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Abstract We report preseismic and postseismic distinct features observed in equatorial ionospheric
F region in Indian longitude during two major earthquakes that occurred on 28 March 2005 (Mw = 8.6)
and 26 December 2004 (Mw = 9.1) with epicenters near Sumatra, Indonesia. We used spaced receiver
scintillation observations on a 251-MHz signal transmitted from a geostationary satellite and recorded at
dip equatorial station Tirunelveli, which is ≈2,200 km away from the epicenter of these earthquakes. On 28
March 2005, we noticed significant enhancement (≈88.5 m/s) in F region zonal plasma drift as compared
to their seasonal quiet time drifts, 20 min prior to the start of earthquake. This implies the presence of
additional vertically downward electric field of approximately 3 mV/m, which is linked with the earthquake
mechanism. It is unusual because so far we have not encountered such feature on either magnetically
quiet or disturbed days. Spatial scales associated with equatorial spread F irregularities generated in the
postsunset hours on this earthquake day are considerably smaller. It suggests that the earthquake-linked
electric field influenced the structuring and evolution of equatorial spread F irregularities on this earthquake
day. Another earthquake that occurred on 26 December 2004 triggered a tsunami. We noticed that the
earthquake- and tsunami-linked effects in the F region plasma drifts are distinctly observed even 18.5 hr
after the earthquake.

1. Introduction

Ionospheric plasma is influenced by the forcing from above and the forcing from below. Forcing from above
mainly includes the effect of electromagnetic radiations and the energetic particles emitted from the sun,
which modifies the ionospheric plasma via ionization processes, thermal interactions, and electric fields. It also
affects the ambient dynamo electric fields generated at ionospheric altitude by neutral winds under the influ-
ence of pressure gradient forces. On the other hand, forcing from below includes the effects through tides,
winds, and waves in the lower thermosphere. Sometimes the disturbance associated with the lithosphere
mainly due to volcanic eruptions, earthquakes, and human activity like nuclear explosions are observed in
the ionosphere (Baker & Davies, 1968; Dieminger & Kohl, 1962; Gupta & Upadhayaya, 2017; Occhipinti et al.,
2018; Rozhnoi et al., 2014; Shults et al., 2016). These phenomena are also considered as the potential sources
for forcing from below. Earthquakes are most severe natural phenomena that have huge diverse impact on
our life and infrastructure (Doocy et al., 2013; Ghobarah et al., 2006). It has been the aim of many projects to
develop a forecasting model for earthquakes based on all available precursor information (Geller, 1997; Jordan
& Jones, 2010; Rhoades & Evison, 2005; Wyss, 1997). However, development of such a model is not a straight-
forward task and it involves the meticulous study of multipoint, multi-instrument long-term observations in
seismically active regions. Also, one has to be extremely cautious in treating particular observation as a pre-
cursor and check consistency in their occurrence prior to different earthquakes. So far, there has not been any
success toward providing such a forecasting model. However, it is important to gather and report preseismic,
coseismic, and postseismic observations in the near-Earth environment to improve our understanding of this
catastrophic phenomenon.

Earthquakes occur due to Earth’s lithospheric plate movement, which suddenly releases energy into the
atmosphere. These energies are in the form of acoustic waves, electromagnetic waves, thermal energies, and
electric fields; their signatures are observed on the ground, lower atmosphere, ionosphere, and magneto-
sphere, and they can be preseismic, coseismic, and postseismic (Currie & Waters, 2014; Ouzounov et al., 2018;
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Reddy et al., 2015; Zhang et al., 2012). Pulinets and Ouzounov (2011) have suggested that the preseismic iono-
spheric disturbances can be treated as precursors for the earthquake. Generally, the anomalous distinct effects
observed before and after the earthquake are respectively termed as preseismic and postseismic effects,
whereas the coseismic effects are seen during the earthquake. From the geophysical point of view, the dura-
tion of an earthquake is decided by the time taken for fault rupture and the time for which shaking is felt. The
earthquake durations vary from few seconds to few minutes depending upon the nature and magnitude of
the earthquake. For the earthquakes considered in the present study, namely, 28 March 20005 and 26 Decem-
ber 2004, the earthquake durations are 120 and 480 s, respectively (Ishii et al., 2005; Walker et al., 2005). The
disturbances caused by acoustic gravity waves generated by ground displacement at the time of the earth-
quake generally takes some time to reach the ionosphere (approximately few minutes to tens of minutes).
This is because the typical speed of acoustic waves in the Earth’s atmosphere (<300 km) is in the range of
240–700 m/s (Ma, 2016). So such effects shall be treated as the postseismic effects. However, it is noted that
in some studies these effects have been considered as coseismic (Cahyadi & Heki, 2013; Rolland et al., 2011)
and it could be because their signatures are manifested immediately after the earthquake.

During large-intensity earthquakes (Mw > 5), the ionospheric variations related with seismic activity can be
observed few days or few hours before the arrival of the main shock of earthquakes (Liu et al., 2000; Pulinets,
1998; Silina et al., 2001). Studies have reported preseismic (Dautermann et al., 2007; Heki & Enomoto, 2013;
Liu et al., 2004), coseismic (Astafyeva et al., 2014), and postseismic (Garcia et al., 2005; Marchand & Berthelier,
2008) ionospheric disturbances, and they have proposed possible physical mechanisms to explain these iono-
spheric imprints. So far, two mechanisms are in place to explain the seismic-ionospheric coupling. In the
first mechanism, the atmospheric acoustic gravity waves are excited by the vertical ground displacement or
underground gas release during earthquake preparation time, which propagate to the ionosphere affecting
the ionization (Garmash et al., 1989; Harrison et al., 2010; Kim & Nikiforova, 1997; Pulinets & Davidenko, 2014;
Rolland et al., 2011; Shalimov & Gokhberg, 1998; Zhou et al., 2017). In the second mechanism, an additional
vertical electric field penetrates into the ionosphere due to earthquake fault rupture, which causes redistribu-
tion of charged particles (Freund, 2000; Hadjicontis & Mavromatou, 1996; Hao, 1988; Pulinets, 2009). Kim et al.
(2012) have estimated the strength of seismic origin electric field penetrating into the ionosphere within the
earthquake preparation zone. For these theoretical calculations they solved the Laplace’s equation satisfied
by the electrostatic potential with appropriate boundary conditions at the ionosphere, where divergence-free
currents (∇ ⋅ J⃗ = 0) are assumed to flow. These electric fields can be seen few days prior to the earthquake
(Pulinets & Boyarchuk, 2004), and they can influence the ambient electric field and hence the electron plasma
density few days before an earthquake.

