
Contents lists available at ScienceDirect

Journal of Geodynamics

journal homepage: www.elsevier.com/locate/jog

Seismo ionospheric anomalies before the 2007 M7.7 Chile earthquake from
GPS TEC and DEMETER
Munawar Shaha,⁎, M. Arslan Tariqb, Junaid Ahmadb, Najam Abbas Naqvia, Shuanggen Jinc
a Institute of Space Technology, Islamabad 44000, Pakistan
b Centre for Earthquake Studies, National Centre for Physics, Islamabad, Pakistan
c Shanghai Astronomical Observatory, Shanghai, China

A R T I C L E I N F O

Keywords:
Seismo ionospheric anomalies
DEMETER
GPS
TEC
ISL

A B S T R A C T

Earthquake (EQ) related variations in the ionosphere may provide some insights to understand the seismo io-
nospheric coupling and to mitigate the damages of seismic hazards. In this paper, the electromagnetic variations
in the ionosphere associated with November 14, 2007, M7.7 Chile EQ are investigated in electron density and
electron temperature measurements from ISL (Langmuir Probe) of DEMETER (Detection of Electro-Magnetic
Emissions Transmitted from Earthquake Regions) satellite and TEC (total electron content) estimated from GPS
(Global Positioning System). The investigation of temporal and spatial measurements suggests anomalies which
are observed within 10 days before the future EQ (i.e. 9 days before on November 5, 2007). The temporal values
of daytime DEMETER and diurnal TEC on November 5, 2007 imply abrupt anomalies that are considered to be
the fragments of the plasma intensification process in the Southern Hemisphere activated by the rock com-
pression in the quake region. Similarly, spatial maps of TEC and DEMETER (electron density and electron
temperature) showed the anomalous configuration of the temporal analysis that may induce by the epicenter. In
addition to spatial and temporal analysis, the Index number for the northern and southern sectors of the EQ
preparation zone around the epicenter along latitude confirmed the anomalous values of electron density and
electron temperature of the DEMETER satellite. Similarly, the comparison of electron density and electron
temperature at the epicenter latitude and its conjugate reveals anomalous enhancement over the seismogenic
zone on November 5, 2007 (9 days before) prior to the event.

1. Introduction

The association of EQ and ionospheric precursors has been widely
reported from the analysis of GPS TEC (Liu et al., 2004; Liu et al., 2006;
Heki and Enomoto, 2013; Shah and Jin, 2015; Arslan et al., 2019),
satellite-based electron density and on the underlying mechanism of EQ
precursor between the ground to atmosphere interface (Oyama et al.,
2008; Oyama et al., 2011; Li and Parrot, 2012; Ryu et al., 2014).
However, there is still an uncertainty in the EQ anomalies reports due
to lack of unified, indisputable and explicit definition, how they gen-
erated and why they spread before and after the EQ over the seismo-
genic zones. For example, there are some reports against the existence
of EQ precursors (Geller et al., 1997; Rishbeth, 2007); some even
strongly stated that EQ prediction is complicated with the existed
precursor’s equipment. Meanwhile, the progress in statistical analyses
on GPS TEC (Shah and Jin, 2015) and satellite data (Li and Parrot,
2012) suggested an undisputed connection between the EQs and

existence of the ionospheric anomalies occurred in the ionosphere.
In a report, Ryu et al. (2014) calculated the ratio of the equatorial

electron density to the mid-latitude electron density and observed EQ
intensified EIA (equatorial ionization anomaly) before March 2005
(M8.7 Northern Sumatra) and the M8.0 Pisco EQ in August 2007. They
suggested that some of the large equatorial EQs can cause a significant
enhancement in the electron density and temperature at the geomag-
netic equator and mid-latitude regions. Similarly, Shah and Jin (2015)
statistically proved the existence of ionospheric anomalies before large
magnitude EQs within the preparation zone. It means that during the
EQ preparation period, there exists some unusual ionospheric behavior
over the seismogenic zone.

Based on the method of detection in previous reports of EQ pre-
cursors, the seismically induced precursors can be of many classes (i.e.,
plasma waves, both ionic and electron density of plasma and tem-
perature, infrared radiation (IR), and energetic particles). Following
these precursor procedures, Larkina et al. (1989) detected significant
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enhancement in the intensity of low-frequency (0.1-1.6 kHz) radio
wave emissions found in the measurements of INTERCOSMOS-19 data
when the satellite crossed over the epicenter of the future EQ. In their
statistical observation for different EQs, they pointed out that the en-
hancement of ELF/VLF emissions occurs between tens of minutes and
hours before/after the events.

