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Abstract We have analyzed five major earthquake events measuring greater than 6 on Richter scale
(M > 6) that occurred during the year 2015 to early 2016, affecting Indian region ionosphere, using F2
layer critical parameters (foF2, hmF2) obtained using Digisonde from a low-mid latitude Indian station,
Delhi (28.6°N, 77.2°E, 19.2°N geomagnetic latitude, 42.4°N dip). Normal day-to-day variability occurring in
ionosphere is segregated by calculating F2 layer critical frequency and peak height variations (ΔfoF2,
ΔhmF2) from the normal quiet time behavior apart from computing interquartile range. We find that the
ionospheric F2 region across Delhi by and large shows some significant perturbations 3–4 days prior to
these earthquake events, resulting in a large peak electron density variation of ~200%. These observed
perturbations indicate towards a possibility of seismo-ionospheric coupling as the solar and geomagnetic
indices were normally quiet and stable during the period of these events. It was also observed that the
precursory effect of earthquake was predominantly seen even outside the earthquake preparation zone, as
given by Dobrovolsky et al. (1979). The thermosphere neutral composition (O/N2) as observed by Global
Ultraviolet Imager, across Delhi, during these earthquake events does not show any marked variation.
Further, the effect of earthquake events on ionospheric peak electron density is compared to the lower
atmosphere meteorological phenomenon of 2015 sudden stratospheric warming event.

1. Introduction

Earthquake prediction remains one of the unanswered scientific challenges till date. Many precursors to
earthquakes have been reported from time to time; however, the search for a reliable precursor is still
need of the hour. Ionospheric anomaly as one of the earthquake precursors was first reported by
Antselevich [1971]. Many lithosphere-atmosphere-ionosphere coupling mechanisms have been formulated
since then, which include radon radioactivity and leakage of CH4, CO2, He, and H2 carrier gases [Pulinets
et al., 2000, 2002; Pulinets, 2004; Pulinets and Ouzounov, 2011] which ionize the near-ground atmosphere
[Sorokin and Hayakawa, 2013], generating an anomalous vertical electric field [Tsolis and Xenos, 2010;
Singh et al., 2012; Pundhir et al., 2015] which perturbs the ionosphere [Pulinets and Davidenko, 2014].
Other mechanisms include generation of acoustic pressure waves [Yuen et al., 1969; Astafyeva et al.,
2013], release of positive holes [Freund, 2013], and underground emission of aerosols [Pulinets et al.,
2000] emitting electromagnetic radiation, which can change the ionospheric electron
density distribution.

However, not only the ionosphere above the epicenter but also its magnetically conjugated region [Ruzhin
et al., 1998; Pulinets et al., 2003, 2007] and the radius around the epicenter called the earthquake preparation
zone [Dobrovolsky et al., 1979] get affected. The extent and intensity of these preearthquake ionospheric
anomalies (PEIAs) depend upon the magnitude of the earthquake event, its depth, location, and distance
between its epicenter and ionosphere monitoring station [Larkina et al., 1989; Pulinets, 2004; Liu et al.,
2006; Le et al., 2011].

PEIAs in the form of changes in total electron content (TEC) and anomalies in F2, E, Es layer ionospheric
parameters have so far been reported for various earthquake events. Ouzounov et al. [2015] investigated
(Global Ionosphere Maps) GIM-GPS/TEC maps for M7.8 and M7.3 April 2015 devastating Nepal earthquakes
to indicate close correlation between ionospheric anomalies and these events. Pundhir et al. [2015] studied
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the April 2013M7.8 Pakistan earthquake to show GPS TEC data anomaly at Agra, 5–7 days prior to it. Shah and
Jin [2015], by examining global M ≥ 5 earthquake events during 1998–2014 using TEC from GIMs, showed
that ionospheric anomaly occurs for events having M ≥ 6 and focal depth less than 60 km. Detection of
Electromagnetic Emissions Transmitted from Earthquake Regions data were analyzed by Liu et al. [2015] to
show nighttime electron and ion density depression and daytime ion temperature enhancement 1–6 days
prior, over the epicenter of May 2008 M8 Wenchuan earthquake. Japanese GPS TEC data detected positive
anomaly around the epicenter starting ~40 min prior to the 11 March 2011 M9 Tohoku-Oki earthquake
[Heki, 2011]. The 6 April 2009 M6.3 L’Aquila earthquake in Italy [Tsolis and Xenos, 2010], which was preceded
by many preseismic shocks, anomaly occurred 22 days prior to the event using cross-correlation method
[Pulinets, 2004] and empirical mode decomposition to remove geophysical noise from foF2 signals. Liu et al.
[2001] showed that equatorial anomaly crest moved equatorward before the 20 September 1999 M7.7
Chi-Chi earthquake in Taiwan. Also, GPS-TEC data from a network of GPS receivers in Taiwan and foF2 data
from Chung-Li ionosonde showed anomaly 1, 3, and 4 days prior to the event.

The nature and lead time occurrence of the ionospheric anomaly varies with the event [Korsunova and
Hegai, 2015], ranging from a few hours to days. Ionosphere is not constant, apart from vital solar cycle
(11 years) and seasonal (27 days) variations, and it shows normal day-to-day and hour-to-hour variability.
To study PEIAs, responsible phenomena which can affect ionosphere need to be segregated. One such
important meteorological phenomenon which is known to affect the ionosphere is the sudden strato-
spheric warming (SSW).

During Arctic winters, a sudden rise in the stratospheric temperature at polar latitudes is termed as SSW. The
influence of SSW on ionosphere is profoundly discussed during the last decade. A major SSW event is char-
acterized by an amplification of planetary waves, reversal in westerlies along with the breakdown of polar
vortex. While duringminor SSW event, zonal winds and polar vortex slow downwithout reversing or breaking
down, respectively [Matsuno, 1971; Schoeberl, 1978; Scherhag, 1952]. During SSW, ionospheric F2 region has
also been observed to vary in terms of anomalous semidiurnal signature in vertical plasma drift, total electron
content (TEC), perturbations in electric fields, electron and neutral densities, electron and ion temperature,
foF2, NmF2, and hmF2. This variability can be attributed to perturbations originated in lower atmosphere
[Stening, 1977; Stening et al., 1996; Liu et al., 2013] and its coupling with ionosphere through nonlinear inter-
action between quasi-stationary planetary waves and migrating tides [Matsuno, 1971; Chau et al., 2009;
Sridharan et al., 2009; Fejer et al., 2010; Goncharenko et al., 2010; Liu et al., 2010, 2013; Yue et al., 2010;
Sripathi and Bhattacharyya, 2012; Upadhayaya and Mahajan, 2013], modulating E region dynamo and trans-
ferring energy and momentum to the ionosphere. While studying ionospheric variability due to phenomena
originated from below, it becomes important to quantify the contribution introduced due to both SSW
and earthquakes.