Besides there are studies that report earthquake-linked signatures in the low-latitude ionosphere
(Bhattacharya et al., 2009; Depueva, 2012; Oyama et al., 2008). The dynamics of equatorial ionosphere is dif-
ferent as compared to midlatitude and high-latitude ionosphere, because the Earth’s magnetic field is nearly
horizontal at the dip equator. This horizontal magnetic field in the presence of electric field gives rise to
peculiar phenomena like equatorial electrojet, equatorial ionization anomaly, prereversal enhancement, and
equatorial spread F (ESF) irregularities (Kelley, 2009; Lin et al., 2007; Reddy, 1989). Occurrence of ESF irregu-
larities is a nighttime phenomenon, which is generated through nonlinear evolution of Rayleigh-Taylor (RT)
plasma instability in the equatorial ionospheric F region during postsunset hours. The F layer is raised to
higher altitudes due to enhanced eastward electric field through E⃗ × B⃗ drifts, and this lift-up plays an impor-
tant role in setting up the favorable conditions for the initiation of RT plasma instability (Kelley et al., 1982).
Pulinets (2009) reported the possibility of anomalous seismogenic zonal electric field generation in the earth-
quake preparatory zone, which can result in increased vertical plasma drifts as compared to the quiet days.
Because of this increased vertical plasma drifts, the F layer is raised to the higher altitude, where the occur-
rence of RT plasma instability is more likely. Kuo et al. (2011) have suggested that observations of nighttime
plasma bubble and total electron content (TEC) variations in the earthquake preparatory zone can be used
as precursors for earthquake prediction. Pulinets (2012) have reported that in the low latitudes the genera-
tion of plasma bubbles is more likely before the earthquake. Few studies have explored the link between ESF
irregularities and earthquakes. In our study, we report the difference in the structuring of ESF irregularities
generated on the earthquake day as compared to that on other quiet days of that season, and it is attributed
to the earthquake-linked electric field. As yet this aspect is not reported in earlier studies.

We are reporting preseismic and postseismic signatures of earthquakes in the equatorial F region during two
major earthquakes that occurred on 26 December 2004 (Mw = 9.1) and 28 March 2005 (Mw = 8.6) with
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epicenters near Sumatra region, Indonesia. Spaced receiver scintillation observations at dip equatorial station,
which is nearly 2,200 km away from the epicenter, are used in the present study. Data used and analysis tech-
nique are described in section 2. The details of the earthquakes under study are given in section 3. The peculiar
observation in the equatorial ionospheric F region during the earthquake time is described in section 4. The
present work is discussed in section 5, and it is summarized and concluded in section 6.

2. Data and Analysis Technique

We have used amplitude scintillation observations on a 251-MHz signal transmitted from the geostation-
ary satellite UFO2 (71.2∘E) and recorded by two spaced receivers aligned in magnetic east-west direction at
Tirunelveli (8.7∘N, 77.8∘E, dip latitude 1.5∘N). The sampling interval is 0.1 s, and the receivers are separated
by a distance of x0 = 540 m. The amplitude scintillations during March 2005 and December 2004 are uti-
lized in the present study as it includes the observations during two major earthquakes that occurred on (i)
28 March 2005 and (ii) 26 December 2004. In addition, the amplitude scintillation observations during April
2005, November 2004, and February 2005 are utilized to get the quiet time trends of the estimated parame-
ters for corresponding seasons. Overall, we have 11, 2, 1, 6, and 8 quiet days with scintillations during March
2005, April 2005, November 2004, December 2004, and February 2005, respectively. We could not use obser-
vations of January 2005 as the experiment was not running during this month. It may be noted that 2004 and
2005 fall into low solar activity period, and therefore less scintillation occurrence is observed.

Spaced receiver scintillation technique has been used to study the dynamics of low-latitude ionospheric irreg-
ularities (Bhattacharyya et al., 1989; Engavale et al., 2005; Valladares et al., 1996). Meaningful information
about ESF irregularities can be obtained from these spaced receiver scintillation observations by applying full
cross-correlation technique introduced by Briggs (1984). In this technique the space-time correlation function
of intensity variations recorded by spaced receivers is assumed to have the following form

CI(x, t) = f ((x − V0t)2 + V2
c t2) (1)

Here f is a monotonically decreasing function of its argument S = [(x − V0t)2 + V2
c t2] such that it has maxi-

mum value of 1 at S = 0. Here V0 is the average drift speed of scintillation pattern along the base line in the
receiver’s plane and Vc is random velocity, a measure of random changes in the irregularity characteristics.
Computation of V0 and VC from spaced receiver observations does not require information about the form
of the cross-correlation function f (Spatz et al., 1988). By estimating the time tm of maximum cross correla-
tion (i.e., CI(x0, t)|max = CI(x0, tm)), and time tp, where autocorrelation function of intensity variations has the
same value as maximum cross correlation (i.e., CI(0, tp) = CI(x0, tm)), one can compute parameters V0 and Vc

using V0 = x0tm∕(t2
m + t2

p) and Vc = x0tp∕(t2
m + t2

p). As receivers are separated by fixed distance, here we take
x = x0. So we estimated parameters, S4, CI(x0, tm), V0, and Vc for every 180 s. S4 index is defined as the standard
deviation of the normalized intensity variations, and it gives strength of the scintillations. CI(x0, tm) is the max-
imum cross correlation between intensity variations recorded by the two receivers. V0 and VC are estimated
only when CI(x0, tm) ≥0.5, as the assumed dependence of f on x and t is valid at t = tp only if the decorrela-
tion of signals from two receivers is not too large. Similarly, this technique is applied to retrieve meaningful
information only if the scintillations are well above the noise level, that is, S4 ≥0.15. We have also computed
coherence scale dI defined as the 50% decorrelation scale length, that is, CI(x = dI, t = 0) = 0.5. It represents
the dominant spatial scale present in the ground scintillation pattern. It should be noted that the knowledge
of the exact form of function f is essential to get the coherence scale. Bhattacharyya et al. (2003) introduced a
method to get the coherence scale by plotting CI(x0, tm) versus x0Vc∕(V2

0 + V2
c )

1∕2. By using the expression of
tm in CI(x0, tm) it is seen that such a plot represents a plot of spatial correlation function CI(x, 0)). This method is
applied to scintillation data, and its seasonal and solar flux dependence is studied by Engavale et al. (2005). It
may be noted that the distance between the receivers x0 is generally of the order of Fresnel scale dF =

√
2𝜆Z,

where 𝜆 is the wavelength of the incoming radio wave, and Z is the height of irregularity layer (Kakad, Nayak,
& Bhattacharyya, 2012; Yeh & Liu, 1982). For a signal of 251 MHz, traversing through ESF irregularity layer sit-
uated at the altitudes of 250–550 km, the Fresnel scale comes out to be 800–1,100 m. Although x0 is used in
the calculation of the functional form of f (x2) as discussed above, the results for the functional form of f do
not depend on x0. The functional form of f gives the spatial correlation function, which is used to determine
the coherence scale dI. Thus, the estimated values of spatial scales are not affected by the choice of x0.
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Figure 1. Topographic map showing location and magnitude of
earthquakes that occurred on 26 December 2004 (Mw = 9.1) and 28 March
2005 (Mw = 8.6). Moment tensor solutions from the Harvard CMT catalog
(http://www.seismology.harvard.edu/CMTsearch.html) are shown for main
shocks on these days. CMT = Centroid Moment Tensor.

