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Abstract

Ionospheric-magnetospheric transition region and the time correlation of particle rate fluctuation and earthquake has been a subject
of interest for various authors for the last few decades. Van Allen Radiation Belt (VAB) is a zone of energetic charged particles originated
from solar wind that are captured by Earth’s magnetic field lines. There are several Low Earth Orbital (LEO) satellites to observe count
rate of energetic particles in the VAB. In the present study, we used Medium Energy Proton and Electron Detector (MEPED) instrument
data which is on-board the NOAA-15 satellite. This study presents a comparison of the effects of a land earthquake and an ocean earth-
quake on the observed particle bursts (PBs). The transport of electromagnetic emissions of seismic origin from the ground to the mag-
netosphere through the ionosphere depends on various land and atmospheric variables. One of the primary parameters is the ground
conductivity. The conductivity of ocean surface is much higher compared to that of the land surface and thus, an ocean earthquake
is expected to impact the ionosphere-magnetosphere region more than a land earthquake. With this aim, we considered one land earth-
quake on January 3, 2016 and an ocean earthquake on December 6, 2016. The data were taken from the NOAA website and analyzed for
the entire months of January and December, 2016. For the January 3 (land) earthquake, PBs were found to be accumulated only around
the earthquake day, being maximum on the day of the earthquake and with complete absence of such events on days away from the event
day. For the December 6 (ocean) earthquake, the effects were found to be post-seismic in nature and existed for days away from the
earthquake day. Also the maximum particle count rate recorded on the day of the December 6 earthquake was found to be significantly
high compared to the January 3 earthquake. We conclude that the difference in ground conductivity of land and ocean surface is the
decisive factor behind such differences in the observed effects.
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1. Introduction

It has been suspected in the past several decades that
seismic anomalies of lithospheric origin are capable of
inducing perturbations at ionospheric and magnetospheric
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altitudes within the earthquake preparation zone well
before the occurrence of the event (Chakraborty et al.,
2017 and references therein). Among the seismo-
ionospheric anomalies included are Very Low Frequency
(VLF) anomalies like terminator shifts, nighttime fluctua-
tions, enhancements in D-layer preparation and disappear-
ance times; enhancement in the Total Electron Content
(TEC) observed through GPS TEC measurements;
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generation of Atmospheric Gravity Waves (AGWs), etc.
For the past couple of decades, attempts have been made
to correlate short-term bursts of high-energy charged par-
ticles in the near-Earth space with seismic activity. The first
such evidence came at the end of 1980 (Voronov et al.,
1987, 1989) where conclusions were drawn based on the
results obtained from MARIA experiment on board the
SALYUT-7 orbital station (Aleksandrin et al., 2003). Fol-
lowing these results, extensive studies of electron and pro-
ton flux variations below the radiation belts were done
using the MARIA-2 magnetic spectrometer on board the
MIR station, ELECTRON instruments on board the
INTERCOSMOS-BULGARIA-1300 and METEOR-3
satellites (Galper et al., 1989;Voronov et al., 1990;
Aleksandrin et al., 2003). The results from these experi-
ments confirmed the correlation between short-term sharp
enhancements in the particle fluxes and seismic activities
indicating that such flux enhancements appear few hours
before the main shock (Aleshina et al., 1992;Galper et al.,
1995). It was also seen that for earthquakes with Richter
scale magnitude exceeding four (M > 4), the particle bursts
and the epicenter of the impending earthquake are located
on almost the same L-shells.

From 2006, study of the correlation between particle
bursts and seismic activity started from a general study
of particle data using National Oceanic and Atmospheric
Administration (NOAA) particle database (Esposito,
2008; Fidani and Battiston, 2008). The NOAA and the
National Aeronautics and Space Administration (NASA)
have jointly developed a series of Polar Operational Envi-
ronment Satellites (POES). These Advanced TIROSN
(ATN) spacecrafts have been flying since 1978 and are
named after the prototype satellites TIROS-N (Television
Infrared Observation Satellites) (Davis, 2008). The system
consists of pairs of satellites ensuring that every part of
the Earth is regularly monitored at least twice every 12 h
from an altitude of almost 800 km. An upgraded version
of the Space Environment Monitor (SEM-2) is being flown
from 1998 starting with the NOAA-15 satellites. The SEM-
2 is comprised of two sets of instruments that regularly
monitor the energetic charged particle environment in the
near-Earth space. They monitor the incoming flux of ener-
getic ions and electrons into the atmosphere from outer
space and also the particle radiation environment at the
altitude of the satellite (Fidani and Battiston, 2008).