It is to be noted that most of these earthquake case studies discussed above report anomalous iono-
spheric variation in terms of perturbations in TEC, within a week to 15 days prior to the earthquakes
with M > 6, at different longitudes. According to the model results by Pulinets et al. [2000], an anoma-
lous electric field penetrates the ionosphere prior to an earthquake if the size of the zone where seismo-
genic field is present is no less than 200 km, which corresponds to M = 4.65. Since it is a minimal
estimate, M ~ 5 is considered quite reasonable threshold to observe preearthquake ionospheric anomaly.
Other researchers like Heki [2011], Le et al. [2011], and Astafyeva et al. [2013] also showed that earth-
quakes with larger magnitude generate ionospheric perturbations of larger amplitude. In this study,
we attempt to examine the earthquake events affecting low-mid latitude Indian station, Delhi, during
the year 2015 to early 2016. In order to observe substantial ionospheric preearthquake perturbations, lar-
ger magnitude earthquakes were supposed to be considered. In view of the above reported results and
for the sake of analysis, we have restricted our study to looking for earthquakes with magnitude greater
than 6. The study is carried out to examine (1) whether these earthquake events affected the iono-
spheric F2 region over the low-mid latitude Indian station, Delhi, (2) whether the effect of earthquake
is seen within the radius of earthquake preparation zone, as given by Dobrovolsky et al. [1979], (3) the
magnitude of variability seen in electron density because of these earthquake events, and (4) to com-
pare the magnitude of peak electron density variation seen during these earthquake events to that
observed during SSW event of 2015.
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2. Methodology

In our study, to examine the ionospheric response to earthquakes, we have used manually scaled data of F2
layer critical frequency (foF2) and F2 layer peak height (hmF2) from low-mid latitude Indian station, Delhi
(28.6°N, 77.2°E, 19.2°N geomagnetic latitude, 42.4°N dip). These data are obtained by using Digisonde
System (Lowell Digisonde International, Lowell, USA) installed at Council of Scientific and Industrial
Research-National Physical Laboratory (CSIR-NPL), Delhi. The regular vertical sounding is carried out every
5 min round the clock, for a frequency range of 0.5–30 MHz and start, stop, and step size selectable to
1 kHz. The data are manually scaled using SAO-X software, to obtain foF2 and hmF2 values. To segregate anom-
alous ionospheric variability from its day-to-day variability, we have calculated the difference of F2 layer critical
frequency and peak height from that of normal quiet time behavior, to obtain deviation in these parameters
(ΔfoF2, ΔhmF2). The normal quiet time behavior of ionosphere is characterized by averaging 10 quiet days of
that particular month, taken from the website http://www.ga.gov.au/oracle/geomag/iqd_form.jsp. The entire
analysis is shown in Universal Time (UT). Further, we have also calculated Interquartile Range (IQR), as
adopted by other researchers [e.g., Liu et al., 2004; Sharma et al., 2008], to remove the effect of day-to-day
variability. The interquartile upper and lower bounds are calculated at 80–85% confidence level using

IQRUB ¼ MMþ 1:34σ (1)

IQRLB ¼ MM� 1:34σ (2)

where MM denotes the monthly median of characteristic ionospheric parameters at every UT and σ is their
standard deviation. The deviation from this IQR range is represented as % Enhancement and %
Depression, calculated using

%Enhancement ¼ F2 layer critical parameter� IQRUB
IQRUB

� �
�100 (3)

%Depression ¼ IQRLB � F2 layer critical parameter
IQRLB

� �
�100 (4)

where F2 layer critical parameter represents foF2 and hmF2. The neutral composition (O/N2), obtained from the
Global Ultraviolet Imager (GUVI) instrument [Christensen et al., 2003] on Thermosphere-Ionosphere-
Mesosphere Energetics and Dynamics (TIMED) satellite, is used to look in for thermospheric dynamics during
these earthquake events and is downloaded from the website http://guvitimed.jhuapl.edu/. To examine the
background space weather conditions, indices like daily averaged interplanetary magnetic field’s Z compo-
nent (BZ), global geomagnetic storm index (Kp), solar wind speed (VSW), solar radio F10.7 flux and hourly dis-
turbance storm time index (Dst) have been taken from NASA/Goddard website http://omniweb.gsfc.nasa.
gov/form/dx1.html.

3. Observations and Analysis

We have examined ionospheric response to the following five earthquake events with magnitude greater
than 6 on Richter scale, affecting low-mid latitude Indian station, Delhi, during the year 2015 to early 2016:
(1) 7 December 2015, (2) 26 October 2015, (3) 12 May 2015, (4) 25 and 26 April 2015, and (5) 3
January 2016.

The important characteristics of these earthquakes are listed in Table 1. In the following section, we briefly
describe each of these earthquake events.

3.1. Earthquake Event of 7 December 2015

This earthquake event of magnitude 7.0 occurred on 7 December 2015 at 0750 UT, with epicenter in
Tajikistan. It can be noticed from Table 1 that for this earthquake, the distance of the observing station,
Delhi (~1105 km), was outside the radius of earthquake preparation zone (~1023 km).