In the initial phase of generation of ESF irregularities, V0 and VC are highly
variable due to the perturbation electric field associated with R-T plasma
instability, which results in lower values of CI(x0, tm) (Bhattacharyya et al.,
1989; 2001). But when this perturbation electric field is eroded, the ESF
irregularities drift with the background plasma, resulting in less variability
in V0, Vc and values of CI(x0, tm) close to 1. It is found that on magnetically
quiet days, after 22 LT the irregularities simply drift with the background
plasma. Due to nonzero zenith angle of a signal path, vertical drift of irreg-
ularities Vz do contribute to V0 and it is given by V0 = Vx − VZ tan 𝜃 sin A,
where 𝜃 is the zenith angle and A is the azimuth angle of the incoming sig-
nal measured eastward from north. The azimuth and zenith angle for the
radio signal transmitted from geostationary satellite in the present case is
217∘ and 12.8∘, respectively. As the contribution of Vz to V0 is very small,
the estimated V0 represents the ambient zonal plasma drift, Vx . As we are
exploring the earthquake-linked signatures in ionosphere over dip equa-
torial Indian station Tirunelveli, all figures are shown in Indian standard
time (IST = UT + 5.5 hour).

3. Earthquake Details

Here we are studying two major earthquakes that occurred on 28 March
2005 and 26 December 2004 having magnitudes Mw = 8.6 and Mw = 9.1,
respectively. The location of epicenter for these earthquakes are close to
Sumatra, Indonesia, at 2.09∘N, 97.15∘E and 3.31∘N, 95.85∘E, respectively,
which are marked in Figure 1. The earthquake that occurred on 26 Decem-
ber 2004 is the third largest earthquake recorded on seismograph, and it
triggered a tsunami that caused tremendous large-scale natural diaster.

The 2005 and 2004 earthquakes ruptured the boundary between the Indo-Australian plate, which moves gen-
erally northward at 40 to 50 mm/year, and the southeastern portion of the Eurasian plate, which is segmented
into the Burma and Sunda subplates. These two earthquakes ruptured a 1,600-km-long portion of the fault
boundary between the Indo-Australian and southeastern Eurasian plates on 28 March 2005 and 26 December
2004. The second event generated a tsunami that caused more than 283,000 deaths. The 2004 main shock
rupture began at a depth of about 30 km at 00 hr:58 min:53 s UT (http://earthquake.usgs.gov), and the 2005
main shock rupture began at a depth of about 30 km at 16 hr:09 min:36 s UT. The focal mechanism solutions
of the 2004 earthquake indicates predominantly thrust faulting on a shallowly (8∘) dipping plane with a strike
of 329∘, whereas the 2005 earthquake was also predominantly dip-slip thrusting on a shallowly (7∘) dipping
plane with a strike of 329∘ (Ekström et al., 2005; Lay et al., 2005).

4. Results

Day-to-day variation in the occurrence of ESF irregularities and their characteristics and ambient F region
parameters like electron density, electric field, conductivities, and height are well reported in many earlier
studies (Burke et al., 2004; Gurram et al., 2018; Kakad, Tiwari, & Pant, 2012; Li et al., 2008; Nishioka et al., 2008;
Yamazaki et al., 2018). Apart from day-to-day variations, these parameters are also affected by the modulated
neutral winds resulting from the enhanced Joule energies at high latitudes and prompt penetration elec-
tric fields during periods of geomagnetic storms (Bhattacharyya et al., 2002; Kakad et al., 2011; 2017; Kikuchi
et al., 2008). Thus, in order to identify and quantify the effects associated with earthquakes in the equatorial
F region, it is important to verify the level of geomagnetic activity on the earthquake days. For this purpose,
we checked variation of low-latitude and midlatitude geomagnetic activity indices, namely, SYM-H, a measure
of ring current, and Kp for earthquake days. These indices are obtained from https://cdaweb.sci.gsfc.nasa.gov
and plotted as a function of IST (UT + 5.5 hour) in Figure 2 for earthquake days including their respective pre-
ceding and following days. The top and bottom rows in Figure 2 show the variation of SYM-H and Kp indices for
27–29 March 2005 (Figures 2a and 2c) and 25–27 December 2004 (Figures 2b and 2d). Vertical black lines sep-
arate the earthquake day from the preceding and following days, whereas red dashed-dotted line indicates
the start time of the earthquake for corresponding events. Generally, periods with Kp> 3+ are considered as
geomagnetically active, which is shown by horizontal dotted lines in the bottom row. Most of the time during
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Figure 2. Low-latitude geomagnetic activity index SYM-H (top row) and midlatitude geomagnetic activity index Kp
(bottom row) as a function of Indian standard time (IST = LT + 0.3 hr) for earthquake days (a, c) 28 March 2005 and (b, d)
26 December 2004. This plot includes the variation of these indices for 1 day preceding and 1 day following the
earthquakes. The red dash-dotted lines indicate the start time of the earthquakes.

these 3-day periods the Kp index is below 4 and the SYM-H index is greater than −25 nT. It indicates that 3-day
periods shown in Figure 2 are magnetically quiet. Thus, any unusual signatures manifested in the ionospheric
F region observations beyond the quiet time day-to-day variability, on these two earthquake days, may be
attributed to earthquake-linked mechanisms. In the following subsections we discuss the peculiar features
observed during earthquake periods. Now onward we refer to the earthquakes that occurred on 28 March
2005 as event 1 and on 26 December 2004 as event 2.

4.1. Event 1: 28 March 2005
4.1.1. Effect on Zonal Plasma Drifts
In the post sunset hours usually the equatorial plasma bubbles (EPBs) are generated through RT plasma insta-
bility resulting in electron density irregularities of scale sizes extending from few centimeters to hundreds of
kilometers. The presence of these ESF irregularities give rise to fluctuations in refractive index that impose
phase perturbations on an incoming radio signal. Thus, when a radio signal passes through such irregular
medium and propagates toward the ground, amplitude fluctuations are developed through phase mixing.
Movement of the irregularities across the signal path causes spatial variations in the ground diffraction pat-
tern to be converted into temporal fluctuations of the signal, which are called scintillations. As the electron
density irregularities drift across the signal path, the scintillation pattern formed on the ground also drifts in
the receiver’s plane. Scintillations carry important information about the ESF irregularities. The irregularities
of intermediate scale (100 m to few kilometers) contribute to scintillations on a Very High Frequency (VHF)
signal. Generation of EPBs every day in the postsunset hour is not assured, and day-to-day variability in its
occurrence is still an open question. Thus, the occurrence of amplitude scintillation every day in the postsun-
set hours is not guaranteed. So it is not possible to examine the continuous change (if any) in the ionospheric
parameters few days before or after the earthquake. Rather, here we have considered all quiet days of the
corresponding season to get the seasonal day-to-day variability and trends for the estimated parameters and
compare these with their variation on the earthquake day. Such comparison helps to verify whether the effects
observed on the earthquake day are well outside the day-to-day variability during that season or not. Also,
the estimated seasonal averages of parameters will be statistically significant as they are derived from large
number of observations.

