from 0.4 lm to 14.4 lm in three
different resolutions: 250 m, 500 m, and 1000 m. MODIS
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AOD and Angstrom exponent data are available as both
daily and monthly averages. In this study, we use daily
average data only. We found that because of gaps between
swath paths, several data points are missing. We used AOD
as it gives information on the amount of aerosol, whereas
the higher value of the Angstrom exponent provides infor-
mation on dominating smaller aerosol particles and vice
versa. The Angstrom exponent is defined as follows:

Angstrom exponent ¼ �ðln s0:412= ln s0:47Þ=ðln 0:412= ln 0:47Þ;
ð1Þ

where s is the AOD at a particular wavelength.
To analyze the satellite data and identify the anomaly,

first we followed the method proposed by Cui et al.
(2017) and Tramutoli et al. (2013) for thermal and gaseous
fields. Cui et al. (2017) studied CH4 and CO variation dur-
ing the 2008 Wenchuan earthquake and the 2013 Lushan
earthquake from Aqua AIRS data and observed an anom-
aly due to a large amount of gas emitted along the fault line
before and after the Wenchuan earthquake and 3 months
before the Lushan earthquake. We calculated the anomaly
using the equation

Anomalyðx; y; tÞ ¼ ½Gðx; y; tÞ � Gbacðx; y; tÞ�
rðx; y; tÞ ; ð2Þ

where Gbac is the background data prepared as the mean
from multiple nonseismic years. For the Kumamoto earth-
quake, we used data from 2014, 2017, and 2018 to prepare
the background data, whereas for the Fukushima earth-
quake, the background data were prepared with 2015,
2018, and 2019 data. For the Kumamoto earthquake and
the Fukushima earthquake, we considered different years
to prepare the background data. A strong earthquake
occurred within the grid area we considered when studying
the Kumamoto earthquake in 2015. Similarly, for the grid
area of the Fukushima earthquake, 2014 and 2017 are seis-
mically active years. To eliminate the effect of earthquakes
in the background data, we chose nonseismic year data for
both grid areas. The background data were prepared with
use of the following equation:

Gbacðx; y; tÞ ¼ 1

N

XN
i¼1

Giðx; y; tÞ: ð3Þ

For both cases studied, N is 3 and rðx; yÞ is the standard
deviation of the gridded data described by the equation

rðx; y; tÞ ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiXN
i¼1

½Gðx; yÞ � Gbacðx; yÞ�2

N � 1

vuuut
: ð4Þ

Finally, we used the HYSPLIT-4 model of the NOAA Air
Resources Laboratory to find the aerosol movement with
the air parcel. The HYSPLIT model is a hybrid approach
between Lagrangian and Eulerian methods. As the air par-
cel moves, the calculation of advection and diffusion using
the moving frame of reference is done by the Lagrangian



Fig. 1. The epicenters of the earthquakes marked with the red circles. Narrow gray lines are the tectonic plates boundaries. EQ: earthquake.

Table 1
Earthquake details.

Earthquake Location of epicenter Richter scale magnitude Depth (km) Date and time (UTC) Radius of preparation zone (km)

Kumamoto 32:791� N 7 10 April 15, 1023.29
earthquake 130:754� E 2016,

16:25
Fukushima 37:393� N 6.9 9 November 21, 926.82
earthquake 141:387� E 2016,

20:59
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method. The Eulerian method is used to compute air pollu-
tant concentrations taking a fixed three-dimensional grid as
a frame of reference (Stein et al., 2015). We aimed to inves-
tigate whether the anomalous aerosol variation in the vicin-
ity of the earthquakes is due to transport of the aerosol from
a distant place or is locally generated by seismogenic effects.
The backward trajectory analysis provides insight and
establishes a relationship between the aerosol particles at
a particular location and the origin of those particles and
their possible sources, commonly known as the source-
receptor relation (Fleming et al., 2012). We used the back-
ward trajectory for 24 h in the HYSPLIT-4 model along
with the reanalysis data from the National Centers for Envi-
ronmental Prediction and the National Center for Atmo-
spheric Research (NCEP/NCAR) as input meteorological
data to compute the air parcel movement. The NCEP/
NCAR reanalysis data cover 2:5� global grids for different
pressure levels. HYSPLIT uses the Lagrangian approach
to calculate the dispersion by following the transport vec-
tor. For that computation, only meteorological parameters
are used. HYSPLIT uses the same horizontal coordinate
system and the projection of the meteorological input.
According to the dispersion simulation, the particles are
132
released from a particular source and follow the mean wind
field. These particles are advected and dispersed because of
the presence of atmospheric turbulence. The meteorological
inputs are not readable in the HYSPLIT model, so a pre-
processing program is required to convert the meteorologi-
cal data fields into a standard format that is compatible
with the HYSPLIT model. The computation of transporta-
tion and dispersion of particles using the HYSPLIT model
generally uses one-hourly and three-hourly meteorological
data. These data are then interpolated to achieve the
required time by the HYSPLIT model. The system also
includes a suite capability for running the model with
real-time forecast meteorological data. This HYSPLIT
model is also accessed through the Real-Time Environmen-
tal Applications and Display System (READY) (Rolph
et al., 1993). The HYSPLIT output trajectories are drawn
for the reference height 500 m above ground level from dif-
ferent heights. In general, the colors for 500 m, 1000 m and
1500 m are red, green, and blue. In our case we fixed the out-
put level to 500 m so the HYSPLIT model presented the air
parcel trajectories for each possible level to 500 m with dif-
ferent colors. The corresponding heights are automatically
colored by the model itself.
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3. Results and discussion

