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Abstract

The earth’s ionosphere is considered susceptible to the seismic effects and the detection of such ionospheric perturbations associated
with the earthquake has become a challenge for the short-term prediction of earthquakes. In this paper, an investigation of the changes in
the ionospheric behavior is reported which may be associated with M 6.9 and its aftershock of 6.1 magnitude earthquakes at Qinghai
station (geog. 33.19°N, 96.75°E, geom. 23.90°N, 169.98°E) which occurred on 13 April (~23:49 UT, 06:19 LT on 14 Apr) and 14
April 2010 (~01:25 UT, 06:55 LT) respectively. The observations are made using ionospheric total electron content (TEC) obtained from
10 available IGS stations in the Chinese and 2 in the Indian sector to detect seismo-ionospheric anomalies if they exists. We found
anomalous depletions in the ionospheric regions ~3-4 days (on 10 April 2010) up to ~4 TECU before the earthquake over stations close
to the epicenter (<1700 km). The anomalous changes in the ionosphere are observed firstly over a distant station (wuhn, ~0800-1600
UT) during afternoon to midnight hours and few hours later over the near-by stations to the epicentre in the nighttime (~1500-2300
UT, ~2100-0500 LT). Our results from the case study suggest that these anomalies in ionospheric TEC may be the possible
seismo-ionospheric signatures for the considered earthquake in the Tibetian plateau region.
© 2015 COSPAR. Published by Elsevier Ltd. All rights reserved.
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1. Introduction

The seismo-ionospheric coupling has opened up a new
important challenge for the scientific community and it is
taking a lot more attention in the last three decades (e.g.,
Pulinets et al. 2002; Plotkin 2003; Ruzhin et al. 2002;
Stein and Okal 2005; Tronin et al. 2002 and many more).
There are a number of reported evidences which shows that
the electromagnetic phenomenons are possibly associated
with the seismic activities (Hayakawa and Fujinawa 1994;
Calais and Minster, 1995; Hayakawa and Molchanov
2002 and many more). The first recorded anomalous sig-
nals in the time series of the ionospheric total electron con-
tent (TEC) were obtained by Calais and Minster (1995)
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using the permanent GPS network operated in southern
California in the frequency band of 10-3 min after
Northridge earthquake which occurred on 17 Jan, 1994
(Mw = 6.7). The signal frequency and propagation phase
velocity (300-600 m/s) were in agreement with the results
of numerical simulation for acoustic gravity waves
(AGW) caused by a rapid uplift and subsidence of the
Earth’ surface during the earthquake. The velocity was
determined as a ratio of the distance from earthquake’s epi-
center to Sub-Ionospheric Point (SIP) to the time delay of
perturbations received at the corresponding SIP.

The large earthquakes are reported to be often preceded
by signals of different nature: electric, magnetic, electro-
magnetic, luminous etc (Gokhberg et al. 1982; Parrot and
Lefeuvre, 1985). The possible mechanism for the genera-
tion of electromagnetic waves in the lithosphere was
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identified through the microfracturing process of rocks
responsible for geo-electric and geomagnetic field anoma-
lies as well as the development of strong ionospheric per-
turbations preceding strong earthquakes. Some of these
signals can propagate up to the ionosphere and generate
changes in the various ionospheric parameters like electron
and ion temperatures, electron densities, total electron con-
tent (TEC), virtual height (hmF2) etc (e.g. Akhoondzadeh
et al., 2010; Sharma et al., 2013). The mechanism of iono-
spheric anomalies includes direct coupling between the
earth’s surface (lithosphere) and the lower ionosphere
through electric current (Pulinets et al. 2000), and trigger-
ing of AGW by gas releases or thermal anomalies
(Gokhberg et al., 1994; Molchanov and Hayakawa, 2001).

The recent ground-based and satellite observations have
also shown the possibilities of generation of ionospheric
disturbances by earthquake preparation processes. The
ground based measurements may/may not be available at
the same location where the seismic event might have
occurred. To overcome this shortcoming, the satellite mea-
surements which may have a vast coverage of the seismic
zones of the Earth along with other sources of information
may be regarded as a suitable means for the earthquake
studies. Many papers and special monographs have come
out on satellite observations of electromagnetic and iono-
spheric perturbations associated with seismic activity
(Hayakawa and Molchanov, 2002; Pulinets and
Boyarchuk, 2004). Gokhberg et al. (1983) studied the vari-
ability of local plasma density and temperatures measured
onboard AE-C and ISIS-2 satellites. Pulinets et al. (2003)
used the data of ground-based ionosondes and topside
sounding from onboard Alouette-2 and Intercosmos-19
satellites together with the local plasma measurements
onboard the AE-C satellite to classify the main features
of ionospheric variations associated with pre-seismic activ-
ities. The seismic-ionospheric disturbances are found to be
weakly generated several days before the first shock away
from the epicenter. Sharma et al. (2013) using SROSS C2
satellite data at ~500 km mainly from the Indian sector
observed enhancement in the temperatures of electron by
1.2-1.5 and for ions by 1.1-1.3 times respectively during
the seismic events. Recently, Akhoondzadeh et al. (2010)
using plasma analyzer and Langmuir probe onboard
DEMETER satellite and GPS measurements found a good
agreement between the different parameters of the iono-
sphere (electron density, electron temperature, ion density
and TEC) in the detection of pre-seismic anomalies. They
observed different anomalous deviations prior to earth-
quakes from event to event with the amplitude variability
depending on the magnitude of the earthquake. Various
researchers have also reported observations of
seismo-ionospheric  variabilities with both positive
(enhancement) and negative (depletion) effects on electron
density (Pulinets et al., 1994 and many more). In the recent
times, the high resolution measurements of GPS (Global
Positioning System) — TEC have also made a significant
contribution to the understanding of seismo-ionospheric