As discussed in section 2, we estimated S4, V0, Vc, and CI(x0, tm) from spaced receiver scintillation observa-
tions. These parameters are shown as a function of IST for quiet days (

∑
Kp < 24) of March–April 2005
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Figure 3. Variation of (a) S4 index, a measure of strength of scintillation, (b) maximum cross correlation between two
spaced receivers CI(x0, tm), (c) zonal irregularity drift V0, and (d) random velocity Vc are plotted as a function of IST for
quiet days of March–April 2005 (blue color) and earthquake day 28 March 2005 (red color). The time of start of
earthquake TEQ is shown by vertical dash-dotted lines in all subplots. IST = Indian standard time.

(i.e., vernal equinox in blue) and earthquake day 28 March 2005 (red) in Figure 3. The start time of earthquake
(TEQ = 21.7 IST hours) is marked by vertical dash-dotted line in respective subplots. Before we proceed to
understand the earthquake-linked signatures manifested in these parameters, we will explain the quiet time
seasonal patterns followed by these parameters and their physical meaning. In the post sunset hours, normally
during the initial phase of development of ESF irregularities the parameter V0 and Vc are highly variable and
CI(x0, tm) ≤ 0.5 due to the presence of perturbation electric field associated with RT plasma instability. As the
perturbation electric field can cause rapid change in the drift of ESF irregularities, the signals from two spaced
receivers are found to be highly decorrelated producing lower values of maximum cross-correlation function
(i.e., CI(x0, tm) < 0.5). When the perturbation electric field associated with RT plasma instability is eroded, the
ESF irregularities simply drift with the background plasma and the estimated V0 represents the ambient zonal
plasma drift. The random velocity Vc and CI(x0, tm) has a tendency to occupy lower and higher values, respec-
tively, during this phase. It is evident in Figure 3 that the V0, Vc, and CI(x0, tm) follow a well-defined pattern
after 22 IST on magnetically quiet days (blue color). Before 22 LT the estimated irregularity drift Vo may have
some contribution from the vertical irregularity drift VZ .

S4 index varies differently on each day depending on the space and time evolution of the ESF irregularities. On
earthquake day 28 March 2005 (red color) clear difference in the zonal drift of ESF irregularities is noticed. The
irregularity drift V0 is found to be significantly higher than the quiet time values. This large zonal plasma drift is
observed 20 min prior to the time of the earthquake. The maximum V0 is approximately 212 m/s prior to earth-
quake at around 21.3 IST, whereas on quiet days the maximum V0 is close to 150–160 m/s. This is an unusual
feature because so far we have not noticed such a large enhancement in V0 on either quiet or disturbed day
(Engavale et al., 2006). Statistical study using long-term spaced receiver scintillation observations from the
same station (Engavale et al., 2005) reported the average zonal drift of ⟨V0⟩ ≈ 200–210 m/s during the peri-
ods of high solar activity (F10.7 > 180) and ⟨V0⟩ ≈ 90–100 m/s during periods of low solar activity (F10.7 < 100).
March 2005 and December 2004 both fall under the low solar activity period, having monthly average 10.7
cm solar flux of 96 and 100, respectively. Specifically, for event 1 and event 2 days the 10.7 cm solar flux values
are 79 and 89, respectively. The climatological model proposed by Fejer et al. (2005) suggests the maximum
zonal plasma drifts of 120–170 m/s in the postsunset hours over Jicamarca, where the geomagnetic field is
weaker than Tirunelveli. Using optical technique, Mukherjee (2003) has reported the peak of zonal eastward
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Figure 4. (a) Variation of average V0 with error bars as a function of IST for quiet days of March–April 2005 (blue color)
and earthquake day 28 March 2005 (red color). The standard deviation in ⟨V0⟩ is in the range of 3–41 m/s. (b) The
difference in zonal irregularity drift on earthquake day as compared to their monthly quiet time variation is obtained by
using ΔV = VEQ − ⟨VQ⟩ and plotted as a function of IST. The dotted and dash-dotted lines respectively represent the 1𝜎
and 2𝜎 deviation in V0 during quiet days. The time of start of earthquake TEQ is shown by vertical dash-dotted lines in
respective subplots. IST = Indian standard time.

drifts of 175 m/s during equinoctial months of solar maximum in the Indian sector. It implies that the observed
enhanced zonal drift is indeed an unusual feature for low solar activity period like March 2005.

In order to quantify the effect on zonal plasma drifts, we estimated the averages of V0 on quiet and earthquake
days at every 6-min interval. Figure 4a shows quiet time average irregularities drift ⟨VQ⟩, along with average
zonal irregularity drift on earthquake day VEQ. The difference between average zonal drifts on earthquake
day and monthly quiet days is estimated (ΔV = VEQ − ⟨VQ⟩) and plotted in Figure 4b. The start time of the
earthquake is marked by vertical dotted lines in Figure 4. We found the maximum enhancement of 88.5 m/s
in zonal plasma drift prior to the initiation of the earthquake. This enhancement is well above the quiet time
day-to-day variability in the zonal plasma drifts for March–April 2005 as seen from the standard deviation
plotted for each interval in Figure 4a. The standard deviation in average V0 is in the range of𝜎 = 3–41 m/s. The
standard deviation in V0 observed during quiet days is shown by the dotted line (1𝜎) and dash-dotted line (2𝜎)
in Figure 4b to examine the statistical significance of observed deviation in zonal plasma drifts. In general, 2𝜎
corresponds to the 95% confidence interval. It may be noted that the observed maximum deviation in zonal
plasma drifts, that is,ΔVmax = 88.5 m/s, is well beyond the 2𝜎. Thus, the observed deviation is 95% statistically
significant.