To present the result for both earthquakes, we use a spa-
tiotemporal profile of the AOD anomaly and angstrom
exponent as a function of the day number. For the Kuma-
moto earthquake, we used the spatial span of 125.5� E to
134.5� E and 28.5� N to 35.5� N for the period from April
1 to April 15, 2016. Fig. 2 presents the AOD anomaly for
the Kumamoto earthquake. Along the x-axis and the y-
axis, we present the longitude and the latitude, respectively,
and the color bar represents the anomalies in AOD. The
white lines are the country border, and the white dot
marked with ‘‘K” is the earthquake epicenter. The first
AOD anomaly is observed near the epicenter on April 3.
The condition for such an anomaly in the next few days
is unknown because of the lack of data. On April 10, we
find an increase in the AOD, and it reaches its highest value
on April 12. On April 14, the AOD anomaly is spread over
the vicinity of the epicenter and further fades away.

For the Fukushima earthquake, we present a similar
spatiotemporal profile of the AOD anomaly for the
latitude-longitude region of 35.5� N to 40.5� N and
136.5� E to 145.5� E. The epicenter of the earthquake is
marked with ‘‘F.” In Fig. 3, we present the AOD anomaly
variation from November 7 to November 21, 2016. From
Fig. 3, it is observed that on November 13 the anomaly
starts to increase and spread over the preparation zone of
the earthquake. On November 21, 2016, a moderate anom-
aly is observed over the epicenter, and then it starts to
decrease gradually.

In a similar way, in Figs. 4 and 5, we present the spa-
tiotemporal variation of the Angstrom exponent over land
as observed in the earthquake preparation zone for the
Kumamoto earthquake and the Fukushima earthquake,
respectively. Along the x-axis and the y-axis, we present
the longitude and latitude, respectively, and the color bar
represents the Angstrom exponent. Fig. 4 clearly shows
that the Angstrom exponent is very high near the epicenter
of the Kumamoto earthquake, which indicates a large
number of small particles in that region at the time of the
earthquake. On April 15, the angstrom exponent decreases,
which indicates that large particles were injected into the
atmosphere on that day. Fig. 5 shows that the Angstrom
exponent is higher near the epicenter of the Fukushima
earthquake, which indicates the dominance of smaller par-
ticles in the preparation zone for the Fukushima
earthquake.

We also computed the percentage change in the AOD
for both earthquakes around the epicenter. In Fig. 6, we
present the percentage change in the AOD on anomalous
days for the Kumamoto earthquake (left column) and the
Fukushima earthquake (right column). The color bar rep-
resents the percentage increase in the AOD. On April 12
and 14, 2016, before the Kumamoto earthquake, an
approximately 100%–150% change in the AOD is observed
near the epicenter. For the Fukushima earthquake, and the
greatest change in AOD is observed on November 13 and
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14, 2016. On November 13, near the epicenter of the
Fukushima earthquake, the greatest change is observed,
around 170%, whereas for November 14, in the same
region, the change is around 200%.