variabilies. Liu et al. (2004a) using TEC data for 20 major
earthquakes in Taiwan during September 1999-December
2002 statistically described the temporal parameters of
the seismo-ionospheric precursors and found a decrease
during 1-5days (80% cases) prior to the earthquake.
Moreover, Liu et al. (2009) reported that the anomalous
TEC reductions which appeared 3-5 days before 17 events
of 6.3 earthquakes in China region from May 1, 1998 to
April 30, 2008 and the result was also found consistent with
the case study of the 2008 Wenchuan earthquake (M7.9).
In addition, an extreme increase of TEC for all the ana-
lyzed period is recorded in the afternoon of 3 days before
the earthquake. Devi et al. (2008) showed that electric field
generated during earthquake preparatory processes has a
strong effect in shaping the TEC profiles of the northern
crest of the equatorial anomaly. Recently Astafyeva et al.
(2013) found from 11 seismic events, that the amplitude
of coseismic TEC variations in the near-field is larger after
strong earthquakes, and the stronger earthquakes
(M >17.9) are in general characterized by a longer negative
phase in coseismic perturbations. Xia et al. (2011) studied
the pre-earthquake ionospheric anomalies during three
earthquakes and found that the upper and lower anomalies
in GPS-TEC occur 2-9 days prior to earthquakes and
occur in 30 degree in latitude around the epicenters during
the afternoon and evening periods. Sharma et al. (2010)
observed unusual enhancements of ionospheric foF2 and
TEC during three earthquakes in China which appeared
1-4 days before the main shock and especially during
1100-1700 LT.

In order to gain a robust insight into the ionospheric
precursors of earthquake, our investigation is aimed to
shed new light on the complex behavior of the ionosphere
during the earthquake event which occurred at Qinghai,
China (33.19°N, 96.75°E) on 13 and its aftershocks on 14
April 2010 (M~6.9, 23:50 UT and ~6.1, 01:25 UT) respec-
tively by carrying out the detailed analysis of changes in the
ionospheric TEC behavior over near-by and far-away
(<3000 km) distances from the epicenter of the earthquake.
For this study, we obtained TEC measurements from 10
available IGS stations from China and 2 stations in the
Indian sector and examined the anomalies using the
method employed by Liu et al. (2009). Recently
Astafyeva and Heki (2011) and Pundhir et al. (2014) also
adopted same technique as that by Liu et al. (2009).
Pundhir et al. (2014) found anomalous enhancements and
depletions in TEC 1-9 days before the occurrence of main
shock for an event of 16 April 2013 (Mw = 7.8).

2. The earthquake description

The strong earthquake of magnitude 6.9 occurred on 13
April, 2010 around 23:49:37 UT (14 April 2010 around
06:19:37 LT) at the epicenter (geog. 33.19°N, 96.75°E,
geom. 23.90°N, 169.98°E), with shallow depth ~13.8 km
in the Southern Qinghai, China. The published report
says (http://earthquake.usgs.gov/earthquakes/eqinthenews/
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2010/us2010vacp/#summary) that at least 2,698 people were
killed, 270 missing, 12,135 injured and 15,000 buildings dam-
aged in the Yushu area. It was felt intense (IV) at Lhasa,
Qiaotou and Xining stations with weaker intensity (II) at
Baojishan, Lanzhou and Urumgi. The tremors were also felt
(IT) at Thimphu (Bhutan), Dibrugarh (India), Kathmandu
(Nepal) and Chiang Mai (Thailand). This earthquake
occurred as a result of strike-slip faulting in the tectonically
complex region of the eastern Tibetan Plateau and is one
of the largest known historic earthquakes within several hun-
dred kilometers of its location. This earthquake occurred
several hundred kilometers north of the convergent India:
Eurasia plate boundary, where the Indian Plate is moving
northwards with respect to Eurasia at a rate of approx.
46 mm/yr. This convergence drives the uplift of the
Himalaya Mountains, at a rate of approximately 10 mm/yr,
and the Tibetan Plateau, which is an extremely broad region
of thickened and uplifted crust sitting above 4.5-5 km.