The background space weather conditions along with ionospheric F2 region variations during this event is
depicted in Figures 1a–1d. The interplanetary magnetic field’s Z component (BZ) in nanotesla and solar wind
speed (VSW) in km/s marked in blue are shown in Figure 1a, while global geomagnetic storm index (Kp) and
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Table 1. Details of Earthquake Events Affecting Low-Mid Latitude Indian Station, Delhi, During the Year 2015 to Early 2016

Location
Radius of Earthquake
Preparation Zone (km)

Serial No. Date Time (UT) Magnitude (M) Epicenter Latitude (°N) Longitude (°E)
ρ = 100.43M

Dobrovolsky et al. [1979]
Distance From

Delhi (km)

1. 7 Dec 2015 07:50:02 7.0 Tajikistan 38.1 72.9 1023.3 ~1105a

2. 26 Oct 2015 09:09:31 7.5 Hindu Kush,
Afghanistan

36.5 70.8 1678.8 ~1005

3. 12 May 2015 07:05:19 7.3 Nepal 27.7 86.0 1380.4 ~875
4. 25 and 26

April 2015
06:11:25
07:09:08

7.9
6.9

Nepal 28.1
27.6

84.6
85.9

2187.7
933.3

~702–857

5. 3 Jan 2016 23:05:16 6.7 Tamenglong,
Manipur

24.8 93.5 760.3 ~1670.6a

aObserving station lies outside the earthquake preparation zone as given by Dobrovolsky et al. [1979].

Figure 1. Plots of solar, geomagnetic, and ionospheric parameters from 22 November to 22 December 2015, 15 days
before and after the earthquake event of 7 December 2015, showing (a) daily interplanetary magnetic field’s Z compo-
nent (BZ) in nanotesla and solar wind speed (VSW) in km/s in blue; (b) daily global geomagnetic storm index (Kp) and solar
F10.7 flux in sfu (solar flux unit, 1 sfu = 10�22 W/m2/Hz) given in blue; (c) variation in F2 layer critical frequency (foF2) in
MHz at low-mid latitude Indian station, Delhi, observed every 5 min; and (d) deviation (ΔfoF2) in MHz obtained by
subtracting foF2 values from the median of 10 quiet days.
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F10.7 flux in sfu (solar flux unit, 1 SFU = 10�22 W/m2/Hz) marked in blue are shown in Figure 1b, during 22
November to 22 December 2015 (15 days before and after the earthquake event marked by red line). The
solar and geomagnetic conditions in Figures 1a and 1b are quiet and stable prior to the earthquake; however,
BZ reached �10.3 nT and Kp was 5.7 on 20 December 2015 due to the strong geomagnetic storm with Dst
�155 nT, 13 days after the earthquake event. Apart from this disturbance, which could induce delayed iono-
spheric perturbations [Upadhayaya et al., 2016], the quiet and stable space weather conditions thus present
an ideal scenario to look into the anomalous ionospheric variation, if any, imparted because of this earth-
quake event.

To examine the ionospheric response of this earthquake event, we present in Figure 1c the F2 layer critical
frequency (foF2) for 1 month, ±15 days before and after the ocurrence of the earthquake event, i.e., during
22 November to 22 December 2015, as a function of time (UT). It can be noticed that enhanced foF2 values
are seen around 03 to 05 UT followed by more pronounced foF2 values (~14 MHz) lasting for nearly 3 h at
around 09 to 12 UT on 3 December 2015 (marked by circle), 4 days prior the earthquake. This enhanced
foF2 variation, to contemplate as anomalous, requires the ionospheric day-to-day variability to be removed
from the observed foF2 values. In view of this, in Figure 1d, we present the plot of deviation of F2 layer critical
frequency (ΔfoF2) from quiet time ionospheric behavior during this period. It can be seen from this figure that
a prominent enhancement, as large as ~6MHz, is noticed on 3 December between 09 to 12 UT and 04 UT. The
maximum foF2 variation during this period was ~14 MHz as was seen in Figure 1c. This ~6 MHz increase in
ΔfoF2 corresponds to ~207% increase in the peak electron density at these times. It can also be seen that
enhancements not as prominent as on 3 December are also observed on 30 November, 5, 7, and 11
December. Instances of depressions are seen on the earthquake day, and before and after the earthquake
event, reaching ~3 MHz on 29 November 2015 around 12 UT, accounting to ~66% decrease in electron den-
sity. It is to be pointed out that there were lesser magnitude earthquakes on 6, 13, 15, and 18 December 2015,
but with epicenters closer to the observing station Delhi. Since the background space weather conditions as
shown in Figures 1a and 1b were quiet during these periods of foF2 variations, they could be due to these
lesser magnitude impending earthquakes. It is to be observed that prominent variations in foF2 are observed
a week prior to the earthquake event of 7 December 2015. The enhancements around 21 and 22 December
2015 in Figures 1c and 1d can be attributed to the geomagnetic storm on 20 December 2015 as can be seen
from Figures 1a and 1b.

To better identify, visualize, and for keeping analogy with other reports, in Figures 2a–2c, we present (a)
hourly Dst variation during 1–7 December 2015 (a week prior to the earthquake), (b) ΔfoF2 variation during
1–7 December 2015, and (c) percentage variation in foF2 from the interquartile upper and lower bounds, a
week before and after the earthquake event, using equations (1)–(4). It can be seen that the minimum Dst
index was �40 nT at 13 UT on 6 December, indicating quiet geomagnetic condition during this period. It
can be clearly seen from the ΔfoF2 plot in Figure 2b that the prominent enhancement of 6.1 MHz took place
on 3 December (1100 UT) and also observed in Figure 1d. The earthquake occurred on 7 December 2015 at
0750 UT and is shown in black line. This enhanced ionospheric F2 layer behavior indicates toward a precur-
sory signal to the earthquake which appeared at ionospheric height 4 days prior, resulting in a corresponding
increase in electron density as high as ~207%. A little variation of 2.8 MHz as compared to 3 December was
also observed on 5 December as was also depicted in Figure 1d. It can be seen from Figure 2c that a large
enhancement of ~35% is observed on 3 December, 4 days prior to this earthquake event. A depression of
~29% can also be noticed a day prior to the earthquake (i.e., on 6 December). Further, instances of enhance-
ments (maximum of ~22%) and depressions (maximum of ~18%) were also observed after the earthquake
event (i.e., on 8 December).