The deviations in the observations from experimental data were
recorded in the form of enhancement before a number of large mag-
nitude EQs (Gokhberg et al., 1989). Later on, a theoretical study was
followed to explain the physical existence of anomalous ELF/VLF
emissions over the seismogenic zones (Sorokin et al., 1998). According
to Sorokin et al. (2003), a scaled abnormality from the low-altitude
atmosphere above the seismogenic zone can start transient abnormal-
ities of the plasma and electromagnetic field due to vertical, turbulent
exchange of charge aerosols and radioactive particles. Subsequently,
the interaction between the short-term abnormalities in conductivity
with the electromagnetic radiation results in ELF emissions in the upper
atmosphere and ULF fluctuations at the Earth’s surface.

On the other hand, Bošková et al. (1993) found a significant en-
hancement in the data of light ions in the ionosphere specifically,
H+ and He+ retrieved by the low orbit INTERCOSMOS-24 satellite.
Similarly, Chmyrev et al. (1997) reported ionospheric irregularities in
the ELF emissions, plasma density Ne and differential dNe data of the
COSMOS-1809 satellite over the epicenter of the Spitak EQ event. They
studied that ELF waves possessed irregularities in plasma (˜ dNe/
Ne=38%) at a distance of 4-10 km along the orbit, which was formed
beside the geomagnetic flux tubes linked to the EQ breed zone.

Shklyar and Truhlík (1998) investigated the formation and role of a
quasi-static transverse electric field in altering the plasma density dis-
tribution and discussed different arguments for the mechanism of
modifying the ion concentration profiles connected with radioactive
emanation prior to the main shock. Hayakawa et al. (1993) reported a
strong connection between the ion density irregularities in the iono-
sphere and global distribution of seismic events, based on a large scale
data collected by the INTERCOSMOS-24 satellite. They found a clear
correlation for daytime (10:00-16:00 LT) between EQ and plasma
density, involving huge magnetic disturbance at altitudes of 500-
700 km. However, these variations disappeared at night and during
magnetic storms. Similarly, Oyama et al. (2008) reported an anomalous
decrease in the electron density profiles of the HINOTORI satellite in
the afternoon, before and after large EQs occurred during January 1982
in the Philippines. They attributed this significant fall in the electron
temperature to the execution of electric fields over the epicenter of the
future quakes. In the same sequence, Oyama et al. (2011) reported an
anomalous reduction in the ion density data of US satellite DE-2 asso-
ciated with M7.5. Electric fields generated around the epicenter of the
future EQ are proposed to be the most credible candidates for the
variations of the ionosphere at different altitudes.

There are several mechanisms existed for the generation of iono-
spheric anomalies over the epicenter and three of them got much at-
tention. Among them, the stress activated positive-hole model (Freund,
2002), the model based on radon emanation (Ondoh, 2003), and the
gravity waves atmospheric model (Namgaladze et al., 2009) got the
attraction of the researchers in this field. Apart from this, the thermal
infrared radiations (TIR) behaved abnormally over the fault lineaments
of future EQ (Tronin, 1996). There were significant nighttime en-
hancements of the outgoing Earth radiation flux over the largest het-
erogeneous structures and fault systems in the seismogenic zone of the
future EQ. This shows that integrated observations of ground and sa-
tellite instruments, with more theoretical support would certainly
provide a unified, indisputable and explicit definitions of the seismo
ionospheric anomalies. There also exist various approaches to study the
seismo ionospheric anomalies. The notable methods are; the statistical
seismo ionospheric analysis (Fujiwara et al., 2004; Liu et al., 2006;

Shah and Jin, 2015; Junaid et al., 2018), case-study analysis (Oyama
et al., 2008), and physical model analysis for explanation of ionospheric
anomalies (Kuo et al., 2011; Namgaladze et al., 2009). The statistical
approach is notable enough in proving that there actually have con-
nections between the EQ and associated anomalies. On the other hand,
the case studies and the physical model analyses are valid for showing
the physical background of the existing seismo ionospheric anomalies.
From the above explanations, seismic precursors are still controversial
and there was no satellite mission for the detection of EQ associated
ionospheric abnormalities before the DEMETER satellite (Parrot, 2002).
DEMETER was a micro-satellite (130 kg mass) placed on a nearly polar
orbit with a low altitude (710 km) providing a global coverage of active
seismic regions (Cussac et al., 2006). According to Parrot (2009), the
main scientific objectives of DEMETER include the variations in the
ionosphere due to EQ induced electromagnetic activity and anthro-
pogenic activities.