Now we need to explore the possible sources responsible for the enhancement in zonal plasma drift. We know
that in the equatorial latitudes the Earth’s magnetic field is nearly horizontal, and in its presence the zonal neu-
tral wind (U⃗) sets up the vertical electric field in the equatorial F region after sunset, through dynamo action
such that E⃗z = −U⃗ × B⃗, where B is ambient magnetic field and Ez is vertical electric field. So eastward neutral
wind can set up the vertically downward electric field during the nighttime. This ambient vertically downward
electric field (Ez0) causes ionospheric plasma to drift in the eastward direction with velocity V⃗x = −E⃗z0 × B⃗∕B2

. It may be noted that in postsunset the ionospheric plasma drift with the neutral wind speed in the F region,
when there is no other additional electric field of different origin (like geomagnetic activity or earthquake
or perturbation electric field associated with RT plasma instability) to alter the ambient vertical electric field.
First, the climatology of this season under low solar flux condition does not support the generation of such
a large ambient vertically downward electric field. Second, as it is a quiet day, the possibility of presence of
any additional electric field linked with geomagnetic activity in the low-latitude ionosphere is dismissed. It
is to be noted from the plot of CI(x0, tm) for the earthquake day in Figure 3b that the irregularities that pro-
duced the scintillations had drifted onto the signal path from west side and the perturbation electric field
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Figure 5. (a) Plot of CI(x0, tm) as a function of x0Vc∕(V2
0 + V2

c )
1∕2 for quiet days of March–April 2005 (blue color) and

earthquake day 28 March 2005. This plot represents variation of spatial correlation function CI(x) as a function of x. (b)
Coherence scale dI as a function of IST for quiet days of March–April 2005 and earthquake day. The minimum and
maximum coherence scale on quiet (earthquake) days are respectively marked by blue (magenta) dashed and
dash-dotted lines in both panels. On quiet days coherence scales vary in the range of 120–270 m, and on earthquake
day coherence scales vary in the range of 80–230 m. Time of earthquake is marked by vertical dash-dotted black line in
the lower panel. The average lower bound of coherence scale ⟨dImin⟩ during 22-00 IST for quiet days and earthquake
day are mentioned in lower panel. IST = Indian standard time.

associated with RT instability, which had generated these irregularities initially, had been nearly eroded. So
only one possible source remains, and it is the earthquake-linked mechanism. The modulation of neutral
winds due to the energy and momentum transferred to the F region through vertically propagating gravity
waves resulting from earthquake will mostly contribute in the postseismic periods. Thus, the enhancement
seen prior to the earthquake is likely to be linked with the electric field of seismic origin. As mentioned earlier,
the zonal plasma drifts in F region are governed by V⃗x = −E⃗z0 × B⃗∕B2. IGRF model gives the ambient mag-
netic field of 34,178 nT at 300 km over Tirunelveli. Thus, the enhancement of 88.5 m/s in eastward drift would
require an additional vertically downward electric field of 3 mV/m. The presence of such a strong vertically
downward electric field in the equatorial F region prior to the earthquake at a location ≈ 2,200 km away from
the epicenter of the earthquake is certainly an interesting feature.

The presence of vertical electric field close to the ground prior to the earthquake is reported in earlier studies.
It is mainly attributed to the (i) emission of radioactive particle (radon) into the atmosphere within the area
of seismic preparation zones (Pulinets & Boyarchuk, 2004) and (ii) activation of highly mobile positive holes
(h∗) that carry charges during the rupture of stressed rocks (Freund, 2000; Freund et al., 2009). The radius R
of the preparation zone is given by 100.43M, where M is the earthquake magnitude (Dobrovolsky et al., 1979).
For this event the dimension of preparatory zone comes out to be 4,988 km and the observation station is
located well within the preparation zone (≈ 2,200 km away from the epicenter). A study by Kuo et al. (2011) has
suggested that the stressed rock acts as a dynamo battery and supplies highly mobile charge carriers contin-
uously to generate electric current, which maintains this additional vertical electric field on the ground. This
current can be either vertically upward or downward directed. The magnitude of electric field present on the
ground may be significantly higher (approximately few kilovolts), and it gets diminished (few millivolts) as we
move toward the ionospheric altitudes. The mapping of earthquake-linked vertical electric field present at
the lower boundary (85 km) of the ionosphere at the off-equatorial station to the equatorial F region and its

GURRAM ET AL. EARTHQUAKE-LINKED SIGNATURES IN F REGION 511



Journal of Geophysical Research: Space Physics 10.1029/2018JA025798

Figure 6. Variation of (a) S4 index, (b) maximum cross correlation between two spaced receivers CI(x0, tm), (c) zonal
irregularity drift V0, and (d) random velocity Vc are plotted as a function of IST for quiet days of December solstice of
2004 (blue color) and postearthquake day 27 December 2004 (red color). Earthquake occurred on 26 December 2004 at
6.48 IST. December solstice includes November 2004, December 2004, and February 2005, which is termed as NDF.
IST = Indian standard time.

influence on redistribution of electron density has been demonstrated through three-dimensional simulation
(Kuo et al., 2014). The element radon is a radioactive element present in the gaseous form and has a half-life
time of 3.8 days. Highly energetic particles like alpha and beta and electromagnetic radiation like gamma
rays emitted during the radioactive disintegration of radon cause the ionization of neutral atmosphere over
seismically active zone before an earthquake. Thus, it contributes positively to the increase of electrical con-
ductivity of the atmosphere. During fair weather the magnitude of the downward vertical electric field present
on the ground is found to be in the range of 100–200 V/m. However, during earthquake period (preseismic
and coseismic) the magnitude of electric field can be enhanced significantly due to the presence of an addi-
tional electric field (Choudhury et al., 2013; Pulinets et al., 2006). Also, the direction of electric field can be
either upward or downward. Kim et al. (1994) have calculated the penetrated electric field in the ionosphere to
be about 1 mV/m, for a given external vertical electric field of 1 kV/m on the ground, by using a simple model
with an upper boundary of 90 km. Although this model is developed for the midlatitude and high latitude, it
demonstrates that the strong vertical electric field present on the ground can penetrate till ionospheric alti-
tudes. By using a dense array of continuously monitoring GPS stations, Heki (2011) found ionospheric electron
enhancements 40 min before the 2011 Tohoku-Oki earthquake (Mw= 9.1) in Japan. The ionospheric electron
enhancements were initiated 25–80 min before earthquakes of magnitude 8 or 9 (Heki & Enomoto, 2015).
4.1.2. Spatial Scales of ESF Irregularities
We also looked into the variation of coherence scale dI on earthquake day and quiet days of corresponding
month using a method introduced by Bhattacharyya et al. (2003). This method is valid for both weak and
strong scintillations, unlike power spectral analysis, which is valid only for weak scintillations (Kakad, Nayak, &
Bhattacharyya, 2012; Yeh & Liu, 1982). Coherence scale is the scale at which spatial correlation function falls to
half of its maximum value of unity at ground, that is, CI(x = dI, 0) = 0.5. It gives information about the dom-
inant spatial scale present in the ground scintillation pattern. CI(x) as a function of x is obtained by plotting
CI(x0, tm) as a function of x0Vc∕(V2