It is to be pointed out here that the changes in critical frequency (ΔfoF2) in Figures 1d and 2b, whereas per-
centage variation in foF2 in Figure 2c, both correspond to maxima at different times. This is because they fol-
low different procedures, i.e., the former shows deviation from quiet days’ median, while latter is the
deviation from upper and lower interquartile bounds. In Figures 2a–2f, we show (d) variation in Dst index
parameter and (e) variation in F2 layer peak height (ΔhmF2) from quiet timemedian, along with (f) percentage
deviation in hmF2 from the interquartile range. Dst index is plotted in both left and right panels for better
visualization and comparison. It is seen that at times when there was a maximum enhancement in ΔfoF2
(on 3 December), when precursor is seen, no prominent variation (±50 km) in ΔhmF2 was noticed.
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However, enhancements of the order ~110 km were observed on a few occasions (e.g., nighttime of 1, 5, and
7 December) which were not followed by significant variations in ΔfoF2. Perturbations in ΔhmF2 are seen on 5
December, 2 days prior to the earthquake event, with ΔhmF2 showing the maximum depression of ~87% and
themaximum enhancement of ~103%. This is also seen in Figure 2f where a prominent enhancement (~19%)
and depression (~16%) in hmF2 were seen on 5 December before the earthquake. Similar magnitude
variations in hmF2 are seen after the earthquake period as well. It is to be noted that the variations in foF2
(Figure 2c) are higher as compared to variations in hmF2 (Figure 2f).

A comparison of foF2 values observed every 5 min, with 10 quiet days’median in green, along with the inter-
quartile upper and lower bounds in blue and red, respectively, is shown in Figure 3 for a week prior to the

Figure 2. Plots of (a) hourly variation of disturbance storm time index (Dst) in nanotesla from 1 to 7 December 2015;
(b) deviation in F2 layer critical frequency (ΔfoF2) from its quiet day median in megahertz from 1 to 7 December 2015; and
(c) percentage enhancement (blue) and depression (red) in foF2 from interquartile upper and lower bounds, respectively,
from 1 to 13 December 2015, i.e., a week prior and after the earthquake event on 7 December 2015, represented by a
black vertical line. Similarly, plots of (d) hourly variation of disturbance storm time index (Dst) in nanotesla from 1 to 7
December 2015; (e) deviation in F2 layer peak height (ΔhmF2) from its quiet day median in kilometer, from 1 to 7 December
2015; and (f) percentage enhancement (blue) and depression (red) in hmF2 from interquartile upper and lower bounds,
respectively, from 1 to 13 December 2015.
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earthquake event from 1 to 7
December 2015. It can be seen that
the foF2 values remained well within
the bounds, except on 3 December,
where large enhancements (~14 MHz)
can clearly be seen 4 days prior to
the earthquake event of 7 December,
as also shown in previous plots.
Minuscule variation in foF2 from
quiet day median, upper, and lower
bounds can also be noticed on 5
December for a few hours.

3.2. Earthquake Event of 26 October 2015

This earthquake event of magnitude 7.5 on Richter scale jolted Afghanistan on 26 October 2015 at 0909 UT.
The distance of ionospheric observing station, Delhi, from the epicenter (~1005 km) was well within the
radius of earthquake preparation zone (~1679 km), as can be seen from Table 1 along with its other details.

The space weather conditions during this earthquake event is presented in Figures 4a and 4b, during 11
October to 10 November 2015 (15 days before and after the earthquake). It can be seen from these plots that
the solar and geomagnetic indices were quiet and stable, with BZ ≥ �2.4 nT, solar wind velocity
VSW < 540 km/s, Kp below 4, and F10.7 flux varies from 85 to 127 sfu. However, there was an increase in
VSW and Kp from 3 November 2015, 8 days after the earthquake. It is to be pointed that there was a geomag-
netic storm with Dst �96 nT on 7 November 2015. Quite similar to the 7 December 2015 earthquake event,
the space weather background conditions for the rest of the period are quiet, providing ideal scenario to
investigate changes imparted in F2 layer critical frequency (foF2), if any, due to this earthquake event.

It can be seen from Figure 4c that enhanced foF2 values (~13 MHz) are seen around 09 to 12 UT on 23
October, nearly 3 days before the earthquake event. The enhancements can be better visualized in
Figure 4d where we present plot of deviation in F2 layer critical frequency from the quiet time behavior
(ΔfoF2). It shows a prominent enhancement (~3 MHz) around 14 UT on 21 October, followed by a more
pronounced enhancement (~3.5 MHz) located around ~12 UT on 23 October (marked by circle). The elec-
tron density increased by ~137% on 21 October while there was an anomalous ~97% increase in electron
density on 23 October, 3 days prior to the earthquake at ionospheric monitoring station Delhi. This max-
imum electron density enhancement on 21 October does not correspond to maximum ΔfoF2 on 23
October as the quiet day value, from which ΔfoF2 is calculated, is higher for the latter. This reduces the
calculated electron density variation on 23 October. Other enhancements in foF2 of lesser intensity were
also observed on 17 and 26 October and 2 and 5–9 November 2015. Apart from this, instances of depres-
sions as observed in 7 December earthquake event can also be seen on earthquake day and 11–15
October around 05, 10, and 14 UT. The maximum depression (~3 MHz) corresponds to a ~ 56% decrease
in electron density. It is to be noted here that there were lesser magnitude earthquakes on 19, 23, 24, 27,
29, and 31 October and 13 November 2015 but with epicenters closer to the observing station. These
anomalous enhancements and depressions, before and after the earthquake event, corresponding to
quiet background conditions, can be attributed to these lesser magntiude earthquakes. However, the
enhancements from 5 to 9 November could be due to the geomagnetic storm of 7 November 2015 as
shown in Figures 4a and 4b.

Similar to Figure 2, Figure 5a shows Dst variation during 20–26 October 2015 (a week prior to the earth-
quake). A minimum value of �14 nT on 21 October was observed during this period, which indicates
toward quiet geomagnetic conditions. The day-to-day variation plot of ΔfoF2 during 20 to 26 October
2015 in Figure 5b depicts the enhanced variations of 2.9 and 3.4 MHz on 21 October (around 14 UT)
and on 23 October (around 12 UT), respectively, as also seen in Figure 4d. In Figure 5c we present the
percentage increase and decrease from the interquartile upper and lower bounds, a week before and
after the earthquake, as done for 7 December 2015 case. It is seen from this plot that a percentage

Figure 3. Plot of variation of F2 layer critical frequency (foF2) at low-mid
latitude Indian station, Delhi, observed every 5 min, along with its median
(green) of 10 quiet days, upper (blue) and lower (red) interquartile bounds, in
megahertz from 1 to 7 December 2015.
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increase of ~20% and ~17% from interquartile upper bound can be seen 5 and 3 days before this
earthquake event, respectively. However, similar magnitude variation is also seen on 28 October (two
days after the event). It can be seen from (e) that the deviation from quiet time behavior of F2 layer
peak height (ΔhmF2) from 20 to 26 October, varies within ±50 km. However, maximum increase in
ΔfoF2 on 23 October (Figure 5b) results in a negative response in ΔhmF2 (Figure 5e). That is, hmF2
decreased by ~66 km on 23 October. This is contrary to 7 December 2015 earthquake case where no
prominent variation in ΔhmF2 was seen on its earthquake precursor day. As in Figure 5c for foF2,
percentage enhancements and depressions in hmF2 from interquartile bounds are shown in Figure 5f, a
week before and after the earthquake event on 26 October. More instances of enhancements are seen
before the event and vice-versa after the event; however, the magnitude of variations is less as
compared to foF2 variations.