The various characteristics of earthquake event and its
aftershock (14 April 2010, 6.1 magnitude around 01:26:16
UT) were obtained from the United State Geological
Survey (USGS) website (www.earthquake.usgs.gov.in).
The details of these earthquakes which include the day of
its occurrence, location, depths, magnitudes, time of occur-
rence in UT and LT at epicenter is described in Table 1.
The radius of the earthquake preparatory zone in the litho-
sphere is obtained using the expression, R = 107(0.43 M),
where M is the magnitude of the earthquake event
(Dobrovolsky et al. 1979).

3. Data set and analysis technique

To examine the interplanetary conditions during study
period, the significant parameters like Interplanetary
magnetic field (IMF Bz, nT) in geocentric-solar-
magnetospheric (GSM) coordinates, electric field associ-
ated with IMF (E, mV/m) in 1-min resolution, 3-hourly
Kp and hourly Dst indices are obtained from the OMNI
website. The hourly EUV flux in 0.1-50 nm band is
obtained by CELIAS/SEM experiment onboard the
SOHO spacecraft. To investigate the spatial and temporal
irregular behavior of the ionosphere before and during the
earthquake event, the total electron content (TEC) is
obtained by the GPS (sampling rate ~30 s) using 10 IGS
stations over the Chinese sector. (TEC being defined as
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GPS satellite height (~20,000 km) to the receiver in a unit
cross-sectional area, | TECU = 10'° el/m?). To make a com-
parison away from the epicenter, the ionospheric GPS-TEC
over 2 IGS stations in the Indian sub-continent is also deter-
mined. The vertical TEC is obtained from the slant TEC by
using the method of a thin layer approximation under the
assumption that the ionosphere is a single layer at a height
of 350 km (Klobuchar, 1986). In our analysis, only the satel-
lite measurements with elevation angle higher than 20° are
selected to minimize the time shift and avoid unwanted
errors due to multipath. Fig. 1(a) illustrates the location of
the epicenter (starred) and the relative distance of the consid-
ered GPS receivers (dotted). The circle represents the
preparatory or influence zone of the earthquake of radius
~930 km. The three stations (bjfs, chan and urum) are in fur-
ther north of Qinghai whereas others are toward the equator
side. The bang is a lower-latitudinal whereas urum and chan
are higher mid-latitude stations. The Table 2 lists the coordi-
nates of IGS stations with the increasing distance from the
epicenter considered in our study. The distance from epicen-
ter to the IGS station is obtained by using the station coor-
dinates in the Haversine formula. Out of these stations, we
found that Lhasa (lhaz) lies in the preparatory zone of earth-
quake whereas Kunming (kunm) is just at the boundary. The
Bangalore (bang) station in Indian continent is farthest
(>2968 km) from Qinghai.

In order to detect abnormal signals in the GPS-TEC, we
performed the data analysis as by Liu et al. (2009) using
hourly vertical TEC for the ionosphere above the IGS sta-
tions (Table 2). This method is gaining significance in
determining the precursors and has been adopted by many
researchers e.g. Astafyeva and Heki (2011) and Pundhir
et al. (2014). We determined the hourly median, M for
the successive previous 15 days of TEC and found the devi-
ation between the observed TEC on the 16th day (Obs
TEC) and the computed median, M. To obtain quantita-
tive information about the deviation, we obtained the asso-
ciated lower (first) quartile (LQ) and upper (third) quartile
(UQ) for the same universal time (UT) of TEC estimates
over each station. It is to be noted that under the assump-
tion of a normal distribution with mean (m) and standard
deviation (s) for the TEC, the expected values of M and LQ
or UQ are m and 1.34 s, respectively (Klotz and Johnson,
1983). Then we set the isolated TEC anomalies by defining
the lower bound (LB) and upper bound (UB) defined as

the total number of electrons in the ionosphere from the LB =M — 1.5(M-LQ) and UB=M + 1.5(UQ-M)
Table 1
List the various characteristics of earthquake event as obtained by the USGS website.
S.No Epicentre Coor Date Time, UT  Time, LT Mag Depth, km  Radius of

location (UT + 06:30 h) preparation zone
1 Qinghai, China 33.19°N, 13-Apr-10  23:49:37 6:19:37 6.9 13.8 930 km

96.75°E

2 Qinghai, China 33.15°N, 14-Apr-10  1:25:16 7:55:16 6.1 12.2 420 km

96.49°E
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Fig. 1. Locations of the epicenter (Qinghai, star) and IGS stations (circle and triangle symbol) considered in the China and Indian sub-continent. The
bigger circle represents the preparatory area and the dashed horizontal line the magnetic-equator.

Table 2

Lists the various IGS stations used in the study with their locations, distance from the epicenter and relative LT. Note: Lhasa is in the radius of

preparation zone of earthquake.