Physical explanation of particle bursts as seen by these
satellites is based on the local disturbance of the radiation
belt trapped particles caused by ultra low frequency elec-
tromagnetic emissions (EMEs) of seismic origin (Aleshina
et al., 1992;Galper et al., 1995; Aleksandrin et al., 2003).
From direct ground-based experiments it was seen that
EMEs can be generated several hours before the main
shock from regions around the earthquake epicenter that
can propagate upwards to the magnetosphere through
the ionosphere (Fraser-Smith et al., 1990;Molchanov and
Majaeva, 1994). At certain altitudes, these EMEs get cap-
tured by geomagnetic field tubes (Molchanov et al., 1992)
after which they behave as Alfven waves and propagate
along the geomagnetic field lines. During their propagation
along these field lines, they interact with the trapped elec-
trons inside the radiation belt through a wave-particle
interaction. Such interaction causes redistribution of pitch
angles of the electrons thereby resulting in lowering of the
heights of their mirror points ultimately leading to particle
precipitation. These precipitated particles drift around the
Earth along L-shells corresponding to the earthquake epi-
center creating a wave of particles (Galper et al., 1995).
These waves are capable of completing one or two revolu-
tions around the Earth before being completely precipi-
tated. The satellites observe such particle waves as
particle bursts while crossing these disturbed L-shells
(Aleksandrin et al., 2003). In order to understand the
region affected we may invoke a concept known as the
earthquake preparation zone (EPZ) first suggested by
Dobrovolsky et al. (1979). In this region around an earth-
quake epicenter, the effects of an impending earthquake
can be identified. This EPZ varies from about 150 km for
earthquakes of magnitude 5 to more than almost
2500 km for earthquakes of magnitude 8. The Low Earth
Orbiting (LEO) satellites revolve the Earth in the height
range of 200–2000 km, which is of the same order as the
EPZ. Thus, they are capable of observations enclosing
the entire perturbed zone (Parrot, 1995). It should also be
mentioned that because of the drift of the precipitated par-
ticles around the Earth, the particle bursts can be observed
not only over the earthquake epicenter but also along any
longitudes corresponding to almost the same disturbed L-
shell. A schematic representation of the physical processes
causing particle bursts (PBs) associated with earthquakes is
shown in Fig. 1.

In this paper, we present a comparative study of the par-
ticle bursts as seen by the instruments on board the
NOAA-15 satellites during a land earthquake and an ocean
earthquake. Our study is based on the proposition that
observation of particle bursts linked to earthquakes are
strongly affected by several land and atmospheric variables,
one of the primary parameters being the ground conductiv-
ity. This proposition arises from the fact that the surface
layer conductivity has a significant contribution in atmo-
spheric electricity (Harrison et al., 2010). The Global
Atmospheric Electric Circuit (GEC) links disturbed
weather regions with fair weather regions which occurs
by flow of current from the Earth’s surface up to the iono-
sphere through the atmosphere. The ionosphere at � 80
km altitude is maintained at almost a constant positive
potential of 250 kV with respect to the ground. A small
‘‘conduction” current density (Jc) originates from this finite
atmospheric conductivity having a typical value of � 2
pA/m2 in fair weather conditions. The local current density
is determined by the ionospheric potential V I and the
columnar resistance Rc. A major contribution to Rc comes
from the boundary layer, RBL, extending up to � 2 km



Fig. 1. Schematic representation of the physical processes causing Particle Bursts (PBs) induced by seismic activities (Courtesy: http://cses.roma2.infn.it/
node/20).
above sea level and another one-third contribution comes
from the free troposphere (FT), RFT . Near-surface aerosol
and radioactivity fluctuations cause variations in RBL,
which in turn affects the entire columnar resistance Rc

(Harrison et al., 2010). Harrison and Bennett (2007) pro-
posed a linear representation of the surface effects on Rc as

Rc ¼ k
rs

þ RFT ;

where rs is the conductivity of the surface layer having
scale height k that depends on the climatology of the region
under consideration. In addition to this, there are addi-
tional modifications coming from radon emission around
earthquake epicenters during seismically active periods.

Pulinets suggested modification of the boundary layer
conductivity by ionization of near-ground atmosphere
due to radon emanation from microfractures formed on
active tectonic faults around earthquake epicenters few
days to weeks before the commencement of the event.
Gas discharge is considered to be the latest stage of earth-
quake preparation, both in the case of land earthquakes
and for earthquakes with underwater faults (Pulinets,
2012). According to (Khilyuk et al., 2000), the major carri-
ers responsible for this radon migration from underground
to the surface are carbon dioxide and other gases like
methane, hydrogen and helium. Although no earthquake
related measurements of radon in oceans are available,
there are numerous publications reporting its abundance
over the ocean surface. The first such publication was made
by Broecker during the symposium held in Lamont Geo-
logical Observatory (USA) in 1964 followed by numerous
others. Another source of radon abundance in the near
shore ocean waters is the ground water diffusion bringing
radon to the surface with them (Broecker, 1964). In this
paper, they demonstrated with experimental evidence that
the radon activity levels from underwater sources are much
higher than for the land ones.
Thus, we find that under both normal situation and
anomalous radon emanation before earthquakes, the con-
ductivity of ocean surface is higher than that of the land
surface. Next, to understand the electrostatic coupling
between the ground and the ionosphere-magnetosphere
region, we need to solve three main equations, namely,
the Faraday’s law, the charge conservation law and the
Ohm’s law (Park and Dejnakarintra, 1973). Combining
these three equations, we obtain

~r � ðr̂ ~r/Þ ¼ 0:

Here, r̂ is the conductivity tensor and / is the electrostatic
potential. From this equation, we find that r̂ is the main
factor in coupling the ground with the upper regions of
the atmosphere. Also, as the conductivity of ocean surface
is many times greater than that of the land, this will impact
the bulk conductivity profile and thus, seismic electromag-
netic emissions associated with earthquakes having epicen-
ter in ocean is expected to impose greater effects on the
ionosphere than earthquakes having epicenter on land.
With this aim, we compared the effects of two earthquakes,
one on January 3, 2016 and the other on December 6, 2016.
The January earthquake was a land earthquake and the
December earthquake was an ocean earthquake. Particle
count data for the entire months of January and December,
2016 were downloaded and analyzed. Previously, extensive
statistical studies on correlation between earthquakes and
energetic PBs were presented in Aleksandrin et al. (2003),
Sgrigna et al. (2005), Fidani and Battiston (2008), Fidani
et al. (2010) including some case studies such as that during
the 2004 Sumatran earthquake (and tsunami) in Fidani and
Battiston (2008). However, this is the first time that we are
presenting a comparative study of the effects of location of
earthquake epicenter on observed particle bursts from
NOAA satellite data.

In Section 2, we present the method of database prepa-
ration, in Section 3, we present the data processing and
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data analysis methodology, in Section 4, we present the
results and finally in Section 5, we make concluding
remarks.

2. Our strategy of database preparation

We first looked for earthquakes with Richter scale mag-
nitude greater than 6.5 within a grid from 0� – 40�N lati-
tudes and 60�E – 100�E longitudes for the past 5 years.
These data were downloaded from the Earthquake Centre
of US Geological Survey (USGS) at https://neic.usgs.gov/
neis/epic/epic.html. A total of 17 earthquakes were
detected out of which only three had their epicenters in
the ocean and the remaining on land. As the radiation belt
particles are greatly influenced by solar geomagnetic activ-
ity, we investigated the daily average geomagnetic and
ionospheric activities on the earthquake days by monitor-
ing the indices Ap and SID respectively to eliminate the
chances of contamination of seismic anomalies with high
solar activity effects. Here, ‘‘SID” refers to Sudden Iono-
spheric Disturbances. Earth’s ionosphere reacts to the
intense X-ray and ultraviolet radiation released during a
solar flare. The ionospheric disturbance enhances VLF
radio wave propagation. By monitoring the signal strength
of the recorded VLF signal, SIDs are recorded that indicate
a recent solar flare event. Data were downloaded respec-
tively from the World Data Centre for Geomagnetism,
Kyoto at http://wdc.kugi.kyoto-u.ac.jp/kp/index.html
and from the American Association of Variable Star
Observers (AAVSO) at https://www.aavso.org/sid-data-
Fig. 2. Location of the two earthquake epicenters highlighted wit
base. We defined a solar active day to be one for which
either the Ap index was greater than 16 or one of the eight
3 h average Ap indices was greater than 25 or SID – 0. If a
particular day did not satisfy any of these conditions, then
it was considered to be a quiet solar day. It was found that
only two earthquake days satisfy these criteria and were
considered to be quiet solar days, one on January 3, 2016
and the other on December 6, 2016. The January earth-
quake was a land earthquake and the December earth-
quake was an ocean earthquake. For the rest of this
manuscript, we will denote the January 3 land earthquake
by EQ land and the December 6 ocean earthquake by
EQ ocean. The detailed information of the earthquakes
are shown in Fig. 2.

NOAA archive radiation belt particle data were down-
loaded from the NOAA web page http://poes.ngdc.noaa.-
gov/ for the entire months of January and December,
2016. NOAA satellites are placed in polar orbits inclined
at an angle � 99� at altitudes between 807 and 854 km
which monitor fluxes of protons and electrons at the alti-
tude of the satellite (Fidani et al., 2010). The particle detec-
tors (Space Environment Monitor – SEM-2) consist of the
Total Energy Detector (TED) and the Medium Energy
Proton and Electron Detector (MEPED). The SEM-2 data
product is separated into 2 netcdf files: raw and processed.
The raw data files contain sensor data in units of counts
with no additional improvements or added parameters
such as the magnetic field model information while the pro-
cessed data files contain the sensor data transformed into
physical units with error bars and backgrounds removed.
hin our zone of study along with other relevant information.

https://neic.usgs.gov/neis/epic/epic.html
https://neic.usgs.gov/neis/epic/epic.html
http://wdc.kugi.kyoto-u.ac.jp/kp/index.html
https://www.aavso.org/sid-database
https://www.aavso.org/sid-database
http://poes.ngdc.noaa.gov/
http://poes.ngdc.noaa.gov/


The raw data are suitable for evaluating the sensor perfor-
mance while the processed data are suitable for scientific
purpose.

A single binary file of the archived data contains 32 s of
data, including a full set of orbital parameters provided
every 8 s. In addition to this, sub-satellite latitude and lon-
gitude information are provided every 2 s (Evans and
Greer, 2004; Fidani and Battiston, 2008; Fidani et al.,
2010). The data file consists of 16 full data collection cycles
from the TED, the MEPED electron and proton telescope
instruments and 4 full cycles of the omni-directional detec-
tor sensors. All of them are provided every 2 s with a sam-
pling interval of 1 s. Ultimately, once in the 32 s archive
record, a full set of background data from all the 8 TED
detector systems is included. Finally, a selected portion of
the SEM-2 instrument status, temperature and system
health data as well as data quality and ancillary informa-
tion are also included (Fidani and Battiston, 2008).