3.3. Earthquake Event of 12 May 2015

Epicenter of this major earthquake event of magnitude 7.3 was in Nepal, with a distance of ~875 km from
the ionospheric monitoring station Delhi. The space weather indices are shown in Figures 6a and 6b, from
27 April to 27 May 2015 (15 days before and after the earthquake on 12 May 2015). BZ showed a little
variation of 6.9 nT on 7 May and remained greater than �3.8 nT. The solar wind velocity was at its
low with maximum value reaching ~663 km/s on 14 May, 2 days after the earthquake. Kp index

Figure 4. Same as Figure 1 but from 11 October to 10 November 2015 for the earthquake event of 26 October 2015.
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increased to 5 on 14 May and to 3.3 on 6 May; however, both instances were not followed by any storm,
as can be seen from Figures 7a and 7d, with normal value of Dst index. It is to be pointed that there was
an X2.7 flare on 5 May 2015 at 22 UT. F10.7 solar flux showed an increase from 2 to 19 May, increasing to
maximum ~166 sfu around earthquake event. Apart from this, the space weather conditions were
normally low.

It can be seen from Figure 6c that the F2 layer critical frequency (foF2) shows an increase from 06 to 12
UT during this period of analysis. Enhanced foF2 values were primarily seen on 7 May (marked by circle)
and on 15 May around 09 UT. It can be seen from Figure 6d, in which the variation of foF2 (ΔfoF2) from
the normal quiet time is shown, that a prominent enhancement of ~4 MHz occurred on 7 May, primarily
confined to 05–07 UT. Instances of depressions in between enhancements, as seen during 7 December
2015 and 26 October 2015 earthquakes, are not quite evident during this earthquake event, except on
27 April and around 25 May, which are 15 and 12 days before and after the earthquake event, respec-
tively. A maximum variation of ~137% in electron density is observed during this earthquake event.
Other lesser intensity enhancements are observed on 1, 4, 5, 6, 10, 15, and 20 May, as also seen in
Figure 6c. The increased geomagnetic conditions around 13 May, as shown in Figures 6a and 6b

Figure 5. Same as Figure 2 but for the earthquake event of 26 October 2015.

Journal of Geophysical Research: Space Physics 10.1002/2017JA024192

GUPTA AND UPADHAYAYA PREEARTHQUAKE IONOSPHERIC ANOMALY 9



could have resulted in the anomalous variation in foF2 around 15 May. It is to be noted that lesser
magnitude earthquakes occurred on 1, 7, 9, 14, 15, 16, 17, 20, 22, 23, and 26 May 2015, with their
epicenters closer to the observing station, Delhi. The anomalous ionospheric perturbations could be
attributed to these lesser magnitude earthquakes.

To precisely locate the time of enhancement, in Figure 7, we have shown ΔfoF2 variation in Figure 7b during
6–12 May 2015, along with the Dst index variation in Figures 7a and 7d during corresponding times. It can be
seen that a prominent enhancement (4.7 MHz) is seen around 0635 UT on 7 May. It is to be pointed here that
an enhancement of nearly 3 MHz is seen quite a few number of times during this period, whereas the max-
imum depression of 2.1 MHz is observed at 0150 UT on 6 May. To examine the response of F2 layer peak
height (hmF2), Figure 7e shows ΔhmF2 variation during this period, which varies within ±50 km. However, it
shows an opposite response to variation in ΔfoF2, as the maximum enhancement in ΔfoF2 on 7 May in
Figure 7b (precursor to the earthquake) corresponds to a depression in ΔhmF2 variation with maximum
decreasing to ~74 km on 7 May. This negative response in peak height, with respect to the precursor day var-
iation in critical frequency, was also seen for 26 October 2015 earthquake event in Figure 5e. The interquartile
percentage deviation in foF2 from upper and lower bounds in Figure 7c shows a maximum enhancement of
~16% observed ~5 days prior to this earthquake event, on 6 May at 1820 UT. Small magnitude variations of
similar order were also noticed after the earthquake event. Similar magnitude variations in hmF2 are seen in
Figure 7f.

Figure 6. Same as Figure 1 but from 27 April to 27 May 2015 for the earthquake event of 12 May 2015.
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3.4. Earthquake Events of 25 and 26 April 2015

The devastating earthquakes on 25 and 26 April 2015 with epicenter in Nepal, measuring 7.9 and 6.9, respec-
tively, on Richter scale, were amongst the worst natural disasters. To study the ionospheric response during
these events, in Figure 8 we present the background space weather conditions by showing indices BZ and
VSW in Figure 8a and Kp and F10.7 in Figure 8b, during 11 April to 11 May 2015 (15 days before and after
the earthquake events). As can be seen from these plots, BZ values were quite normal during this period, with
a maximum of ~6.9 nT on 7 May at 22 UT. It is to be pointed that there was an X2.7 flare on 5 May 2015 at 22
UT. Solar wind velocities were again quite normal, showing a little variation of 646 km/s on 16 April with Kp
reaching 4.7. However, it was not followed by any geomagnetic storm. F10.7 solar flux remained below
160 sfu, showing a dip after the earthquake period. These values of space weather variants indicate that
the space weather conditions were stable.