S. No. 1GS-station Station ID Lat (°N) Long (°E) Country Distance from epicentre, km LT, hh:mm
1 Lhasa lhaz 29.65 91.1 China 664 UT + 06:00
2 Kunming kunm 25.02 102.79 China 1080 UT + 06:50
3 Urumgqi urum 43.8 87.6 China 1422 UT + 05:50
4 Wuhan wuhn 30.53 114.35 P.R China 1687 UT + 07:35
5 Fangshan bjfs 39.6 115.89 China 1851 UT + 07:40
6 Sheshan shao 31.9 121.2 China 2308 UT + 08:00
7 Hsinchu tcms 24.79 120.98 Rep of China 2527 UT + 08:00
8 Hsinchu tnml 24.79 120.98 Rep of China 2527 UT + 08:00
9 Hyderabad hyd 17.41 78.55 India 2527 UT + 05:10
10 Taoyuan twtf 24.95 121.16 Rep of China 2535 UT + 08:00
11 Changchun chan 43.79 125.44 China 2743 UT + 08:20
12 Bangalore bang 13.02 77.57 India 2968 UT + 05:10

respectively. Here, the probability of a new TEC in the
interval (LB, UB) is approximately 65% (Liu et al. 2009).
The median together with the associated LB and UB then
provide references for the TEC variations on the 16th day.
Thus when an observed TEC on the 16th day is higher or
lower than its previous 15-day-based median by UB or
LB, we declare an upper or lower abnormal TEC signal.
Thus the median represents the undisturbed background
TEC value, whereas negative or positive deviations indicate
reduction or enhancement of TEC, respectively. According
to the Liu et al.’s method, possible earthquakes related per-
turbations are detected if the observed TEC fall out of
either the lower or upper bound, and the confidence level
for the seismic signals is about 80-85% (Liu et al. 2000,
2001 and 2004a). As the TEC time resolution is 1 h, there
are 24 data points available per day. If consecutively more
than one third (8/24) of the upper or lower abnormal sig-
nals appear in one day, and the observed TEC is higher
(lower) than the associated UB (LB), we may then declare
as the upper (lower) anomalous day.

4. Results and discussion

The earth’s ionosphere is subjected to numerous influ-
ences, from both above as well as below due to the varia-
tion in solar activity, geomagnetic activity, meteorological
events, and anthropogenic effects. The ionosphere also
exhibits normal day-to-day, seasonal and diurnal varia-
tions making it difficult to clearly identify possible
pre-seismic ionospheric anomalies as it changes the iono-
spheric parameters, such as TEC, on a regional scale
(Afraimovich and Astafyeva, 2008). Hence we firstly
looked into the prevailing background conditions during
our study period. The Fig. 2 represents the variations of
solar EUV flux, (0.1-50 nm), interplanetary magnetic field,
Bz, its associated electric field, Ey and magnetic indices on
the ground, Kp and Dst indices during 1-20 April 2010. A
moderate gecomagnetic storm was produced during 5-7 Apr
caused by a solar filament burst coming to the magneto-
sphere and accompanied by a coronal mass ejection
(CME). An interplanetary shock wave was detected on
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Fig. 2. Variability of background conditions of solar and interplanetary parameters (a) EUV flux and Kp indices (b) interplanetary magnetic field, Bz (c)
east-west component of electric field, Ey and (d) DST indices during 1-20 April 2010 respectively. The two bottom plots represent the enlarged version of
variations of (e¢) Bz on 5 Apr and (f) DST on 5 and 6 Apr 2010 respectively. The two vertical lines show the time of earthquake and its aftershock

respectively.

the Earth on 5 Apr around 0830 UT as a sudden com-
mencement (SC) of magnetic storm. It was the first notable
geomagnetic storm of solar cycle 24. A sudden increase in
the solar wind velocity from 500 km/s (before 0730 UT) to
700 km/s is observed around ~0800 UT in ~30 min dura-
tion. Then a further increase to maximum 800 km/s is
observed around ~1400 UT which remained higher
(>600 km/s) and gradually decelerated on the next day.
At the same time, when solar wind velocity began increas-
ing, the Bz turned southward and around 0800 UT was
maximum to -14nT and then became highly northward
around 0930 UT and then was fluctuating between north
and southward directions. The associated Ey also turned
eastward (~10 mV/m) when Bz turned southward. The
Kp index reached a peak value of ~7.7 between 0900—
1200 UT on 5 Apr. The Dst min (~ —81 nT) occurred on
6 Apr around 1500 UT. This magnetic storm began on
the background of preceding geomagnetic perturbations
with Kp up to ~4, lower values of the Dst index and the
IMF, Bz component and a rather high solar wind velocity
(~500 km/s). Despite being a relatively moderate storm as
determined by the Dst index, it nevertheless had some dev-
astating space weather impacts, including the malfunction
of the Galaxy 15 communication satellite (at
~35,785 km) (Allen, 2010) and widespread GPS scintilla-
tions ranging from the Arctic to Antarctic (Prikryl et al.
2011; Kinrade et al. 2012).