We present the backward trajectory results obtained for
high AOD dates for both earthquakes. We constructed the
matrix trajectory output for a 0:5� grid around the epicen-
ter of the earthquakes from the HYSPLIT-4 model. In
Figs. 7 and 8, we present the backward trajectories for both
earthquakes. We tried to determine whether the unusual
change in aerosols in the atmosphere is due to those seismic
events or is due to transportation from other places and
injection near the epicenter of the earthquakes or other rea-
sons. We examined those 4 days of air parcel movement
when the AOD anomaly is high. We draw back the trajec-
tory starting from those grid points where the AOD anom-
aly is high. In Fig. 7, we present the HYSPLIT model
output of air parcel movement during the Kumamoto
earthquake for April 3, 10, 12, and 14, 2016. On April 3,
the aerosol particles moved near the epicenter from the
south and southeast, whereas on April 10 and 12, the
movement is mainly from south of the epicenter. On April
14, the air parcel movement is from northwest of the epi-
center. But the model output also reveals that the aerosols
are generated within the vicinity of the epicenter. In Fig. 8,
we present the HYSPLIT model output of air parcel move-
ment during the Fukushima earthquake. The air parcel
movement for the Fukushima earthquake is rather com-
plex. We present the air parcel movement for November
13, 14, 17, and 21, 2016. On November 13, the AOD
increases because of the air parcel movement from west
of the epicenter. On November 14 and 17, the air parcel
movement is from the southeast and the northwest, respec-
tively. It is also evident that on November 17, the aerosol is
transported from a distant place, but for that particular
day, the aerosol is also generated within the preparation
zone. So the increase in the AOD on November 17 is actu-
ally due to the mixed effect of locally generated and trans-
ported aerosol. On November 21, the air parcel movement
is from east of the epicenter. The HYSPLIT model reveals
that the aerosol is generated in the adjunct area of the epi-
center and the increase in AOD is not a result of long-
distance transport of the particles.

We analyzed the Kumamoto and Fukushima earth-
quakes for the abnormal AOD variation in the vicinity of
the epicenter. We used MODIS AOD and Angstrom expo-
nent daily data to study the variation during these two
earthquakes. On the basis of our study, we anticipate that
before both earthquakes aerosol is possibly generated
within the vicinity of the epicenters. To confirm that these
aerosol particles are generated by seismogenic causes, we
first created the background profile for the same grid for
the nonseismic period. By subtracting the AOD profile
for the earthquake period from the background variation,
we defined an anomaly in AOD. We observed a significant
increase in AOD before both earthquakes. To eliminate the
possibility that these aerosol particles were generated in



Fig. 2. Variation of aerosol optical depth anomaly from April 1 to April 15, 2016, for the Kumamoto earthquake.
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other places for nonseismic reasons and then transported
to the epicentral area, we used the HYSPLIT-4 model.
We used this model to check the back trajectory of the
air parcel movements. This trajectory reveals that the
AOD anomaly just a few days before these earthquakes
134
is locally generated. Our observation is found to be consis-
tent with previous findings. Previously, several authors
found aerosol anomalies before large earthquakes and
established a relation between ionospheric and tropo-
spheric anomalies. Qin et al. (2014) studied MODIS



Fig. 3. Variation of aerosol optical depth anomaly from November 7 to November 21, 2016, for the Fukushima earthquake.
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AOD data during the 2008 Wenchuan earthquake and
found that the AOD was increased 7 days before the main-
shock. It was reported that the AOD increased 1 day and
4 days before the negative and the positive ionospheric
anomaly, respectively. They also found that the increase
in AOD and other tropospheric parameters occurred
135
exactly at the same time 1 day to 0 days before the earth-
quake. Liu et al. (2019) presented a comparative study of
an aerosol anomaly during the 2008 Wenchuan earthquake
and the 2013 Lushan earthquake. They observed anoma-
lous behavior of the AOD 7 days and 4 days before the
respective earthquakes. Similarly, we also tried to highlight



Fig. 4. Variation of the Angstrom exponent during the Kumamoto earthquake from April 1 to April 15, 2016.
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several other anomalies that appear in different layers
within the same period of the aerosol anomaly for these
two earthquakes. This discussion of simultaneous anoma-
lies appearing in other layers will establish the coupling
mechanism described in the LAIC theory. In the case of
the Kumamoto earthquake, Potirakis et al. (2018) used
136
the very low frequency data from multiple stations and per-
formed a critical analysis of ionospheric perturbations.
They studied the nighttime fluctuation, trend, and disper-
sion, and found there was a clear preseismic anomaly
before the earthquake. They also used a different method
of criticality measurements to study the ionospheric anom-



Fig. 5. Variation of the Angstrom exponent during the Fukushima earthquake from November 7 to November 21, 2016.
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aly due to the Kumamoto earthquake, and found signifi-
cant criticality 5–10 days for five very low frequency recep-
tion stations before the Kumamoto earthquake. Satellite
data for various thermal parameters also showed irregular-
ity before this earthquake. For the Kumamoto earthquake,
the thermal parameter surface latent heat flux exhibited a
137
maximum increase 5 days before (April 11, 2016) the main-
shock, which was followed by a foreshock (April 14, 2016)
(Ghosh et al., 2022). Yang et al. (2019) analyzed ERA5
data and revealed the presence of atmospheric gravity
waves (AGWs) before the Kumamoto earthquake. The
highest AGW activity was recorded on April 11, 2016,



Fig. 6. Percentage change in aerosol optical depth on anomalous days for the Kumamoto earthquake (left) and the Fukushima earthquake (right).
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i.e., 4 days before the mainshock. Kundu et al. (2022) also
computed AGW activity from the SABER temperature
profile, and found significant AGW activity 6 days to 4 days
before the Kumamoto earthquake.