In this paper, we studied the ionospheric anomalies from GPS TEC
maps over the epicenter of the future EQ (i.e. M7.7, Chile event).
Similarly, the electron density and electron temperature measurements
from the DEMETER are also studied to confirm the ionospheric ab-
normalities over the epicenter of M7.7 Chile EQ. The anomalies in
electron temperature, electron density and total electron content ex-
plicitly followed the pattern of the EQ epicenter around the seismic
preparation zone.

2. Data sources and method

The seismo ionospheric anomalies related to M7.7, Chile EQ are
studied by considering the data from GPS TEC and DEMETER satellite
over the epicenter. The Chile EQ of M7.7 on November 14, 2007, re-
sulted from thrust faulting along the boundary between the oceanic
Nazca plate and the South American continent, dubbed as the
Antofagasta EQ (Fig. 1). In Fig. 1, one can see the EQ epicenter bounded
by the EQ preparation zone and two flights of DEMETER on November

Fig. 1. Geographical position of M7.7 (Chile EQ) bounded by the two flights of
DEMETER satellite (i.e. both the flights occurred on November 5, 2007 during
daytime) before the main shock. The red star denotes the epicenter of the EQ,
however the EQ preparation zone is marked by the black circle. (For inter-
pretation of the references to colour in this figure legend, the reader is referred
to the web version of this article).
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5, 2007. It hits the southern coastal region of Chile (20.5 °S, 69.8 °W), at
a shallow depth of 40 km. The main shock occurred at UT=15:40 and
was followed by many aftershocks along the South American arc. There
are several reports about extensive precursory activity related to high
magnitude EQ in the Chile region (Gusman et al., 2015; Ho et al., 2013;
Píša et al., 2011; Yagi et al., 2014; Zhang et al., 2011).

The cause of this EQ is the moving of the Nazca plate towards the
east-northeast at a velocity of 79mm/year towards the South American
continent (Survey, 2007b). The South American arc extends over
7000 km, from the Chilean margin triple junction offshore of southern
Chile to its joint with the Panama fracture zone. Subduction begins at
the Peru-Chile Trench, 85 km to the west of the huge M7.7 Chile EQ
epicenter. To detect temporal and spatial ionospheric variations over
the EQ breeding zone of the M7.7 Chile quake, the data of different
ionospheric parameters were compiled from GPS and DEMETER.
However, Altadill and Apostolov (2003) reported the geomagnetic
anomalies in the ionosphere F2 layer, which were due to the extreme
solar storm. Therefore, it is necessary to monitor the time and scale of
the planetary solar-terrestrial indices before and after the strong EQ
event to clearly spot the precise ionospheric precursor. For this purpose,
geomagnetic storm indices of November 2007 were checked in the
context of the M7.7 EQ (Fig. 2). The temporal series of the solar indices
were obtained from the OMNI web NASA (National Aeronautics and
Space Administration) and Kyoto University (http://wdc.kugi.kyoto-u.
ac.jp/kp/Index.html).

To recognize the temporal and spatial anomalies, the daily TEC
maps with two hour temporal resolution were retrieved from GIM-TEC
(Global Ionospheric Map-Total Electron Content) over the EQ geo-
graphical epicenter. The GIM-TEC data was originally in the bi-hourly
format; however, for the detection of anomalies, the TEC for 18 days
before and 2 days after the main shock day is bounded by the con-
fidence intervals. To identify any significant TEC anomalous trends, the
daily TEC values are bounded by the confidence intervals of mean and
standard deviation (Fig. 3a). The bounds are calculated by the mean
and standard deviation of 15 days before and 5 days after the observed
day using the below equation.

Xupper Bound = μ + 2σ (1)

Xlower Bound = μ – 2σ (2)

Similarly, the percentage deviations between the observed TEC and
Upper/Lower bounds are found before and after the main shock, as
shown in Fig. 3b.
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In this paper, we used the electron density and electron temperature
measurements from the ISL (Langmuir probe) instrument onboard the
DEMETER satellite to confirm the EQ anomalies in daily TEC.
DEMETER is a French micro-satellite dedicated to measuring the
plasma parameters in the ionosphere over the most sensitive global
seismogenic zones. DEMETER was operated at the orbit with an altitude
of 710 km on June 24, 2004 and terminated officially on December 9,
2010 (Parrot et al., 2006). The satellite was initially launched at 710 km
altitude in a sun-synchronous orbit with an ascending node crossing the
local equatorial part at 22:00 LT (nighttime) and 10:30 LT (daytime).
However, the altitude was then lowered to 660 km in December 2005
(Cussac et al., 2006). This enabled DEMETER to measure the iono-
spheric perturbations along both the hemispheres. DEMETER has two
modes: (i) a survey mode to collect the whole earth data at latitude less
than 65° and (ii) a burst mode to measure the data over the sensitive
seismogenic zones. Further information about DEMETER satellite is
available in (Berthelier et al., 2006; Ryu et al., 2014 and reference
therein). We studied the daytime data from ascending flights of ISL data
within EQ preparation zone for 15 days before and 5 days after the
Chile event to further confirm the TEC calculations.