The first step in NOAA database preparation is the
transformation of all binary files into N-tuples (Couet
and Goossens, 1998). We downloaded both the raw and
processed SEM-2 data and included parameters such as,
the time of the day in milliseconds, latitude and longitude
of the satellite, MEPED electron channel data (electron
counting rates, CRs), IGRF magnetic field (satellite),
MEPED telescope pitch angle (satellite) and the L value
from the IGRF field into the N-tuple. As all the sets of
orbital parameters are provided every 8 s, this time was
taken as the base time for our entire study and thus 8 s
averages of all the parameters included in the N-tuple were
calculated. Since the energies detected for the electrons is a
cumulative sum over three thresholds having values
E1 ¼ 30 keV;E2 ¼ 100 keV and E3 ¼ 300 keV, we defined
new energy channels computed from the difference of these
energy thresholds to detect electrons within the energy
intervals 30� 100 keV; 100–300 keV and > 300 keV. This
is in agreement to the proton energy channels. We also
defined unreliable CRs to be the ones when E2 � E1 < 0
and E3 � E2 < 0 and excluded them from our study.

3. NOAA data analysis

We calculated the daily average of CRs and then defined
the condition for which a CR was not a normal statistical
fluctuation and could be considered as a particle burst
(PB). Our methodology is similar to some extent to that
applied in Sgrigna et al. (2005), Fidani and Battiston
(2008), Fidani et al. (2010) with a few additions/modifica-
tions implemented in it. First, all the daily averages of
CRs were calculated in the invariant coordinate space. This
choice was necessary to obtain stable results as the particle
motion along satellite orbit is strongly variable. Also, there
is a steep gradient in the particle flux as the satellite passes
over the South Atlantic Anomaly (SAA) region. So to take
this into account, it was equally necessary to consider the
CR amplitude and variation versus geomagnetic coordi-
nates. The geomagnetic field magnitude B can be consid-
ered as a suitable parameter to delimit the transition
region between the inner and outer Van Allen radiation
belts (VABs) (Walt et al., 1994) where sharp gradients
are present and sub intervals of B are defined to limit the
CR amplitude variations. In our study, we have excluded
the SAA and the outer VAB by choosing B > 22:0 lT
and L < 2:2 respectively.

The next step was to calculate all the averages in every
sector of a three dimensional matrix formed by the
L-shell parameter, pitch angle a and the geomagnetic field
intervals B. Here pitch angle a is the angle between the
particle telescope and the geomagnetic field directions.
The L-shell parameter values were taken between 0.9 and
2.2 with a bin width of 0.1. Thus, there were 13 L-shell inter-
vals. The SEM-2 detectors have a finite aperture of 30�. So
we chose a bin width of 15� for pitch angle a so that there
were 12 intervals. The geomagnetic field B was divided into
9 intervals as following: 16:0–17:5 lT; 17:5–19:0 lT;
19:0–20:5 lT; 20:5–22:0 lT; 22:0–25:0 lT; 25:0–29:0 lT;
29:0–33:0 lT; 33:0–37:0 lT, and 37:0–41:0 lT. We took
only those B intervals for which it was greater than
22:0 lT so that only 5 B intervals were under our consider-
ation. To obtain a reliable statistics, we ensured that the
satellite passed at least 20 times through the same cell. In
Fig. 3, we show the CR daily average data availability on
January 3, 2016. All the 9 B intervals are shown in the
Figure. For each graph, we plot L along X axis and a along
Y axis. The colorbar denotes the number of times the satel-
lite passes through the same cell. A similar Figure is
obtained for December 6, 2016 but to avoid repetition
nature, we have not shown it here.

Now that we have calculated 8 s CR daily averages, our
next task was to define the condition for which a CR can be
labeled as a PB. The 8 s CR distributions are compatible
with Poisson distributions in agreement with previous
works (Sgrigna et al., 2005; Fidani and Battiston, 2008;
Fidani et al., 2010). Thus for a CR to be a non-
Poissonian fluctuation with 99% probability, we set a con-
dition that it must exceed the 4 sigma level. Fig. 4 shows an
example of electron counting rates as measured by NOAA-
15 satellite during observation of particle bursts (PBs).
Fig. 5 shows the distribution of 8 s counts on (a) January
3, 2016 and (b) December 6, 2016 for 0� electrons (here
0� denotes that the particle telescope is pointing towards
the geomagnetic field direction) with energy between
30 KeV to 100 KeV and 22:0 lT < B < 25:0 lT. Along X
axis, we plot the average counts in 8 s and along Y axis,
we plot the daily count number. The vertical dotted lines
denote the 4 sigma level. All the counts to the left of the
4 sigma level (black) are normal statistical fluctuations
and those to the right (red) are PBs.

To associate the PBs with an impending earthquake, we
then considered an additional parameter which was defined
as the difference between the L-shells of the earthquake and
those of the particle burst (DL) (Aleksandrin et al., 2003).