Another weaker storm occurred on 11-12 Apr with Dst
min ~ —67 nT around 0200 UT on 12 Apr. This storm is
produced when the solar wind velocity enhanced from
360 (~1230 UT) to 460 km/s (~1500 UT) and with the

turning of IMF, Bz to southward (around 1500 UT for
more than 5h, minimum ~ —7nT) on 11 Apr. The Kp
index became high (~5.7) during 0000-0300 UT on 12
Apr. This storm has produced the aurora Borealis in
Shetland and Aurora Australis (http://www.sanap.ac.za/
sanap_sanae/sanae_newsletters/S49%20Newsletter%20April%o
202010.pdf) on 12 Apr as reported.

The Fig. 3 represents the contours of observed TEC
variabilities in the ionosphere and plasmasphere and its
deviations from the median (Del TEC = M-Obs TEC) with
respect to UT over each station during our study period of
1-20 Apr. The positive (negative) values of Del TEC indi-
cate the lower (higher) measurements of observed TEC
from the median respectively. Note here that the local time
(LT) is different at stations and is already mentioned in
Table 2. The TEC comprises of electron densities in the
D, E and F layer of the ionosphere but main contribution
is from the F-layer. The well known diurnal pattern of
TEC exhibits a steady increase during early morning hours
when the photoelectron begins and becomes maximum
during noon time and then decreases due to the competitive
effects of absence of photo-ionization and recombination
of electrons with neutrals and ions respectively. It is well
known that in the F region, the production rate of electron
density depends on the atomic oxygen concentration [O]
whereas the loss rate depends mainly on the molecular
nitrogen concentration [N,] with some contribution from
molecular oxygen [O-]. In Fig. 3, the observed TEC is min-
imum (<5 TECU) throughout the nighttime at all stations
and start increasing during early morning hours. The rate
of increase of TEC and the magnitude of noon-time TEC
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Fig. 3. Contour plots for the observed TEC (first and third column) and deviations of observed TEC from the median values (second & fourth column) for
1-20 April with respect to UT for each station. The stations are arranged with increase in the distance from the epicenter.

is higher through-out the day over the low-latitude
(<30 deg) stations (lhaz, kunm, tcms, tnml, twtf, hyd and
bang) whereas at other higher mid-latitude stations (urum,
wuhn, bjfs, shao and chan) the response is weaker showing
a latitudinal response of production processes of electrons
in the ionosphere. On 1 Apr, higher TEC is observed dur-
ing noon-time which can be explained as due to the higher
production rate of electrons due to higher solar flux
(~21 x 10° ph/cm?/s).

The higher TEC is also observed during 5-7 April at all
stations with maximum over hyd station (~60 TECU)
which lies near the peak of ionospheric equatorial ioniza-
tion anomaly (EIA) region. The postsunset enhancement
(around 1800 LT, ~50 TECU) is also observed over same
station, hyd. Recently, Aggarwal et al. (2013) also observed
higher TEC at the anomaly station, Rajkot (geog. 22.29°N,
70.74°E), India during a moderate storm of 7-8 May 2005
and found associated with the pre-reversal enhancement of
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the electric field during evening hours. These changes in
TEC in our Fig. 3 may be attributed to the storm period
(Fig. 2) of 5-7 Apr (Dst ~ —81 nT). During geomagnetic
storms, strong electric fields and currents are transmitted
between the magnetosphere and the high-latitude iono-
sphere, producing enhanced Joule heating and auroral par-
ticle precipitation in the auroral region. The conductivity
of the ionosphere gets increased, neutral winds are acceler-
ated, the thermosphere is heated and its composition is
altered, and ionospheric plasma convection is intensified
and highly distorted. The perturbed neutral winds and
composition propagate equatorward, creating ionospheric
and thermospheric disturbances over the entire globe
(e.g., Prolss, 1995).

Another increase in TEC is observed on 13 April (EQ
day) over all the stations but the magnitudes are different
being higher at lower-latitude station than over
mid-latitude stations. These changes may again be attribu-
ted to the effects of moderate storm period (Dst ~ —67 nT)
which occurred on 12 April (Fig. 2). The Del TEC also
shows quantitatively the changes in TEC which occurred
during the conditions of magnetic storm activity. The
enhancements as well as decrements in TEC are highly
variable for a few hours on all days for different stations
with highest del TEC (~14 TECU, decrease in obs TEC)
over hyd (on 13 Apr) and kunm (on 10 April) and lowest
(increase in obs TEC) up to ~22 TECU over lhaz (on 1
April) and kunm (on 1 and 2 April) stations respectively.