The EQ preparation zone for the M7.7 Chile event was obtained by
the formula proposed by Dobrovolsky et al (1979):

R 10 M0.43= (4)

where M is the magnitude and R is the radius of the EQ preparation
zone. Eq. (4) shows that the radius of EQ preparation zone is only de-
pendent on the EQ magnitude, i.e. strong EQs may have large pre-
paration zones and vice versa. In this paper, we averaged the DEMETER
measurements for the orbits only occurred within the EQ preparation
zone.

3. Observations and results

To interpret the ionospheric anomalies over the epicenter of the
impending EQ in the southern Chile, GPS TEC was examined to con-
firm the anomalies within 18 days before and 2 days after the main

Fig. 2. Solar storm indices (Dst, Kp and F10.7) before and after the M7.7 (Chile) EQ. The indices are shown against the days of November, 2007. The EQ day is
November 14, 2007.
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shock along with the confidence bounds (Fig. 3a). The daily TEC va-
lues with confidence bounds and percentage deviation are obtained
over the epicenter from the measurements of dense GPS receivers. The
daily TEC with bounds are plotted against the days of the year, re-
presented by days before and after the event. Similarly, the percentage
deviation of TEC showed significant perturbation on 9 days before the
main shock of the M7.7 EQ (Fig. 3b). It is obtained by the difference of
the original TEC values and upper/lower confidence bound (i.e.,
TEC TECoriginal upper lower bounds/ ). After correlating the TEC with the
global geomagnetic storm conditions, it is clear that the enhancement
in TEC on the day (-9) may be due to the EQ (i.e., this enhancement
occurred during the period of quiet storm days).

The daily temporal TEC against the days in Fig. 3b shows a significant
deviation from the rest of the data before the EQ day, where the main
shock day is marked by a red dotted line in both the panels. The ab-
normality detected was then measured by the percentage deviation
method, which is more than 10% of the measured TEC from the con-
fidence interval of mean and standard deviation. To measure this var-
iation of electron contents spatially, the differential TEC maps are in-
vestigated for the suspected day of November 05, 2007 (i.e. 9 days before
the EQ day), as shown in Fig. 4, Panel b. Furthermore, the TEC maps over
the epicenter are also analyzed for November 04, 2007 (Fig. 4; Panel a)
and November 06, 2007 (Fig. 4; Panel c). For this Figure, the monthly
mean TEC is extracted from the TEC map of the observed day for specific
UT hour (dTEC TEC TECUT daily UT monthly UT, ,= ). The purpose of illus-
trating the TEC maps is to verify the execution of seismic perturbations in
the ionosphere with in situ measurements on the suspected day and
further clarify that whether these anomalies are localized to the epicenter
or not. The presence of abnormal TEC clouds over the epicenter on No-
vember 05, 2007 and the absence on November 04 and 06, 2007 showed
that these electron clouds is not a global feature, which may result due to
solar or magnetic storms, but it is certainly associated to the EQ.

Interestingly, TEC variations are noticed over the epicenter from
UT=16:00 to UT=20:00 during the EQ preparation period on
November 5, 2007 (i.e. 9 days before the EQ day) as presented in
Fig. 4b. However, the analysis of the TEC maps during UT 16:00-18:00
on November 04 and 06, 2007 showed no EQ perturbations before the
main shock within the seismogenic zone. The purpose of analyzing the
TEC maps on three consecutive days (i.e. November, 04, 05 and 06,
2007) is to check whether the variation is related to EQ or not. How-
ever, the abnormal clouds confirmed the existence of TEC variation
with the EQ epicenter on November 05, 2007. Which is then followed
by the EQ main shock on November 14, 2007, at UT=15:40. The TEC
anomalies on November 05, 2007, during UT=16:00 to UT=20:00

are not coincident. However, it is a clue about the EQ precursors. It
shows that EQ precursors can be seen during the same UT hours (or
local time) as the main shock. However, it needs more statistical ana-
lysis on the past EQs by estimating the TEC over the epicenters. Another
important aspect of TEC clouds is the eastward drift, which could be
due to the plasma flow from the epicenter to the ionosphere (Kuo et al.,
2011; Ryu et al., 2014). Following the previous findings, the eastward
drift in this study is more intensified in the spatial map during
UT=16:00- 20:00 on November 05, 2007, which may be due to the
plasma shift from the compression of rocks in the EQ prone region.