0 + V2
c )

1∕2. Figure 5a shows the distribution of coherence scale for quiet days
of March–April 2005 (blue color) and earthquake day 28 March 2005 at different times. Let us assume CI(x)
as Gaussian function having the form exp(−x2∕l2

0). Using each value of CI(x0, tm) and corresponding value
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Figure 7. (a) Variation of average V0 with error bars as a function of IST for quiet days of December solstice of 2004
(blue color) and postearthquake day, 27 December 2004 (red color). The standard deviation in ⟨V0⟩ is in the range of
𝜎 = 7–25 m/s. (b) The difference in zonal irregularity drift on postearthquake day, 27 December 2004 as compared to
their seasonal quiet time variation is obtained by using ΔV = VEQ − ⟨VQ⟩ and plotted as a function of IST. The dotted
and dash-dotted lines represent the −1𝜎 and −2𝜎 deviation in V0 during quiet days. The observed deviation in zonal
plasma drift is statistically significant, and it is attributed to the earthquake- and tsunami-linked energy and momentum
transferred to neutral atmosphere. NDF represents November 2004, December 2004 and February 2005. IST = Indian
standard time.

of x0Vc∕(V2
0 + V2

c )
1∕2, we have computed l0 by assuming the Gaussian-type spatial correlation function such

that l0 = x0Vc∕[ln(1∕CI(x0, tm)) × (V2
0 + V2

c )]
1∕2. Then we estimated the coherence scale as dI = 0.8326l0. The

variation of estimated coherence scale as a function of IST is depicted in Figure 5b.

It is noticed that on earthquake day the distribution of coherence scale is distinctly different as compared to
other quiet days of March 2005. The spatial scales are very small at 80–230 m on earthquake day, whereas
the spatial scales are found to be 120–270 m for all quiet days of March–April 2005. The minimum dImin and
maximum dImax spatial scales observed on quiet (earthquake) day are shown by blue (magenta) dashed and
dash-dotted lines, respectively, in Figure 5. These small-scale intermediate-scale irregularities are seen after
the start of the earthquake around 22–00 IST, and they are associated with the strong scintillations (S4 =
0.9−1). We computed the average value for the lower bound of coherence scale by taking the average of five
minimum values of dI for earthquake day and for March–April 2005. These values are specifically computed to
get the lower bound of the coherence scale for earthquake day and quiet days of that season. The estimated
average lower bound ⟨dImin⟩ during 22–00 IST for quiet days of March–April 2005 is 112 ± 4 m, whereas for
earthquake day, 28 March 2005, it is 88±5 m. The average lower bound in the spatial scales on earthquake day
is well outside the regime of smaller coherence scale observed on quiet days of March–April 2005. In addition,
we also computed the mean coherence scale during 22–02 IST for quiet period and earthquake day and it
comes out to be ⟨dI⟩Q

(22−02) = 168 ± 25 and ⟨dI⟩EQ
(22−02) = 130 ± 26 m. The average coherence scale is found to

be smaller for earthquake day. If we take ±1𝜎 deviations in their distributions, which is equivalent to 68.5%
confidence interval, then their comparison suggests that the coherence scale for quiet and earthquake days
lies in the range of 143–193 and 104–156 m, respectively. A slight overlap occurs in the range of coherence
scales for these two distributions. So we can say that the observed lower coherence scales on earthquake day
are nearly 68% statistically significant.

If we compare these results with theoretical model computations by Bhattacharyya and Yeh (1988) and
Engavale and Bhattacharyya (2005), we understand that the (i) power spectrum for intermediate-scale ESF
irregularities and (ii) density perturbation in the F region both play an important role in controlling the
distribution of coherence scales in the ground scintillation pattern. The smaller coherence scales are pro-
duced through intermediate-scale ESF irregularities with shallower power spectrum m = 2 or m = 3.
Also, dI is inversely proportional to phase perturbations 𝜎𝜙, that is, higher phase perturbations support the
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Figure 8. This plot is reproduced using information from Engavale et al.
(2006). It shows plot of minimum deviation observed in zonal plasma drift
on 11 magnetically disturbed days that occurred during 1995–2001 as a
function of total Joule energy deposited in the high latitudes 4–18.5 hr
before the local midnight. The red star represents the deviation of
−66.6 m/s observed on the postearthquake day 27 December 2004. This
deviation in zonal plasma drift is attributed to the earthquake- and
tsunami-linked energy and momentum transferred to neutral atmosphere.

smaller spatial scales, when scintillations are strong. Thus, the smaller
coherence scales associated with strong scintillations observed on
earthquake day can be attributed to the presence of ESF irregularity
with shallower power spectrum and strong density perturbation. The
earthquake-linked electric field affects the structuring of EPBs and results
into relatively small-scale ESF irregularities.

4.2. Event 2: 26 December 2004
4.2.1. The Effect on Zonal Drift
On 26 December 2004, an earthquake occurred in the morning time at
6.48 IST. During this time no scintillations were encountered as usually by
05–06 local time electron density irregularities associated with ESF get
eroded due to increasing conductivities in the E regions connected to the
equatorial F region through geomagnetic field lines. However, we have
seen scintillations on 27 December in the early morning hours at 00–04
IST (IST = LTTIR + 0.3 hour). Figure 6 shows the time variation of S4, V0, Vc,
and CI(x0, tm) on 27 December 2004 (i.e., postearthquake night) with their
variations on quiet days of December solstice (November 2004, December
2004, and February 2005) in background (blue color). It can be seen that
zonal plasma drifts are relatively lower on 27 December 2004 as compared
to their monthly quiet time variation of V0. The signals from both receivers
are found to be well correlated, and maximum cross correlation CI(x0, tm)
is above 0.7. Also, random velocity VC has lower values. It suggests that
these ESF irregularities are not locally generated and drifted in from some
other location situated toward the west side of the observation station. As
the EPBs have drifted into the path of the signal, the perturbation electric

field associated with RT plasma instability is considerably eroded. Hence, the ESF irregularity drift speed is not
changing significantly due to the presence of such weak perturbation electric field associated with RT insta-
bility while drifting from west receiver to east receiver. In order to quantify the change in zonal plasma drift,
we estimated 6-min average for quiet days of December solstice and 27 December 2004, which is shown in
Figure 7a. The standard deviation in average V0 is in the range of 𝜎 = 7–25 m/s. The difference between
average zonal drifts on postearthquake night and quiet days of that season (ΔV = VEQ − ⟨VQ⟩) is plotted in
Figure 7b. The minimum deviation of −66.6 m/s at 0.9 IST hours is noticed. We plotted the standard deviation
in V0 observed on quiet days in Figure 7b to confirm the statistical significance of the observed deviation in
V0 on earthquake day. Here dotted and dash-dotted lines represent the −1𝜎 and −2𝜎 deviation in V0. It may
be noted that 2𝜎 corresponds to the 95% confidence interval and the observed minimum deviation in zonal
plasma drifts, that is, ΔVmin = −66.6 m/s is outside the 2𝜎 variation. Thus, the observed deviation is 95%
statistically significant. Now negative deviation in V0 at a given time implies that the zonal plasma drifts on
postearthquake night was considerably smaller as compared to their monthly quiet time zonal plasma drifts. A
notable feature is the effects on zonal plasma drifts that are seen nearly 18.5 hr after the time of arrival of main
shock at epicenter for this earthquake. This is attributed to the neutral wind modulation caused in the lower
and upper atmosphere due to the tsunami-linked energies. We find that the earthquake- and tsunami-linked
effects persist in the equatorial F region nearly 2,200 km away from the epicenter of the earthquake even after
18.5 hr.