To examine the anomalies in the ionosphere which may
have occurred during the earthquake, we plotted the diur-
nal variability of observed TEC (Obs TEC), median (M),
LQ and UQ as described in the ‘data-analysis’ section.
Here in Fig. 4, the observations obtained from one of the
station, lhaz is shown which lies in the radius of prepara-
tion zone of EQ. The deviations from the LB and UB

M. Aggarwal | Advances in Space Research 56 (2015) 14001412

(LB-Obs TEC and Obs TEC-UB) are also shown in the
lower panels. Here the letter ‘A’ (‘a’) denotes the anoma-
lous enhancement (depletion) in Obs TEC from the UB
(LB) continuously for more than 7-8 h. From the figure,
it is clear that on some days the Obs TEC lies between
LQ and UQ whereas on other days it is either higher or
lower than quartiles. Here the days 1, 2, 5, 6, 7, 10 and
16 are exhibiting anomalous features. As said before also,
on | April the solar flux is higher and 5-7 are disturbed
due to storm. On 10 Apr, the Obs TEC is lower than LB
for 7 h, exhibiting anomalous signal in ionosphere. On 13
April also the TEC is higher which could be effect of mod-
erate storm of 12 April but it was not anomalous as it was
high only for few hours (<7 h). On 16 April, the difference
is extremely small (<1 TECU). In the same manner, we
examined the variability of Obs TEC and its deviation from
the LB and UB for each station for 1-20 April 2010 (not
shown as separate Figure).

To examine the enhancements and depletions in obs
TEC quantitatively, the Fig. 5 is obtained showing the
hourly deviations of Obs TEC from UB (Obs-UB) and
LB (LB-Obs) as obtained from each station before, during
and after EQ respectively. Though positive values of
(LB-Obs) shows a depletions in Obs TEC, we only made
it negative just to represent as depletions on plots (i.e.
-(LB-Obs)). The maximum increase in Obs TEC w.r.t UB
is up to ~20 TECU found over tcms and tnml stations.
During 5-8 April, the enhancement is observed over all sta-
tions (up to ~12 TECU over hyd). The maximum depletion
(~16 TECU) is observed on the day of EQ over hyd but it
is only for 1 h and on other days, it is less than 8 TECU.

From Fig. 5, we could only obtain quantitative informa-
tion about the deviations from the UB and LB but not the
real anomalistic on each day. To examine it, we obtained
the number of counts (number of anomalies detected on
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each day) which shows the continuous enhancement or
depletions in the TEC values from UB and LB respectively.
Here the Fig. 6 represents the anomalous counts (>6) in
UB and LB. It may be seen from figure that 11-12 days
and 6-8 days before the EQ, the TEC has enhanced (lower
panel) which is contributed to the high solar activity and
disturbed period in these days as discussed earlier. The
equatorial-low latitude ionospheric stations (hyd and bang)
exhibits depletions on 4 April, for ~16 h over hyd and 11 h
over bang. One of the significant factor that affects the F
region ionization at low latitudes is the strength of equato-
rial electrojet current, EEJ (Sethia et al. 1980; Aravindan
and lyer, 1990). The electron density in the equatorial
and anomaly F region also gets affected by the variations
in the strength of EIA and EEJ strength as both (EEJ
and EIA) are governed by the dynamo electric fields. The
complex behavior of ionosphere shows depletion for 10 h
observed over bjfs on 6 Apr which is a mid latitude station.
We found from Fig. 6, anomalous depletions in TEC
(upper panel) observed 3-4 days before the EQ in the iono-
sphere over nearby stations: lhaz, kunm, urum and wuhn
consecutively for ~7-10h. The ionospheric anomalous
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changes are firstly observed over wuhn (~0800-1600 UT)
during afternoon to midnight hours which is ~1700 km
away from the epicenter. And 6 h later the anomalous
changes in TEC are observed over the near-by stations to
the epicentre (lhaz, kunm, urum) in the nighttime
(~1500-2300 UT, ~2100-0500 LT).

To summarize our findings, we represented the anoma-
lies in Fig. 7 showing the distribution of abnormalities
found in the ionosphere with the varying distance from
the epicenter before the EQ event. We found the consecu-
tive depletions in TEC (up to ~6 TECU) for many hours
(Fig. 6) ~3—4 days before the EQ (10 April) in up to
~1700 km distant ionosphere from the epicenter. The
enhancements in Obs TEC may not be attributed to the
seismo-ionospheric anomalies as few days before was a
moderate storm in the background.