However, to confirm the ionospheric perturbations, we extended
our analysis for the real precursor by studying the ascending orbits data
of electron density and electron temperature from DEMETER satellite.
The measurements of DEMETER retrieved from the orbits of the sa-
tellite occurred within the EQ preparation zone are plotted against the
days (Fig. 5). These measurements include the electron density and
electron temperature over the epicenter of the future event. As dis-
cussed earlier, DEMETER was launched in sun-synchronous orbit at
710 km altitude with ascending node crossing the local equatorial part
at 22:00 LT (nighttime) and 10:30 LT (daytime). Therefore, all the
measurements were retrieved at 710 km over the epicenter during
daytime from the ascending mode of the satellite orbits. The temporal
electron density from DEMETER showed enhancement beyond the
upper confidence interval on nine days before the event in accordance
with the TEC measurements. However, the electron temperature
showed depletion on days (-9, -8 and -7) related to the EQ. The upper
and lower confidence bounds are obtained from the median and stan-
dard deviation (μ± 2σ) of 15 days before and 5 days after the event, as
shown in both panels of Fig. 5. The anomalous value in DEMETER ISL
measurements is the day (-9), where the enhancement and depletion
are more probable than the other values. On the contrary, DEMETER
ascending orbits measurements show no perturbations on November 12
and 13, 2007 related to the geomagnetic storm, where the Kp values are
greater than three during these days. The analysis of DEMETER mea-
surements confirmed that pre seismic ionospheric anomalies are more
significant than post seismic anomalies. On the other hand, anomalies
related to geomagnetic is not prominent in the DEMETER data.
Therefore the enhancement in temporal electron density and depletion
in electron temperature are most probably related to the M7.7 event.

To provide a stringent proof to the temporal ionospheric anomalies,
the spatial maps of electron density and electron temperature from
DEMETER ascending orbits are studied over the epicenter by the
Diffusion interpolation with barriers in ArcGIS software. For this study,
we interpolated the electron density and electron temperature from

Fig. 3. The diurnal GPS TEC values before and after the Chile
event bounded by the confidence intervals. The unit of TEC is
1016 el/m2. The days are shown against the TEC values on y-
axis. The EQ time is denoted by the red dashed line (For in-
terpretation of the references to colour in this figure legend,
the reader is referred to the web version of this article).
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ascending flight during November 03-06, 2007 (Figs. 6 & 7 ). The en-
hancement on November 05, 2007, in the electron density is prominent
over the epicenter from the rest, which is probably the propagation of
plasma flow in the upper ionosphere. Similarly, the prompt depletion in
electron temperature on November 05, 2007 is also significant over the
epicenter from the ascending orbits of DEMETER (Fig. 7). The variation
in data was shown in the same unit as the original unit of the electron
density and temperature; however it was calculated from the

interpolation of each profile. The low electron temperature values over
the EQ preparation zone in the spatial value exhibit the significant
deviation, which is also prominent in the temporal analysis of the
averaged electron temperature.

To further confirm the asymmetry between the upper and lower
limbs of electron density and electron temperature along latitude
around the epicenter within the EQ preparation zone, the Index number
(No.) was calculated. As the EQ preparation zone extends from 0 °S to

Fig. 4. Spatial TEC maps over the epicenter of M7.7 Chile EQ (a) November 04, 2007, (b) November 05, 2007 and (c) November 06, 2007. The red filled star is the
epicenter of the EQ; however, the legend bar with TECU is the unit of TEC deviation during each UT hours (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article).

Fig. 5. The averaged ISL (Langmuir probe) measurements from DEMETER satellite above the epicenter of the EQ. (a) The electron density along with the confidence
bounds in the context of the M7.7 EQ. (b) The electron temperature against the days along X-axis before and after the main shock. The 0 indicates the EQ day.
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Fig. 6. The interpolation of the electron density for the DEMETER daytime observations. The epicenter is represented by red star in circle while the legends show the
variation in electron density. The half orbits of DEMETER are shown by black lines (For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article).