The F2 layer critical frequency variations during 11 April to 11 May 2015 are shown in Figure 8c. The enhanced
foF2 values (~15 MHz) are seen around 06–15 UT. These enhancements can be viewed clearly in Figure 8d
where deviations in foF2 (ΔfoF2) from the normal quiet days during this period is shown. Perceptible foF2 var-
iations are seen on 16, 22, 23, and 24 April. A prominent enhancement of ~2 MHz is observed on 22 April,

Figure 7. Same as Figure 2 but for the earthquake event of 12 May 2015.
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while depressions are seen on 11 and 16 April during this period. These variations were smaller as compared
to other earthquake events examined. Electron density increased by ~86% during this period. The large
variations observed after the earthquake period, from 27 April 2015, are because of the earthquake event
of 12 May 2015 which is discussed in detail in the previous section. It is to be noted that enhancements
around 16 April could be due to the elevated geomagnetic activity on 16 April as observed in Figures 8a
and 8b.

These enhanced variations can be precisely seen in Figure 9b where ΔfoF2 values are shown during 19–26
April 2015 (a week prior to the earthquake). Dst index in Figures 9a and 9d remained above �30 nT. The
enhancements, as also seen in Figure 8d, are also observed here on 19 (2.5 MHz at 1355 UT), 22 (2.6 MHz
at 0135 UT), and 23 (2.6 MHz 1940 UT) April. Thus, enhancements were seen 2, 3, and 6 days prior to the
25 and 26 April 2015 earthquake events. It is to be pointed that a depression of 1.9 MHz was also seen on
26 April, which was the earthquake day, at 1115 UT. The maximum percentage variation of ~16% from the
upper bound in interquartile range was observed on 23 April at 2010 UT, as can be seen from Figure 9c.
Also, depression as high as 20% from lower bound was observed on 28 and 30 April, after the earthquake
events. Figure 9e shows F2 layer peak height deviation (ΔhmF2) from quiet time behavior. It varies within
±50 km. Corresponding to the increase in ΔfoF2 on 22 April in Figure 9b (precursor day), there is a positive
response of ΔhmF2, such that it also increases to the maximum of ~89 km. This is contrary to the earthquake
case of 26 October 2015 and 12May 2015, where there was a negative response in hmF2 corresponding to the

Figure 8. Same as Figure 1 but from 11 April to 11 May 2015 for the earthquake event of 25 and 26 April 2015.
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respective precursor day’s maximum enhancement in ΔfoF2. The percentage variation in hmF2 from
interquartile bounds shows low variations in Figure 9f, before and after the earthquake period.

3.5. Earthquake Event of 3 January 2016

An earthquake measuring 6.7 on the Richter scale hit Tamengong region of Manipur, India, on 3 January 2016
around 2305 UT. To look for the space weather events, as they can too perturb the ionosphere, the back-
ground conditions are shown in Figures 10a and 10b, from 19 December 2015 to 18 January 2016 (15 days
before and after the earthquake event). There were moderate geomagnetic disturbances on 20 December
(Dst �155 nT), 31 December 2015 (Dst �117 nT), and 1 January 2016 (Dst �110 nT), as can be seen from
Figures 10a and 10b, where BZ showed an enhanced southward interplanetary magnetic field (�10.3 nT)
and Kp reached 5.7, respectively. However, solar wind velocity, VSW in Figure 10a, remained <600 km/s.
F10.7 solar flux remained stable except for around 23 December 2015. Thus, for studying ionospheric response
to earthquake event of 3 January 2016, these solar and geomagnetic disturbances need to be taken into
account. Apart from these, solar and geomagnetic conditions remained stable and low.

Figure 10c shows the variation in F2 layer critical frequency (foF2) from 19 December 2015 to 18 January 2016.
There was a prominent increase on 21 December 2015, where foF2 reached ~11 MHz, and on 31 December

Figure 9. Same as Figure 2 but for the earthquake event of 25 and 26 April 2015.
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2015, where foF2 reached ~13 MHz, around 08–12 UT. However, as seen in Figures 10a and 10b, there was a
geomagnetic storm on 20, 31 December 2015 and 1 January 2016, so these perturbations cannot be
associated with the earthquake event alone. Other enhanced foF2 values can be observed on 28 December
2015 around 12 UT. Deviations in foF2 (ΔfoF2) from normal quiet medians, presented in Figure 10d, show
enhancements as also seen in Figure 10c on 21, 28, and 31 December 2015. It is to be noted that lesser
magnitude earthquakes, closer to the observing station, occurred on 12 and 15 January 2016, which could
have resulted in anomalous enhancement in foF2 on 12 January 2016, as background conditions were
quiet during this time.

Figure 11b clearly shows the variation in ΔfoF2 values from 28 December 2015 to 3 January 2016 (a week prior
to the earthquake), along with the geomagnetic conditions. As also seen in Figure 10, Dst in Figures 11a and
11d reached �117 nT on 31 December 2015, showing a geomagnetic disturbance. In line with Figure 10d,
Figure 11b shows enhanced ΔfoF2 values on 28 December (3.6 MHz at 1150 UT), 31 December (4.7 MHz at
10 UT), and 2 January (3.1 MHz at 1105 UT), along with the maximum depression of 2.5 MHz on 31
December at 0505 UT. A maximum increase of ~184% in electron density is observed during this event.
Figure 11c shows percentage deviation of F2 layer critical frequency (foF2) from the upper and lower bounds
of the interquartile range, at 80–85% confidence level, from 28 December 2015 to 10 January 2016, one week
before and after the earthquake event on 3 January 2016. The maximum enhancement in foF2 (in blue) from
the upper bound is observed to be ~37% on 31 December at 1920 UT, whereas the maximum depression

Figure 10. Same as Figure 1 but from 19 December 2015 to 18 January 2016 for the earthquake event of 3 January 2016.
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(in red) from the lower bound is ~31% on 7 January at 2305 UT after the earthquake event. As shown in
Figure 11b, a next prominent enhancement in foF2 above the quiet median is on 28 December, which
corresponds to ~18% enhancement in foF2 above the interquartile upper bound, as can be seen in
Figure 11c. Figure 11e shows the deviation of F2 layer peak height from normal quiet time bahavior
(ΔhmF2). It can be seen that ΔhmF2 varies within ±55 km from 28 December 2015 to 3 January 2016,
except on 31 December which was a geomagnetic storm day. It is to be pointed out that no prominent
variation in peak height is observed corresponding to the enhanced critical frequency on the precursor
day (28 December 2015). This is similar to the earthquake case of 7 December 2015. Percentage deviation
in hmF2 from the interquartile bounds is shown in Figure 11f, with maximum deviations seen on 31
December 2015, coinciding with the geomagnetic storm.