DL ¼ LEQ � LPB;



Fig. 3. CR daily average data availability in (L, a, B) cell on January 3, 2016. The colorbar denotes the number of times the satellite passed through the
same cell.
where LEQ and LPB are the L-shells of earthquake and PB
respectively.

We considered LEQ as the L coordinate of the point at a
certain altitude above the earthquake epicenter at which
electromagnetic emissions (EME) of seismic origin get cap-
tured in a geomagnetic field tube and propagates further in
the magnetosphere through the field lines. Molchanov sug-
gested this altitude of EME penetration into the magneto-
sphere to be about 300 km (Molchanov et al., 1992). Now
we considered those PBs to be associated with an earth-
quake which satisfy the condition

jDLj � jLEQ � LPBj 6 0:1:
4. Results

Here we present the results obtained from our NOAA
data analysis. In Fig. 6, we show the PBs for the entire
month of January, 2016. Along X axis, we plot the days
in January and along Y axis, we plot the daily number of
PBs. PBs in black are for quiet solar days and those in gray
are for active solar days. Here quiet solar and active solar
days are defined as mentioned in Section 2. The black hor-
izontal dashed line is the monthly quiet solar period PB
average. In Fig. 6(a), we show the PBs that exceed the 4
sigma level and in Fig. 6(b) we show those PBs which sat-
isfy the condition DL 6 0:1. Thus, we find that although
significant number of PBs are present on almost all the
quiet solar days, all of them are not associated with the
January 3 earthquake. For the EQland , PBs are present
for only three days, the day before the event day, on the
day of the earthquake and on one day after the event
day. Another important fetaure is the ratio of the PBs asso-
ciated with the January 3 earthquake to the total number
of PBs present on those days. On one day before the EQ
day, the percentage of occurrence of associated PBs is
� 10%, on the day of the EQ, the percentage is � 22%
and on one day after the EQ day, the percentage is



Fig. 4. Examples of electron counting rates as measured by NOAA 15 satellite during observation of particle bursts.

Fig. 5. Distribution of averaged 8 s counts on (a) January 3, 2016 and (b) December 6, 2016 for 0� electrons with energy between 30 keV and 100 keV and
22:0 lT < B < 25:0 lT. As the distribution is Poissonian, so for a count rate to be considered as a particle burst (PB), it must exceed the 4 sigma level.
Here, the vertical dashed lines denote the 4 sigma level, all the counts to the left of it (black) are normal statistical fluctuations and those to the right (red)
are PBs. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
� 67%. Thus, although PBs associated with the earthquake
are present on both before and after the commencement of
the event, we see a general trend of increasing probability
of PB occurrence. We also note in Fig. 6(a) that the
monthly mean of PBs for quiet solar days is 42.5/sec while
the PBs on January 2, January 3 and January 5 in Fig. 6(b)
are significantly low. It is to note that the PBs in Fig. 6(a)
are those PBs which have distribution in L-shells apart
from the disturbed L-shell corresponding to the EQland

while in Fig. 6(b), we show only those PBs which satisfy
the condition jDLj 6 0:1., i.e., which are associated with
the earthquake on January 3 only. Thus, the PBs in
Fig. 6(b) are obtained after eliminating all the undesirable
PBs corresponding to different L-shells and hence naturally
these numbers would be significantly low compared to the
monthly mean shown in Fig. 6(a). The significance of the



Fig. 6. Particle Bursts (PBs) for the entire month of January, 2016. The black PBs are for quiet solar days and the gray PBs are for active solar days. We
have considered those days as solar active for which either Ap > 16 or one of the eight 3 h averaged Ap indices is greater than 25 or SID– 0. The dashed
horizontal line marks the monthly mean of PBs for quiet solar days. In (b), we show the PBs for which DL 6 0:1. This condition is chosen to associate the
PBs with the earthquake on January 3. We find that the PBs associated with the earthquake start on the day before the day of the quake and end on one
day after it. Another notable feature is the percentage of occurrence of PBs associated with the EQ. We see a general tendency of increasing probability of
PB occurrence.
two counterparts of Fig. 6 is to derive a relation between
the number of PBs associated with the earthquake with
the total number of PBs observed on quiet solar days for
the entire month of January, 2016 and thus, the monthly
Fig. 7. Same as in 6 but for the month of December, 2016. In this case, the day
nature. Some relatively high number of PBs are present on days around Dece
within the zone of our study. Even after eliminating this effect, we see a gener
relatively high percentage of occurrence of PBs associated with the earthquak
mean of PBs for quiet solar days in Fig. 6(a) is significantly
high compared to the PBs presented in Fig. 6(b).