Fig. 7. The interpolation of the electron temperature from the DEMETER ISL daytime observations around the epicenter of M7.7. The days and legend are clearly
shown for the suspected days. The red filled circle is the epicenter, while the black lines are the DEMETER half orbits (For interpretation of the references to colour in
this figure legend, the reader is referred to the web version of this article).
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42 °S around the epicenter along latitude, the daily measurements from
DEMETER ISL for all the flights are used for analysis. The Index No. is
calculated by;

Index No P
P

100o

N S/
= ×

(5)

Where Po is the averaged DEMETER measurement at (20-21) ° S (i.e.
epicenter latitude) and PN S/ is the averaged ISL measurements for the
northern and southern sectors around the epicenter. The electron
density and electron temperature measurements for the northern sector
above the epicenter are averaged from 0 °S to 19 °S along the latitude
within the EQ preparation zone. However, for the southern side of the
epicenter, the measurements are averaged from 22 °S to 42 °S.

The Index No. of electron density for the epicenter latitude and
north side of the epicenter showed the abrupt variation on November
05, 2007, which is abnormal from the rest of the values (Fig. 8; Panel a
& c). Similarly, the Index No. for the southern side also behaved ab-
normally like the northern sector of the electron density within the EQ
preparation zone (Fig. 8 Panel b & d). All the abnormal values showed a
correlation with the daily averaged DEMETER measurements bounded
by the confidence intervals. Similarly, it also showed abnormality in
accordance with the TEC values, which drove to the conclusion of im-
mense energy flow from the EQ preparation zone to the ionosphere.

The Index No. for the electron temperature on the northern and
southern side of the epicenter within the EQ preparation zone showed a
decline from the rest of the days before the event (Fig. 9). The northern
side electron temperature having Index No. 70% (see e.g. Fig. 9; Panel,
a & c), while that of the southern side is 65% (e.g. Fig. 9; Panel, b & d).

Furthermore, the mutual study of the electron density and electron
from DEMETER at EQ latitude and its conjugate axis (i.e (20°-21 °S) and
(20°-21 °N)) showed a clear deviation over the EQ epicenter latitude
(Fig. 10). For this purpose, the ISL electron density and electron tem-
perature are averaged over the EQ latitude sector and its conjugate axis.
The variation on November 05, 2007 in electron density and electron
temperature is prominent from rest of the days at EQ latitude than the
conjugate axis. It means that the deviations in DEMETER measurements
over the EQ sector are due to the future event.

4. Discussion

In this paper, the ionospheric anomalies from GPS TEC and
DEMETER satellite (electron density and electron temperature) is stu-
died before and after the M7.7 Chile EQ (November 14, 2007) that hits
the south of Chile. The ionospheric data including TEC and electron

(density and temperature) of DEMETER showed clear abnormalities
over the epicenter before the main shock day during quiet geomagnetic
storm. We found evidence of deviation (more than 10% of the observed
values) beyond the statistical bounds on November 05, 2007 (9 days
before the main shock) in GPS TEC measurements within the seismo-
genic zone around the epicenter of the impending EQ.

The temporal TEC values over the epicenter in Fig. 3a showed sig-
nificant variations on November 05, 2007 (9 days before the EQ), which
is more than 10 % from the normal distribution in the percentage de-
viation analysis (Fig. 3b). The temporal plot provides significant in-
formation about the suspected seismo ionospheric day; however, it il-
lustrated no information about the suspected hours. For this purpose,
the spatial maps of TEC for November 04-06, 2007 over the epicenter of
M7.7 EQ are retrieved to further monitor the abnormal UT hours re-
lated to the main shock. Interestingly, it is found that the epicenter is
covered by thick TEC clouds on November 05, 2007 during UT˜16:00-
20:00 with the seismogenic zone (Fig. 4b). Similarly, the TEC maps for
November 04, 2007 (Fig. 4a) and November 06, 2007 (Fig. 4c) are also
analyzed over the epicenter for the confirmation of abnormal iono-
spheric clouds during UT˜16:00-20:00 on the suspected day. After
careful observations of the TEC maps on three consecutive days (i.e.
November, 04-06, 2007), it is confirmed that unusual ionospheric
clouds on November 05, 2007 during UT˜16:00-20:00 is probably re-
lated to the main shock of the impending EQ. This study found critical
evidence of reasonable ionospheric anomalies 9 days before the EQ day
of M7.7, Chile. On the contrary, Liu et al. (2004) found a remarkable
correlation between ionospheric TEC derived from ground-based re-
ceiver of GPS and M≥6.0 EQs within 5 days before the event (16 out
of the 20 large quakes). The correlation of seismo ionospheric anoma-
lies with EQs in Liu et al. (2004) and this study show that both the
reduction and enhancement in the ionosphere are associated to the EQ
induced electric field from beneath. However, the propagation of pre
seismic ionospheric anomalies as a result of electric filed generation
before the EQ during the preparation period over the epicenter is pro-
posed by Kuo et al. (2011).