4. Discussion

The analysis of F2 region ionospheric response to the five earthquake events with magnitude greater than 6
on Richter scale, during the year 2015 to early 2016, at low-mid latitude Indian station, Delhi, has shown that
there are significant ionospheric perturbations prior to these earthquakes. A detailed statistic depicting the
maximum and minimum F2 layer critical frequencies (foF2), its maximum and minimum deviation (ΔfoF2)

Figure 11. Same as Figure 2 but for the earthquake event of 3 January 2016.
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from quiet time behavior, maximum and minimum change in electron density (Ne), within a week prior to
each earthquake event, and number of days prior to the event when maximum variations were noticed is
presented in Table 2. A maximum enhancement varying from ~86% to 207% and a maximum depression
varying from ~32% to 73% in electron density occurred during these events. An analysis of these cases
shows that there are perceptible occurrences of enhancements in comparison to that of depressions
seen in F2 region critical frequency at low-mid latitude Indian station, Delhi. During the earthquake
event of 7 December 2015 (Figure 2c) and 3 January 2016 (Figure 11c) it has been observed that the
maximum enhancement and depression in percentage variation of foF2 from interquartile upper and
lower bounds, respectively, seen prior to earthquake are relatively higher as compared to
postearthquake period. However, for other three cases, this percentage variation of maximum
enhancement and depression in foF2 is nearly the same before and after the earthquake period
(Figures 5c, 7c, and 9c). Moreover, it is observed that the maximum depression in foF2 from quiet time
behavior is seen on the earthquake event day except for 12 May 2015 case (Figure 7b) where no
prominent depression was observed, and for 3 January 2016 case (Figure 11b) whose occurrence
coincided with a geomagnetic storm (Dst = �117 nT), making it complex to ascertain any associated
earthquake precursory effects.

Dabas et al. [2007] reported unusual ionospheric perturbations (both enhancements and depressions) in foF2
values at the same low-mid latitude Indian station, Delhi (28.6°N, 77.2°E), varying 1–25 days prior to
occurrences of 11major earthquakes (M> 6) which occurred in Asian region. In another report from the same
low-mid latitude Indian station, Delhi, Sharma et al. [2010] reported anomalous enhancement 1–4 days
before the main shock in the ionospheric total electron content (TEC) and the critical frequency of F2 layer
(foF2) during three major earthquakes (M > 6) of China in the year 2008. A maximum enhancement of 20%
from the upper bound was observed 4 days before the 20 March 2008 earthquake event (M7.2), and a max-
imum depression of 26%with 9% enhancement from lower and upper bounds was observed for 12May 2008
earthquake event (M8), 10 h and 2 days before, respectively. Similarly, 15%maximum enhancement from the
upper bound was observed 4 days before the 25 August 2008 event (M6.7). In these cases, the observing sta-
tion was within the radius of earthquake preparation zone. In spite of the fact that no two earthquake events
are similar as far as the effect seen at the same station is concerned, we present the variations in foF2 from the
upper and lower interquartile bounds in Table 2 (last column) as obtained by Sharma et al. [2010]. It can be
seen that the maximum enhancement of more than 35% is observed for both 3 January 2016 and 7
December 2015 earthquake events, where the earthquake was measuring less than or equal to 7 on
Richter scale, in contrast to the maximum enhancement of 20% as observed for 20 March 2008 earthquake
event measuring 7.2 as observed by Sharma et al. [2010]. As can be seen from Table 1, it is important and
noteworthy to mention that the effects of earthquakes in both cases were observed when the observing sta-
tion (Delhi) was outside the radius of earthquake preparation zone, as given by Dobrovolsky et al. [1979].
However, these large variations in electron densities seen 4 to 5 days prior to the onset of these earthquake
events are in accordance with the previous observations reported by Sharma et al. [2010] at this low-mid
latitude Indian station, Delhi, for the China earthquakes.

To substantiate the ionospheric variation prior to the earthquake and associate it to the possible seismo-
ionospheric coupling, we compare the present period of analysis, i.e., the year 2015, with similar period

Table 2. Summary of the Observations of a Week Prior to the Five Earthquake Events During the Year 2015 and Early 2016 at Low-Mid Latitude Indian
Station, Delhi

foF2
(MHz)

ΔfoF2
(MHz) Electron Density Variation (%)

Variation in foF2 for 2 Weeks From
Upper & Lower Bounds (%)

Serial No. Earthquake Event Max Min Max Min
Anomaly Seen Prior
to the Event (Days)

Max
Enhancement

Max
Depression

Max
Enhancement

Max
Depression

1. 7 Dec 2015 14.1 1.8 6.1 �3.1 4 207.2 72.7 35.5 28.7
2. 26 Oct 2015 13.4 2.9 3.4 �2.4 5,3 137.5 56.4 19.8 29.7
3. 12 May 2015 15.5 4.2 4.7 �2.1 5 136.9 49.3 15.9 12.1
4. 25 and 26

April 2015
15.2 4.9 2.6 �1.9 2,3,6 85.9 31.9 16.3 21.2

5. 3 Jan 2016 12.9 1.8 4.7 �2.5 1,6 184.1 57.8 37.3 31.0
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1 year prior (2014) and 1 year later (2016). The deviation of every 15 min F2 layer critical frequency (ΔfoF2)
from respective month’s 10 quiet days’ median, for these three years, at low-mid latitude Indian station,
Delhi, along with their solar and geomagnetic conditions, is shown in Figure 12. Due to a limited
availability of data, only two earthquake cases of (A) 7 December 2015 and (B) 26 October 2015 are shown in
Figure 12, for 15 days before and after the respective earthquakes. The ΔfoF2 data are shown for these two
earthquakes in Figure 12a, during the same dates for 3 years—2014 (blue), 2015 (red), and 2016 (green). It
is to be noted that data were unavailable in Figure 12A from 5 December 2014 to 7 December 2014 and
on 2 December 2014 postnoon (blue). The blue lines represent the time of solar flare during the year 2014
and red lines represent the time of solar flare during the year 2015, whereas the dotted and solid black
lines represent the identified precursor and the time of earthquake event, respectively. It is to be pointed
out that no solar flare was observed during this period for the year 2016. The geomagnetic (Dst) and solar
(F10.7 flux) conditions during this period are shown in Figures 12c and 12d, respectively, for both the
earthquake events, for all 3 years. It can be seen that the Dst Index shows a little variation of ±40 nT,
during these 3 years, for both events, except around 21 December 2015 which also coincides with a solar
flare. However, due to the high solar activity period during 2014 (blue), F10.7 index shows a larger variation
of 150–235 sfu in comparison to the steady values during 2015 and 2016. The interquartile upper and
lower bounds at every 15 min for each of the 3 years are calculated from the monthly median of ΔfoF2
using equations (1) and (2), but with 95% confidence level (using a factor 2 instead of 1.34), such that
Figure 12b in both cases represent only those ΔfoF2 values that are greater than the upper interquartile
bound or lesser than the interquartile lower bound, of the respective years. For the earthquake event of 7