In Fig. 7, we show similar results as Fig. 6 but for the
entire month of December, 2016 to detect the effects of
of the earthquake is December 6. Here we find the PBs to be post-seismic in
mber 18 which can be attributed to few moderate earthquakes occurring
al trend of presence of PBs on days away from the earthquake day with a
e.



the December 6 earthquake. Here, we find that all the PBs
associated with the EQocean are post-seismic in nature. On
the contrary, for the EQland (Fig. 6(b)), although the prob-
ability of a PB to be associated with an EQ is higher on the
post-EQ day, PBs were also present on January 2, the day
before the earthquake day. If we determine the percentage
of PB occurrence associated with the December 6 EQ, we
find it to be like: 43% (0), 1:5% (+6), 83% (+7), 2%
(+10), 48% (+11), 20% (+12), 63% (+14), 2% (+18), 43%
(+21), 16% (+22) and 15% (+23). Here, the numbers
within the parentheses denote the number of days from
the EQ day, 0 denoting the day of the EQocean. We find that
there are some considerably large number of PBs on
December 17, 18 and 20. Here, we should mention that
earthquake preparation process and its after effects are
continuous events rather than a discrete phenomenon
(Chakraborty et al., 2017). Hence all the stress energy is
not released at the time of the main shock. This causes
numerous aftershocks with magnitude somewhat less than
and around the epicenter of the main shock for almost all
the earthquakes. The December 6, 2016 earthquake was no
exception and it was followed by numerous aftershocks;
the maximum of them being of magnitude 4.2 occurring
on December 17 (Muzli et al. (2018)). The depths of such
earthquakes also varied, the least being 8 km. We also
checked the possibility of presence of any strong or moder-
ate earthquakes (M P 4:5) during that period within our
zone of consideration (0� � 40�N latitudes; 60�E � 100�E
longitudes) and found that besides the aftershocks of the
December 6 earthquake, there was presence of some other
earthquakes of magnitudes in the range 4.5–5.3 with two
greater ones on December 18 (M ¼ 5:3) and December 20
(M ¼ 5:6) (source: https://earthquake.usgs.gov/earth-
quakes/map/) and few smaller ones existing up to Decem-
ber 31 in close proximity of the December 6 earthquake,
almost all of them having their epicentres in ocean.
Aleksandrin et al. (2003) mentioned that particle bursts
observed by LEO satellites can be associated with earth-
quakes of magnitude exceeding 4.0 and are located on
nearly the same disturbed L-shell as that of the earthquake.
Thus, although the magnitude of the December 6 earth-
quake was higher than those occurring on the latter half
of the month, we suggest that the presence of relatively
high number of PBs on the days December 13, 17, 18,
20, etc. is a manifestation of the cumulative effects of the
aftershocks of the December 6 earthquake and some other
relatively strong earthquakes during those days. But, even
if we eliminate those effects, from Fig. 7, we can still find a
general trend of existence of PBs on days away from the
earthquake day. Thus, for the EQ ocean, we find the effects
to be post-seismic in nature and to be present on days away
from the event day with relatively high percentage of occur-
rence of PBs associated with the earthquake.

In Fig. 8, we show the satellite pass after excluding the
polar regions and the SAA region (top panel) and the glo-
bal distribution of 8 s average particle count rate (bottom
panel) on January 3, 2016. In both the panels, we plot lon-
gitude along x axis and latitude along y axis. In the bottom
panel Figure, the colorbar denotes the number of particle
counts, the maximum being �25/sec which is well above
the 4 sigma level and can be considered as particle burst
(PB). We also notice that all the PBs are located between
�180� and 260� longitudinal coordinates while the location
of the earthquake epicenter was around 93� longitudinal
coordinate. This can be understood from the most funda-
mental concept of motion of trapped charged particles in
Earth’s magnetic field. Under the influence of the electric
force alone, magnetic force alone and the combined effects
of both electric force and magnetic force, the particles
experience an E � B drift, a polarization drift, a gradient
drift and a curvature drift. The E � B drift and the polar-
ization drift are independent of the charge and thus both
protons and electrons drift in the same direction under
their influence. The gradient drift and the curvature drift
are the two magnetic drifts whose effects can be understood
if we consider the electric field to be nonexistent and the
magnetic field to be spatially inhomogeneous, being much
greater towards the poles than at lower latitudes. This time,
both electrons and ions will circle around the magnetic field
but in addition to this, they will also exhibit a sideways
drift, the electrons drifting to the right and the ions to
the left, both motions contributing to a right-to-left electric
current which is generally termed as the ring current. Thus,
we find that under the influence of the Earths magnetic
field, the electrons drift to the eastward direction. Thus
the geographical distribution of the PBs are consistent with
eastward drifting precipitating electrons.

In Fig. 9, we show similar results as Fig. 8 drawn with
data obtained on December 6, 2016. A sharp peak of par-
ticle counting rate �1000/sec is found at � 160� longitudi-
nal coordinate that is much higher than that observed for
the EQland . This sharp peak made it difficult to identify
other smaller peaks in the particle count rate. So to visual-
ize other PB events, we present in Fig. 10 the global distri-
bution of particle count rate excluding the sharp peak of
1000/sec. From Fig. 10, we find some smaller peaks of par-
ticle count rate, the maximum being �25/sec, located
between �220� and 260� longitudes. Here also, the geo-
graphical distribution of the PBs are found to be consistent
with the eastward drifting precipitating electrons.