However it is rather difficult to confirm causal relation-
ships of the observed negative anomalies with
pre-earthquakes phenomena, since these anomalies, apart
from the space weather and forcing from above, can be
caused by forcing from below by thermosphere, atmo-
spheric meteorology- driven influences, tides, gravity and
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Fig. 6. Representation of the number of anomalous counts (>6) obtained in (a) LB-Obs and (b) Obs-UB from each station respectively. The upper (lower)
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planetary waves, etc. Modifications in atmospheric dynam-
ics during magnetic storms take place through various pro-
cesses like generation of equatorward neutral wind due to
heating of high latitude thermosphere, prompt penetration
of high latitude electric field (PPEF) to lower latitudes, and
development of disturbances in the dynamo electric field
(DDE) (Forbes, 1989; Abdu et al. 2006, 2012). Therefore,
when an earthquake occurs during a magnetic storm, the
ionosphere is influenced by (i) electric fields originated at
the magnetosphere, (ii) the disturbed dynamo field and
(iii) electric field of EQ preparatory sources. Thus a com-
plexity increases when an earthquake occurs during a
storm period making it rather difficult to claim the connec-
tion of the anomalies with the earth quakes. The explana-
tion for anomalies observed on the two periods (5-7 April
and 12-13 Apr) is in question and it seems is due to mod-
erate magnetic storms.

Various previous scientists have also observed the
anomalies appearing in electron densities of the iono-
spheric F region a few days before for some strong earth-
quake events (Pulinets, 1998; Pulinets et al. 2000, 2005;
Liu et al. 2000, 2001) which is in agreement with our obser-
vations. Liu et al. 2000 and Liu et al. 2001 by exploring the
ionospheric plasma frequency (or electron densities)
recorded by a local ionosonde found significantly decrease
in the critical frequency of the F2 layer (foF2) a few days
prior to most of the earthquakes (M > 6) in the Taiwan
area between 1994-1999. We found a decrease in TEC
(<6 TECU) for more than 6 h 3-4 days prior to the earth-
quake at near-by stations (<1700 km). The anomalous
ionospheric disturbances before some strong earthquakes
of different seismic regions have been registered using
GPS-TEC in the recent years. Liu et al. (2001) found move-
ment of the equatorial anomaly crest towards the equator
and significantly decrease in TEC around the epicenter dur-
ing 1200-1700 LT, 1, 3, and 4 days before Taiwan Mw 7.7
Chi-Chi earthquake of 21 Sep 1999. Relative to the median
of previous 15 days before Chi-Chi earthquake, the most
severely decreasing region appeared about a radius of
100-200 km from the epicenter. Trigunait et al. (2004) have
also shown the decrease of VTEC in the afternoon—evening
sector, 1 and 5 days before Mw 7.6 Bhuj earthquake of 26
January, 2001, India. Liu et al. (2004a,b, 2010b) reported
significant decreases in the GPS-TEC which appeared in
the afternoon and evening periods within 1-6 days before
earthquakes in Taiwan. Based on limited events, Liu
et al. (2009) showed anomalous decreases of the TEC
appearing in the afternoon or evening period 3-5 days
before the large earthquakes in China. Liu et al. (2010a)
found TEC anomalous decrease 1-8 day before large earth-
quakes in Indonesia. In contrast, Pulinets et al. (2006)
reported the anomalous increment of TEC (>50% relative
to the monthly mean) appeared 2-3 days before the Mw
7.8 Colima earthquake of 21 Jan 2003. Zakharenkova
et al. (2006) observed modification of the equatorial anom-
aly occurred a few days before the 26 December 2004
Indonesian earthquake. A positive effect was observed in

the daytime enhancing the equatorial anomaly (20
TECU, 50-60%) for 2 days prior to the event. Whereas in
previous days, during the evening and night hours a double
crest structure with a trough near the epicenter is observed.
They assumed that anomalous electric field generated in
the earthquake preparation zone could cause a
near-natural “fountain effect” phenomenon and might be
a possible cause of the observed ionospheric anomaly.
Xiong et al. (2012) also studied the anomalies in iono-
spheric VTEC during the same EQ (of 13 Apr 2010) and
found increase in TEC above the upper bound over the epi-
center vicinity on 1 and 5 Apr, 2010. According to them,
the enhancement on 5 April is related with the high geo-
magnetic activity. On 1 April, the geomagnetic activity
was high for 3 h and they seem doubtful also because the
anomalies appeared 12 days before the EQ, not 0-6 days
as reported previously by Pulinets and Boyarchuk (2004)
and Liu et al. (2004a, 2006). We also found such an anoma-
lous increase on 1 Apr over many stations: lhaz, kunm,
urum, bjfs, shao, tcms and tnml. But we are doubtful about
it as the solar activity was also higher which may lead to
higher production of electrons. Zhu et al. (2012) found a
dynamic variability of the gravity field reflecting its evolu-
tion prior to and during this EQ. The gravity measure-
ments near its epicenter became as high as
80 x 10~® m/s>. This EQ occurred in an anomalous area
of gravity variation (associated with the accumulation of
energy) and the associated steep gravity gradient, which
supported the fracturing of it. Recently, Zhang et al.
(2014) observed the anomalous increases in ionospheric
parameters: foF2 from ionosonde, GPS-TEC and O™ den-
sity by Demeter satellite on a day before the EQ.