For the Kumamoto earthquake, the maximum AOD
anomaly is observed on April 12 and 14, 2016. On April
12 and 14, the maximum AOD anomaly is obtained at
33.5� N and 128.5� E and at 30.5� N and 130.5� E with
an amount of 0.9 and 0.62 with an increase of approxi-
mately 150% from the background values, respectively.
The aerosol anomaly observed during the Kumamoto
earthquake occurs during a period similar to that for other
anomalies registered by various authors using various
instruments. For the Fukushima earthquake, on November
138
13 and 14, anomalous AOD is observed near the epicenter.
Output from the HYSPLIT model reveals that the increase
in AOD is due to the aerosol generated in the preparation
zone of the earthquake. This generation of aerosol particles
can be associated with the seismic activity that occurred on
November 21, 2016. On November 13 and 14, we observe
an aerosol anomaly near the epicenter with AOD of 0.61
and 0.77, respectively. For the Fukushima earthquake,
the aerosol anomaly is observed 1 week before the main-
shock. A huge amount of aerosol is injected into the atmo-
sphere on November 13, increasing the amount to around
150% of the background value. On November 14, the
increase was around 200%, whereas on the day of the
Fukushima earthquake an approximately 70% increase in



Fig. 7. HYSPLIT model output of air parcel backward trajectories for April 3, 10, 12, and 14, 2016, before the Kumamoto earthquake. AGL: above
ground level; NOAA: National Oceanic and Atmospheric Administration.
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the aerosol is observed. Angstrom exponent variation, on
the other hand, reveals that during the Kumamoto and
Fukushima earthquakes, the preparation zone is domi-
nated by smaller particles. Although there are several suc-
139
cessful observations of an aerosol anomaly during large
earthquakes, some authors were unable to find a significant
anomaly before the earthquake, and rather they reported
an increase in AOD due to the dust generated in the fault



Fig. 8. HYSPLIT model output of air parcel backward trajectories for the Fukushima earthquake on November 13, 14, 17, and 21, 2016. AGL: above
ground level; NOAA: National Oceanic and Atmospheric Administration.
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regions after the mainshock. Okada et al. (2004) presented
the change in aerosol parameters from SeaWiFS data and
found that aerosol characteristics changed after the 2001
Gujarat earthquake. The HYSPLIT model output reveals
that the increase in AOD in the northeastern part of the
140
Arabian Sea is actually due to the transport of aerosol
from the epicenter of the earthquake. Also, several atmo-
spheric and meteorological parameters, as well as human
activities, have large influences on aerosol parameters,
which can change the effects significantly.
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4. Conclusion

We analyzed the AOD and Angstrom exponent during
two large earthquakes in Japan (Kumamoto and Fukush-
ima). The aerosol parameters obtained from satellite obser-
vations show significant changes before these large
earthquakes. It is well known that AOD also varies with
the weather systems. But from our results, we observe an
AOD anomaly related to the seismic events. Simultaneous
satellite observation of thermal and chemical precursors for
these two earthquakes also reveals a significant anomaly
during the same timescale of the AOD anomaly. Ground-
based observation of an ionospheric anomaly for these
earthquakes establishes that the perturbation related to
the earthquake percolates to ionospheric heights from the
lower tropospheric region. These results indicate that geo-
physical and geochemical processes in the lithosphere dur-
ing large earthquakes are closely related and the resulting
signature can be found in the atmospheric and ionospheric
regions that can be associated with the fundamental and
revised thought of the LAIC mechanism. To understand
the exact mechanism of geochemical and geophysical
changes, we have to study the other channel of the LAIC
mechanism—namely, the acoustic channel. Other satellite
observations and simultaneous ground-based observations
will help us to understand the role of the acoustic channel,
mainly acoustic gravity waves, in the percolation of the
particles to the upper layers. From this current study, we
can conclude that the aerosol anomaly can also be used
in short-term earthquake prediction as the anomalous
behavior is observed 3–7 days before earthquakes. Regular
study and monitoring of these parameters will help us to
acquire knowledge for a more accurate precursory study
for future earthquakes and their repercussions in atmo-
spheric and ionospheric layers.
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