Such decrease in F region zonal plasma drift is a common feature seen on magnetically disturbed days, and it
is attributed to the long-term and short-term disturbance dynamo (DD) effects operative during magnetically
disturbed days (Blanc & Richmond, 1980; Scherliess & Fejer, 1997). Earlier studies have demonstrated that
eastward zonal plasma drifts are not only diminished but sometimes reverse to westward (Fejer & Scherliess,
1997; Kakad et al., 2016; Ma & Maruyama, 2006). This DD is set up through enhanced heating of neutrals at
high latitudes due to increased conductivities and currents, referred to as Joule heating. It activates neutral
wind propagation from high to low latitudes. The mechanisms for short-term and long-term DD effects are
obviously different. For the short-term effects the neutral wind disturbances do not have to reach the equator
to alter equatorial electric field. The electric field and currents set up by the disturbance wind away from the
equator, alter the equatorial electric field through current continuity (Fuller-Rowell et al., 2002). That is why
short-term effects show up within a few hours. Compositional changes that cause the long-term effects need
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Figure 9. (a) Plot of CI(x0, tm) as a function of x0Vc∕(V2
0 + V2

c )
1∕2 for quiet days of December solstice of 2004 (cyan color)

and 27 December 2004, postearthquake day (red color). This plot represents variation of spatial correlation function
CI(x) as a function of x. (b) Coherence scale dI as a function of IST for quiet days of December 2004 and postearthquake
day. The coherence scales on quiet and postearthquake days are in the same range of 120–170 m during 00–04 IST. The
average lower bound of coherence scale ⟨dImin⟩ during 01-03 IST for quiet days and earthquake day are mentioned in
lower panel. NDF represents November 2004, December 2004 and February 2005. IST = Indian standard time.

to reach the equator and hence take much longer time. During its propagation the neutral wind experiences
westward deflection due to Coriolis force in the middle to low latitudes in the Northern Hemisphere (Abdu,
2012), finally resulting in a westward plasma drift at low latitudes. The observed lower zonal drifts in the hours
following an earthquake that triggered a tsunami is connected to the neutral wind modulation caused by
earthquake- and tsunami-linked energy/momentum getting transferred to F region plasma through neutrals.

To get an idea about the energy required to produce a deviation of 66.6 m/s in zonal plasma drift, if it were
caused by Joule heating during a magnetically disturbed period, we took information from our earlier work
(Engavale et al., 2006). In this work, we have compared minimum deviation in ΔV on magnetically disturbed
day and compared it with Joule energy deposited at high latitudes. The power associated with Joule heating
is computed using the following equation (Akasofu, 1981):

PJoule,Akasofu = 2 × AE × 108W (2)

Here AE is a high-latitude auroral electrojet index having sampling time of 1 min. The minimum deviation in
zonal plasma drifts was mostly seen around local midnight, that is, Tm=00 LT hours. Different start time T1 and
end time T2 = Tm − 𝜏 (here 𝜏 = 0, 2, ...15 and T1 = 3, 9, ..27 hr) were taken, and Joule energy is computed by
integrating Joule power given by equation (2). The correlation between Joule energy and ΔVmin is compared
for different time lags for 11 magnetically disturbed days occurring during 1995–2001. In that study we found
that the minimum deviation in F region zonal drifts shows the minimum error in the least squares linear fit
with the Joule energies deposited at high latitudes 4–18.5 hr before the local midnight (i.e., T1 =24 and 𝜏 =4;
see Figure 4 of Engavale et al., 2006). This particular combination of T1 = 24 and 𝜏 = 4 results into highest
correlation of r =0.8 between ΔVmin and Joule energy. These time lags are in general agreement with Fejer
et al. (2005), which suggests that the F region zonal disturbance drifts over Jicamarca can be largely accounted
for DD electric fields with dominant time delay of about 3–15 hr. We utilized this information from Engavale
et al. (2006) and plottedΔVmin as a function of Joule energy deposited 4–18.5 hr earlier in Figure 8. To produce
maximum deviation of −66.6 m/s in F region plasma drifts on magnetically disturbed day, one requires Joule
energy of 1.1 × 1016 J, which is marked with a red star in Figure 8. Thus, to see the maximum deviation of
−66.6 m/s in F region zonal plasma drifts, which is observed nearly 18.5 hr after the initiation of an earthquake
on 26 December 2004 that triggered a tsunami, on magnetically disturbed day energy of 1.1 × 1016 J would
have to be deposited at high latitudes during 4–18 hr of magnetic activity prior to the time of observed effect.
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It may be noted that the energy transfer processes involved in (i) energy transfer from high-latitude to
low-latitude ionosphere through modulated neutral winds due to enhanced Joule heating at high lati-
tudes on geomagnetically disturbed days and (ii) energy and momentum transferred to ionosphere from
surface of Earth over earthquake preparation zone during and postearthquake/tsunami periods are dif-
ferent. These processes involve different spatial scales and time durations. The first scenario is commonly
observed in the F region on disturbed days, whereas the second scenario is not so common and it is obser-
vationally limited due to occurrence frequency of major earthquakes. On 26 December 2004, the effect of
earthquake/tsunami-linked energy and momentum transferred to the ionosphere is clearly evident in the
F region zonal plasma drift, and it persists even 18.5 hr after the earthquake. Although these two processes
are driven by different source mechanisms, both result in decrease in F region zonal plasma drifts by altering
the ambient neutral winds. By comparing these two scenarios, we are not claiming that the source processes
responsible for the observed deviation in F region zonal plasma drifts are same.
4.2.2. Spatial Scales of ESF Irregularities
We examined the coherence scale dI associated with drift in EPBs observed in the postearthquake period, that
is, on 27 December 2004 around 00–04 IST. Computation of coherence scale is elaborated in section 4.1.2.
Figure 9a shows the CI(x0, tm) as a function of x0Vc∕(V2

0 +V2
c )

1∕2 for quiet days of that season and for 27 Decem-
ber 2004. It represent the spatial correlation function CI(x), whereas Figure 9b gives variation of coherence
scale dI as a function of IST for quiet days of December solstice 2004 and for 27 December 2004. It is noticed
that on 27 December 2004 the distribution of coherence scale is the same as that on other quiet days of
the corresponding season. The spatial scales are varying in the range of 120–170 m for both 27 December
2004 and other quiet days of that season during 00–04 IST. We do not find any considerable difference in the
structuring of the drift in EPBs on 27 December 2004.