Now, the question arises how the variability in the
plasma (electrons, TEC) may occur in the ionosphere few
days before the earthquake. Although, the exact mecha-
nism of the lithosphere-ionosphere coupling is still not
known, possible explanations have been advanced by many
workers in terms of E x B drift mechanism where the elec-
tric field (E) triggered by an earthquake preparatory pro-
cess penetrates the ionosphere and, in the presence of
local magnetic field (B), causes upward or downward
movement of the ionization depending upon the direction
of the electric field (Devi et al. 2008). In addition to the
electric field generation mechanism mentioned as above,
more convincing mechanism has been proposed by some
workers recently. Another proposed possible mechanism
is the generation of acoustic gravity waves (AGWs) in
the ionosphere before strong earthquakes. According to
it, the AGWs generation occurs due to non-stationary
Joule heating of a local region of the ionosphere above
the epicentral zone of an imminent earthquake (Hegai
et al. 1997, 2006). The AGWs play an important role for
the interpretation of a large number of physical phenom-
ena in the troposphere, and for the dynamics of the iono-
spheric plasma (Hines, 1960). Then the question remains
to be answered about the mechanism of the electric field
generation from the earthquake region. It is believed that
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these undetermined seismic-ionospheric anomalies may
have a close relationship with the enhanced emission of
infrared radiations from the epicenters. The one possibility
for these pre-earthquake ionospheric anomalies could be
strong atmospheric electric fields generated on, or near,
the ground surface during pre-seismic periods. Such an
atmospheric electric field may be caused by ions generated
from radon emissions. The increased radon emanation
from active faults and cracks before earthquakes can ionize
the near ground atmosphere producing a large vertical elec-
tric field at the earth’s surface (Pulinets and Boyarchuk,
2004). It was also pointed out by Freund (2000) that posi-
tively charged holes, associated with microfracturing prior
to earthquakes, diffuse from the focal zone to the ground
surface. Kim and Hegai (1999) and Pulinets et al. (2000)
through a quasi-electrostatic model of atmosphere-thermo
sphere-ionosphere coupling showed that a strong vertical
electric field on the Earth’s surface could penetrate into
the ionosphere and alter its dynamics and electron density
distribution prior to the earthquake onset. Their results
estimated that a vertical electric field of ~1 kV/m at the
ground surface could produce a horizontal electric field
of ~1 mV/m at ionospheric heights. But, recently Xu
et al. (2015) considering the effect of radon emanation on
atmospheric conductivity solved numerically the electric
potential equation in the presence of a vertical electric field
of 1 kV/m on the ground. Their results showed that radon
emanation can strengthen atmospheric conductivity result-
ing in the increased electric field by about 60% in the day-
time ionosphere. But the resulting electric field in the
ionosphere is weaker (only about 0.3 uV/m), implying the
penetration of vertical electric field of 1 kV/m in the seismic
area unlikely to produce daytime ionospheric anomalies
before earthquakes. Denisenko et al. (2008) investigated
the influence of the ionospheric conductivity on the electro-
static field penetration from the earth’s surface into the
ionosphere. They showed that the magnitude of the iono-
spheric electric field penetrated from the ground is inversely
proportional to the value of the ionopheric Pedersen con-
ductance. Hence the typical value in day-time is about hun-
dred times lesser than in night-time. But still the penetrated
electric field is not enough in the frame of the model of elec-
tro conductivity for a measurable disturbance of the iono-
spheric parameters as suggested by Denisenko et al. (2013)
and hence study of other physical mechanisms may be
needed to explain the lithospheric influence on the
ionosphere.

Although many researchers reported the existence of
pre-earthquake ionospheric anomalies and discussed the
possible origins, the coupling mechanisms among the litho-
sphere, atmosphere and ionosphere are still not fully
understood. The present study is focused only on demon-
strating the ionospheric variability characteristics before
the main shock of seismic event of 13 Apr. Since the mag-
netic storms mentioned above are unlikely to cause anoma-
lous depletions in TEC occurred before the days of storm

(on 10 Apr). We can believe that these may be produced
as a precursor to the earthquake.

In conclusion, the anomalous depletion of the iono-
spheric TEC over near-by stations, lhaz, kunm, urum and
wuhn 3-4 days prior to the strong earthquakes of China is
unique. In the view of the near Earth—space environment,
it was unlikely to be caused by the geomagnetic activities.
Our results show that the dynamo electric field of the iono-
spheric regions might have been perturbed by seismo-electric
signals generated around the epicenter during the earth-
quake preparation period. The spatial distribution of the
anomalies was very local, which probably indicates associa-
tion with seismo-ionospheric coupling processes. However,
for elucidation of this kind of seismo-ionospheric effect, fur-
ther investigation is required. Our future work will be to
examine the variability of other plasma and neutral param-
eters in the ionosphere using higher number of events to
understand the seismo-ionosphere coupling.
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