The evolution and propagation of pre-seismic TEC anomalies in the
ionosphere is not yet understood by the current analysis. However,
Shklyar and Truhlík (1998) pointed out the direction of the field and
initial condition of the electron density distribution, reduced effect of
the particle density in the region of field localization over the epicenter
of the future EQ. Similarly, Kuo et al. (2011) presented the stressed-rock
in the EQ regions as the source of the electric field at the lower end of
the ionosphere. In their case, the numerical simulations showed sig-
nificant anomalies in the ionosphere over the seismogenic zones after

Fig. 8. (a-b) The DEMETER electron density values on the EQ
latitude (20 °S-21 °S) for 16 days before and 4 days after the
main-shock. (c-d) Similarly, the measurements of DEMETER
for the northern and southern sectors around the epicenter
along the latitude within the EQ preparation zone. (e-f) the
Index No. obtained for both the direction around the epicenter
latitude of the M7.7 EQ.
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the execution of the electric field. They further showed the same in-
crement and depletion in TEC and concluded the deviation of TEC due
to the occurrence of huge mega-thrust. The simulated results in Figs. ()
in Kuo et al. (2011) showed the dense clouds of ionospheric electron
density and electron temperature, and plasma movement on meridian
planes over the epicenter of future EQ. Furthermore, they showed that
the global disruption of the ionosphere could be due to the electric field
generated at the epicenter, accumulated in the form of hole-charge
carriers near the Earth’s surface. Their simulation results support the
observed anomalies in our case study that the seismic plasma sink and
plasma fountain effect also exist in the direction of the electric field in
the atmosphere over the seismic breeding zone. The direction of the
plasma shift caused by the E×B drift around the EQ epicenter is the
same on both sides of the magnetic equator. In other words, the up-
wards (downwards) motion of the plasma drift around the epicenter
caused the plasma to move upwards (downwards) in the magnetic
conjugate regions.

In this paper, we also analyzed the day time DEMETER satellite data
for 15 days before and 5 days after the main shock day within the
seismogenic zone around the epicenter, as estimated by Dobrovolsky
et al. (1979). We found a significant enhancement above the upper

confidence bound in the temporal estimation of electron density on
November 05, 2007 (Fig. 5a) and similarly a depletion in electron
temperature is also recorded on the same day before the main shock
(Fig. 5b). One can see these prominent ionospheric perturbations in the
measurements of GPS TEC, which is another strong evidence of multi-
precursors ionospheric anomalies before the Chile event. The spatial
maps of DEMETER ascending orbits during November 03-06, 2007
confirmed the anomalous enhancement in electron density (Fig. 6) and
similarly depletion in electron temperature from ISL measurement over
the epicenter (Fig. 7). The pre-seismic ionospheric anomalies in the
measurements of DEMETER satellite can be portrayed in the light of
previous reports on satellite based ionospheric precursors. Previously,
Oyama et al. (2011) reported the cause of reduction in the ion density
data (measured from the DE-2 satellite) related with a mighty EQ (la-
titude: -33.13°, longitude: 73.07°, M7.5, October 1981) to the plasma
drift induced perpendicular to the magnetic field of the earth. The
plasma drift (attributed as ‘the seismic plasma fountain effect’) in
Oyama et al. (2011) was explained as the end product of the iono-
spheric dynamo electric field that raised the plasma to a certain altitude
over the quake region. Another such example of ionospheric depletion
prior and after large magnitude EQs was also published by Oyama et al.

Fig. 9. (a-b) The DEMETER electron temperature measure-
ments over the EQ latitude (20 °S-21 °S) for 16 days before and
4 days after the main-shock. (c-d) Similarly, the measurements
of DEMETER for the northern and southern sectors around the
epicenter along the latitude within the EQ preparation zone.
(e-f) the Index No. obtained for both the direction around the
epicenter latitude of the M7.7 EQ. The EQ day is denoted by a
red dotted line (For interpretation of the references to colour
in this figure legend, the reader is referred to the web version
of this article).