5. Discussion

The source for preseismic ionospheric perturbation reported here for event 1 is not localized at the epicenter;
in fact we have observed the earthquake-linked effects at approximately 2,200 km away from the epicen-
ter. The earthquake-linked effects can be seen anywhere within the region of earthquake preparation zone,
which has epicenter as its center. The area of the preparation zone varies with the magnitude of the earth-
quake, and it is calculated from the relation R = 100.43M, where R is the radius of earthquake preparation
zone (in kms) and M is the earthquake magnitude (Dobrovolsky et al., 1979). For the first earthquake studied
here, that is, 28 March 2005, the dimension of preparatory zone comes out to be 4,988 km. There are other
studies that report the earthquake-linked signatures sufficiently far away from the epicenter. The Tohoku-Oki,
Japan, earthquake (Mw = 9.1, epicenter: 38.32∘N, 142.36∘E), which occurred on 11 March 2011, triggered
a tsunami, and the effect of this earthquake on vertical total electron content (VTEC) distribution was seen
over a wider latitudinal (22∘–45∘N) and longitudinal belt (128∘–150∘E; ; Galvan et al., 2012). The VTEC in the
region of 7∘–16∘ (8∘–14∘) away from the epicenter in the latitudinal (longitudinal) direction was found to
be influenced by earthquake activity, which covers nearly 1,800 km. Priyadarshi et al. (2011) have reported
the anomalous increase and decrease in ionospheric total electron content few days prior to the earthquakes
(Mw > 5.0) occurring within 2,000 km from the observation station. Recently, Chum et al. (2016) have reported
the ionospheric signatures far outside the epicentral region (≈ 3,700–6,300 km from the epicenter) for the
Nepal earthquake, which occurred on 25 April 2015. It is attributed to the ionospheric disturbances caused by
long-period (20 s) infrasound waves that were excited by vertical displacement of ground, and they propagate
vertically toward the ionosphere.

Here we find that the enhanced zonal plasma drift seen 20 min prior to the earthquake on 28 March 2005
indicates the presence of additional vertically downward electric field of magnitude 3 mV/m. Theoretical com-
putation by Kim et al. (1994; 2012) indicates that the efficiency of the penetration of vertical electric field is
larger during night due to lower ambient electrical conductivity as compared to day, and it strongly depends
on the spatial extent and strength of the localized vertical electric field close to epicenter. In their theoretical
calculations they have taken the upper boundary to be 90 and 170 km and assumed a Gaussian distribu-
tion for the electric field source on the ground. Their theoretical calculations indicate the presence of vertical
electric fields of magnitude 0.3–0.7 mV/m at ionospheric altitudes for a large-scale (>100 km) seismic origin
vertical electric field of magnitude 1,000 V/m on the ground. Although these theoretical estimates are given
for midlatitudes and high latitudes, it demonstrates the penetration of seismic origin vertical electrostatic
field to ionospheric altitudes, which is efficient during nighttime. For event 2 the deviation in zonal plasma
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drifts is observed even after 18.5 hours. It is an evidence that the energy and momentum transferred to the
F region through neutral wind modulation resulting from the acoustic waves generated during and after the
earthquake/tsunami persist for longer time. During an earthquake, atmospheric pressure waves are gener-
ated due to a sudden impulsive forcing from the ground and they propagate upward into the atmosphere
and ionosphere (generally in the form of gravity wave), which can result in decrease in the ambient plasma
density at ionospheric altitudes (Astafyeva et al., 2013). Few studies have reported that the electron density
in the ionosphere is perturbed by the atmospheric waves generated during an earthquake (Davies & Baker,
1965; Pulinets & Davidenko, 2014; Pulinets & Ouzounov, 2011).

6. Summary and Conclusions

It is important to identify and report the preseismic, coseismic, and postseismic signatures manifested in dif-
ferent observations in the near-Earth environment to improve our understanding of different mechanisms
linked with earthquakes and their energy coupling to the lower and upper atmosphere. In the present study,
we are reporting the equatorial ionospheric F region observations at dip equatorial station Tirunelveli in
Indian longitude during two major earthquakes that occurred on 28 March 2005 (Mw = 8.6) and 26 December
2004 (Mw = 9.1). Both earthquakes had epicenter near Sumatra, Indonesia. We have used amplitude scin-
tillation observations on a 251-MHz signal transmitted by geostationary satellite and recorded at Tirunelveli
by two spaced receivers aligned in magnetic east-west direction. This observation station is radially nearly
2,200 km away from the epicenter of these two earthquakes. On 28 March 2005, we noticed large enhance-
ment (≈ 88.5 m/s) in the F region zonal plasma drifts as compared to their seasonal quiet time average of
drifts 20 min prior to the start of the earthquake. This is an unusual observation because so far, even in
the long-term scintillation observations recorded at Tirunelveli, we have not observed such enhancement in
zonal plasma drift on a magnetically quiet or disturbed day (Engavale et al., 2006; Kakad et al., 2016; 2017). It
implies the presence of additional vertically downward electric field of approximately 3 mV/m, which is linked
with the earthquake. The scales of electron density irregularities of intermediate size (100 m to few kilome-
ters) associated with ESF is found to be smaller as compared to their quiet time estimates. It implies that the
earthquake-linked electric fields influenced the structuring and evolution of ESF irregularities as well. For the
other earthquake (26 December 2004) the main shock arrived at around 6.48 IST and it triggered the tsunami.
We have noticed that the tsunami-linked effects in the F region plasma drifts are distinctly manifested even
18.5 hr after the earthquake. The overall deviation in zonal plasma drift was found to be ≈ −66.6 m/s.

The effects on zonal plasma drifts for both earthquakes discussed in the present study are very distinct, and
the mechanisms responsible for these two effects are entirely different. The effects observed on 28 March
2005 are linked with seismic origin electric fields, whereas the effects observed on 26 December 2004 are
associated with neutral wind disturbances triggered due to extensive energies/momentum (mainly in the
form of mechanical waves) transferred from the ground to neutral atmosphere during postearthquake and
tsunami. The work carried out in the present study reports the important observational features of ionospheric
F region that are crucial for better understanding of lithosphere-ionosphere coupling during earthquakes.
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