5. Conclusion and discussion

In this paper, we presented a comparative study of the
effects of a land and an ocean earthquake on the observed
charged energetic particle bursts as seen by NOAA-15
satellites. Two earthquakes were studied for this purpose,
one on January 3, 2016 and the other on December 6,
2016. The January earthquake was a land earthquake
and the December earthquake was an ocean earthquake.
Particle count data for the entire months of January and
December, 2016 were downloaded from the NOAA website
and analyzed using the methodology as applied in Surkov
et al. (2002), Fidani and Battiston (2008), Fidani et al.

https://earthquake.usgs.gov/earthquakes/map/
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Fig. 8. Satellite pass after excluding the polar regions and the SAA region (top panel) and global distribution of particle counting rates (bottom panel) on
January 3, 2016. In both the panels, we plot longitude along X axis and latitude along Y axis. In the bottom panel, the colorbar shows the number of
particle counts. The geographical distribution of PBs are consistent with the eastward drifting precipitating electrons.
(2010) with a few implemented modifications. The results
obtained showed distinctly different effects of the land
and the ocean earthquakes. First, the effects of the EQland

were found to be oriented around the earthquake days
only, though the probability of association of PB is higher
on the day after the EQ day compared to the day before the
EQ day. The day of the earthquake was January 3, 2016
and the PBs associated with the quake were found to arise
on January 2, just the day before the event day, being max-
imum on the day of the earthquake and ending on one day
after the quake (Fig. 6b). On all the remaining days, no PBs
were found to be associated with the EQland . On the con-
trary, for the EQocean, all the effects were found to be
post-seismic in nature. The PBs associated with the
EQocean appeared on the day of the quake (December 6,
2016) and were found to be present for the latter half of
the month as well (Fig. 7(b)). Although the occurrence of
few aftershocks associated with the December 6 earth-
quake and some other moderate earthquakes (average
magnitude of 5.4) on December 18 and 20 within our zone
of study (0� � 40�N latitudes; 60�E � 100�E longitudes)
may have resulted in the relatively high number of PBs dur-
ing that period, but if we eliminate those effects we still get
a general trend of PB occurrence associated with the
EQocean for days away from the event day. The probability
of PB occurrence was also found to be relatively high for
the EQocean compared to EQland . Also, the recorded particle
count rates on January 3 and December 6 greatly differed
from one another. The maximum count rates recorded on
December 6 (�1000/sec) were many times compared to
that on January 3 (�25/sec) which is a direct manifestation
of the difference in the ground conductivities of land and
ocean surface. However for both the earthquakes, the lon-
gitudinal distribution of PBs were found to be drifting east-
ward. This was determined by examining the longitudes of
the PBs and that of the corresponding EQs. It was found
that the PBs associated with both the earthquakes were
observed only between the 180� and 260� longitude sector.
This is because the spatial distribution of PBs is not uni-
form with longitude, rather, they are mostly observed to
the west of the SAA region. This can be attributed to the
asymmetry of the Earth’s intrinsic magnetic field, being



Fig. 9. Same as in Fig. 8 but for the December 6, 2016 earthquake.

Fig. 10. Same as in Fig. 9 but excluding the peak in particle count rate of �1000/sec. Here we find some peaks with less particle count rates, the maximum
being �25/sec, located between �220� and 260� longitudinal coordinates.
much weaker around the SAA longitudes. Thus, for elec-
trons drifting eastward under the influence of the Earth’s
geomagnetic field, majority of them would be lost around
the SAA region before being detected to the east of it
(Wu et al., 2013). Furthermore, since in the zone west of
the SAA region, the satellite orbit crosses the inner Van



Allen radiation Belt (VAB) mirror points, the particle tra-
jectories can be detected by the 0� detector on-board
NOAA satellites before they precipitate in the SAA
(Fidani et al., 2010). Thus, the PBs are more likely to be
observed at longitudes to the west of the SAA region.

This study is based on the proposition that anomalies in
the ionosphere-magnetosphere region associated with seis-
mic activities are greatly affected by various land and atmo-
spheric variables, one of the vital parameters being ground
conductivity. All the anomalies happen through a general
coupling mechanism, namely, Lithosphere Atmosphere
Ionosphere Coupling (LAIC) mechanism. There are vari-
ous channels through which this coupling can happen,
the most effective being the electromagnetic channel. Few
days to weeks before the occurrence of the main event,
micro-fractures in the epicenter region start forming due
to the mechanical forces on specific parts of the lithosphere
(Molchanov and Hayakawa, 1995, 1998). These micro-
cracks begin to increase in their number density ultimately
causing the earthquake. A part of this mechanical energy is
converted to electromagnetic energy (Mastov and
Lasukov, 1989; Molchanov et al., 1995) which remains in
the same frequency range as the mechanical disturbances
(few kHz and below). Movement of crustal materials due
to seismic waves may also result in inductive effects due
to a relative movement in the geomagnetic field. All these
chemical mechanisms create changes in the electromagnetic
environment of the near Earth atmosphere which ulti-
mately lead to the rise of electromagnetic fields from the
Earth’s surface (Gershenzon and Bambakidis, 2001) to
the ionosphere/mesosphere. In all of these processes, con-
ductivity plays the most vital role. The conductivity of
ocean surface is many times that of the land surface and
thus it is normally expected that electromagnetic perturba-
tions linked with an ocean earthquake will propagate from
the ground surface and impact the ionosphere-
magnetosphere region more than for a land earthquake.