Fig. 10. The symmtary between the EQ latitud and its conjugate in the measurements of electron density and electron temperature from DEMETER satellite. It is clear
that the variation on November 5, 2007 (9 days before the event) at epeicenter latitude flutuates more than the measurements at conjugate axis.
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(2008). In that paper, Oyama et al. (2008) observed the significant
reduction in the ionospheric data of the HINOTORI satellite during
three EQs in late 1981 and early 1982 in the Philippines, which were
due to the generation of a westward electric field over the epicenter.
However, they pointed that the afternoon period of the electron density
data significantly reduced over the magnetic conjugate point; by con-
trast, we observed an enhancement in electron density over the epi-
center (Fig. 5a). On the other hand, we observed an anomalous re-
duction in electron temperature within ten days prior to the event
(Fig. 5a). Ruzhin et al. (1998) found the EQ induced very low frequency
(VLF) and F2-peak parameters anomalies on magnetically conjugated
regions in the observation of INTERCOSMOS-18 and ALOUETTE sa-
tellites. The robust electro-dynamic coupling in the ionosphere on the
two sides of the geomagnetic field is the consequence of the immense
conducting along the geomagnetic tube lines. Interestingly, the pre-
viously known wave phenomena in the upper ionosphere was reported
as the magnetospheric processes rather than attributing to the seismic
induced ionospheric precursors (Onishi et al., 2011).

This paper also includes further analysis on the asymmetry of
electron density and electron temperature on the EQ epicenter and its
conjugate axis (Figs. 8–10). Interestingly, these results imply a sig-
nificant perturbation over the EQ epicenter as compared to the con-
jugate axis, as represented by the Index No (Figs. 8 & 9). The reason of
these anomalies in DEMETER measurements is the exchange of energy
between the lithosphere and ionosphere by the EQ during the pre-
paration period before the main shock day (Ryu et al., 2014). Similar
coupling of DEMETER based electron density and worldwide seismic
events during the DEMETER mission is reported statistically by Li and
Parrot (2012). They conducted a statistical study for the global M≥4.8
EQs occurred during the period of DEMETER mission i.e. from July
2004 to December 2010. The increment in the electron density for the
studied EQs mostly increased with the rise in the magnitude of the EQ.
They found that 88% of the anomalies in the electron density were
related to EQs in the DEMETER data.

The significant anomalies that appeared in the ionospheric para-
meters measured by GPS TEC and DEMETER around the main shock are
distinguished to be due to changes in the initial conditions, if the
anomalies are assumed to be raised due to the seismo ionospheric
fountain (sink) model (Kuo et al., 2011). The eastward (or westward)
electric fields produce the upward (or downward) plasma movement,
according to the alignment of the E×B drift geometry and geomag-
netic field line. Namgaladze et al. (2009) pointed out that the upward
plasma motion transfers significant electron drift in the F2 layer of the
atmosphere because of reduction of dominating O+ ions in the ion-
molecular reaction in the mid-latitude region. In this paper, the en-
hanced plasma density implies that the significant anomalies in the
ionosphere were probably occurred by the upward drift of the plasma
around seismogenic zones. However, with the existing equipment of
ground and satellite-based ionospheric observations, more dedicated
missions are required to properly detect the right ionospheric precursor
associated with EQ.

5. Conclusion

The ionospheric anomalies associated with the M7.7 Chile EQ of
November 14, 2007, were investigated using the total electron content
data from the global GPS network, in addition to the spatial and tem-
poral electron density and temperature from the DEMETER satellite. In
the daily temporal ionospheric parameters, significant deviation of the
electron density was observed before the main shock (i.e. November 05,
2007) in the GPS TEC data, and subsequently in the DEMETER analyses.
While previous reports have confirmed the enhancement in TEC few
days before the event during quiet geomagnetic storm, this study re-
vealed that the enhancement was part of the plasma shift in the dayside
from the epicenter to the ionosphere within 9 days (on November 05,
2007) before the main shock and the intensity lasts immediately after

the event. The asymmetry in electron density and temperature of
DEMETER measurement over the EQ epicenter and its conjugate axis
showed ionospheric deviation between lithosphere and ionosphere over
the epicenter of M7.7, Chile event during the EQ preparation period.
Furthermore, the spatial maps of electron density and temperature from
DEMETER on the confirmed abnormal clouds over the EQ epicenter of
the future EQ on November 5, 2007. The anomalies in the electron
density and electron temperature during the dayside and the parallel
enhancements in the TEC support that these anomalies may be due to
the induction of EQ over the seismogenic zone.
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