Magnetic ULF electromagnetic (EM) emissions have
emerged as a reliable short-term earthquake precursor dur-
ing the last few decades. The possible mechanisms that
have been proposed to be responsible for pre- or co-
seismic ULF EM emissions are as follows: (1) inductive
effect due to the movement of the conductive medium in
the Earth’s geomagnetic field; (2) displacement of bound-
aries between high and low conductive crustal blocks; (3)
electrokinetic effects; (4) piezoelectric or piezomagnetic
effects and (5) microfracture electrification (Shrivastava,
2014). The electrokinetic theory is based on the hypothesis
that currents can be observed in water-saturated media
with fluid-filled channels. The walls of the pores and the
cracks in a solid body adsorb cations from the liquid.
The liquid again carries opposite charged ions while mov-
ing along these cracks and thus generates an extrinsic elec-
tric current (Petraki et al., 2015). Surkov et al. (2002)
supposed that an earthquake hypocenter is surrounded
by water-saturated porous rocks with fluid-filled pore
channels. Due to mechanical pressure on specific parts of
the lithosphere, these cracks begin to form which initially
remain closed. Due to pressure release at the time of crack-
ing, they remain at lower pressure so that water from
uncracked outer zone immediately penetrates into them
creating a sink of water from outer surrounding high-
pressure areas. Thus, for earthquakes having hypocenters
under ocean, emission of ULF EM waves would be facili-
tated. Also, there are many convincing evidences that ULF
EM emissions can circulate just below the surface without
significant attenuation if the depth of an earthquake is
� 10 km (Serita et al., 2005). The depth of the December
6, 2016 earthquake was 13 km while that of the January
3, 2016 earthquake was 55 km. Thus, we can expect the
ULF anomaly associated with the December earthquake
to be reasonably higher compared to the January
earthquake.

Finally, as it is established that global lightning activity
induces particle bursts in the inner radiation belt, therefore,
contribution from lightning in the PBs cannot be ruled out.
This is because lightning-induced electromagnetic waves
have constant impacts on the radiation belt electrons.
Lightning strikes occur continuously in the terrestrial
atmosphere with an average occurrence rate of 45�5
flashes per second (Christian et al., 2003; Qie et al., 2003;
Wu et al., 2013). Thus, to associate particle bursts (PBs)
with seismo-electromagnetic phenomena, the global light-
ning background needs to be examined thoroughly. Wu
et al. (2013) presented a detailed statistical analysis of cor-
relation between PB occurrence and global lightning activ-
ity and depicted a spatial and temporal distribution of
lightning-induced PBs. According to this study, the global
distribution of PBs was found to be consistent with the glo-
bal lightning activity. It was found to have a seasonal max-
imum in the months from May to September, when there is
summer in the Northern Hemisphere. Also, from the latitu-
dinal distribution of lightning strikes, we find that the
equatorial latitudes (0� - 10�) exhibit two maxima in the
annual lightning cycle, one at around April - May and
another at around September - October, whereas for mid-
dle latitudes (20� - 38�), there is a single maximum around
Northern summer (May - September). However, for both
the cases, the lightning activity remains significantly low
during the Northern winter, i.e., from November - Febru-
ary (Wu et al., 2013). Thus, the annual cycle of PBs
observed by NOAA satellites is mainly influenced by the
mid-latitude lightning activity. In our case, both the earth-
quakes took place during Northern winter, one in January
and the other in December. The January earthquake was a
mid-latitude earthquake (epicenter: 24.807�N, 93.651�E)
while the December earthquake was an equatorial earth-
quake (epicenter: 5.283�N, 96.168�E). During this time,
the global lightning activity remains in the recessive phase
and hence, its impact on PBs is low. Thus, although the
global lightning background influences the precipitation
of radiation belt electrons, in our case, the correlation



remaining less because of the choice of the two earthquakes
allows us to connect the observed PBs with the seismo-
electromagnetic emissions.

To conclude, it must be mentioned that although the
results that we obtained are in agreement with our propo-
sition, but there are some obvious limitations in our study.
First, to understand the general trend of difference in the
effects of a land and an ocean earthquake on the
ionosphere-magnetosphere region, study of multiple events
is necessary. But the occurrence rate of earthquakes and
corresponding quiet solar days is very less making it diffi-
cult to find similar cases. Within the zone of our study hav-
ing 40� � 40� coverage over latitude and longitude, there
were a total of 17 earthquakes with magnitudes greater
than 6:5 in the last five years but after eliminating the active
solar days, only two earthquakes were found to occur on
quiet solar days. Thus, reliability on observed particle
bursts as earthquake precursor still remains a debatable
issue. In this present study, we have reported a case depen-
dent analysis and the statistical results will be followed in a
separate scientific paper. Second, a thorough theoretical
understanding of the electromagnetic coupling between
the ground and the ionosphere-magnetosphere is necessary
to justify the observed results. Work along this direction is
in progress and would be presented elsewhere.
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