Figure 12. (A) Plots for 2014 (blue), 2015 (red), and 2016 (green), showing (a) deviation in F2 layer critical frequency (ΔfoF2) from respective 10 quiet days’median in
megahertz observed every 15 min at low-mid latitude Indian station, Delhi; (b) ΔfoF2 values that are greater than the interquartile upper bound (IQUB) or lesser
than the interquartile lower bound (IQLB); (c) daily variation in disturbance storm time index (Dst) in nanotesla; (d) daily variation in solar F10.7 flux in sfu (solar
flux unit, 1 sfu = 10�22 W/m2/Hz), for all 3 years, from 22 November to 22 December. (B) Same as (A) but from 11 October to 10 November. Dotted and solid
black lines represent identified precursor and time of earthquake occurrence, respectively. Blue and red lines represent time of occurrence of solar flares during 2014
and 2015, respectively.
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December 2015 in Figure 12A, it can be seen that corresponding to the enhancement inΔfoF2 on 3 December
2015 in Figure 12a, marked by dotted line, that has been shown in earlier figures as the earthquake precursor
day, the values for the other 2 years were low. A prominent variation is seen in Figure 12b for 2015, that is the
earthquake year, and not during 2014 (a year prior) and 2016 (a year later), on this precursor day. Since the
analysis is done on ΔfoF2 (after subtracting the quiet time behavior from foF2), the background conditions,
i.e., normal day-to-day and seasonal variability, do not contribute in these variations, and the statistically dif-
ferent response during 2015 can be attributed to the earthquake. Similar behavior is seen for the earthquake
event of 26 October 2015 in Figure 12B, for which the precursor day is 23 October 2015. Higher enhance-
ments observed during the year 2014 (blue) for this event are attributed to the solar flare effect.
Considering the same, the enhanced variation observed during 2015 can possibly be attributed to the
earthquake.

So far, the reported results using ionosondes by researchers, by and large show a prominent variation in the
F2 layer critical frequency prior to the earthquakes; however, the corresponding variation in the F2 layer peak
height (hmF2) in not discussed aptly. In our analysis of five earthquake events, we found that ΔhmF2 varied on
the precursor day in concurrence to a corresponding change in F2 layer critical frequency (ΔfoF2), for three
earthquake events of 26 October 2015 (ΔhmF2 = 66 km, hmF2 = 273 km), 12 May 2015 (ΔhmF2 = 74 km,
hmF2 = 268 km), and 25/26 April 2015 (ΔhmF2 = 89 km, hmF2 = 387 km). The observed change in hmF2
accounts for a scanty variation of ~24%, 27%, and 23%, respectively, on the precursor day, whereas no to a
very little variation in hmF2 is observed on the precursor day for the other two earthquake events of 7
December 2015 and 3 January 2016. As far as the response of F2 layer peak height to the earthquake event
is concerned, there are no structured, well-defined prominent patterns which can be taken as a signature of
such responses. To further comprehend these meagre variations observed in ΔhmF2 when a corresponding
much prominent variation in ΔfoF2 is seen, in Figure 13 we show the evolution and variability of F2 layer peak
height (hmF2) corresponding to the peak electron density. Each of the three earthquake events of 7
December, 26 October, and 12 May 2015 is shown in panels 1, 2, and 3, for which the ionospheric precursor
to earthquake was observed on 3 December, 23 October, and 7May 2015, at 1100, 1225, and 0635 UT, respec-
tively (as seen in Figures 2b, 5b, and 7b). For each of the cases, Figure 13a shows the electron density profile at
the respective precursor day and the 10 quiet days of that month, at the universal time when an enhance-
ment in ΔfoF2 was observed on that precursor day. As expected, it is observed that the maximum peak elec-
tron density occurs on the precursor day (shown in red) for each of the three cases, reaching ~14 × 1012

electrons/m3. It is seen that as the peak electron density increases, the corresponding altitude decreases.
To further investigate the observed extent of altitudinal variability, each of these days’ hmF2 variation with
corresponding peak electron density is shown in Figure 13b, for each of these three earthquake cases. The
altitude does not vary much, such that the variation remains well within ~50 km for each of the three cases.
Further, the total electron content (TEC) variation obtained from Digisonde is shown in Figure 13c for these
three earthquake cases, at each of the quiet and precursor days. It is seen that TEC remains nearly uniform
with variations well within the same order of magnitude. This implies that the total area under the electron
density profile curve in Figure 13a, which equals TEC, tends to remain more to less constant and hence as the
peak electron density increases, the corresponding altitude decreases, but the variation observed in hmF2 is
not as significant as the critical frequency variation. The height response of F2 layer depends on recombina-
tion, diffusion, and transport time. At low-latitude, apart from electric field, meridional wind becomes an
important contributor. So primarily, the observed variation in hmF2 at low-mid latitude Indian station,
Delhi, will rely on the wind pattern [Upadhayaya et al., 2016].

It was observed during the 3 January 2016 earthquake event analysis that a geomagnetic storm
(Dst = �117 nT) occurred on 31 December 2015 (Figure 11). It has been reported that the geomagnetic
storms show a delayed ionospheric effect at low-mid latitude Indian station, Delhi, a comprehensive analysis
of which is recently presented by Upadhayaya et al. [2016]. In this case, on 31 December 2015, due to a pos-
sible effect of geomagnetic storm, the electron density increased by ~154%. The anomalous large variation
with electron density varying by ~184% is seen on 28 December 2015, so it is considered that the precursory
effect observed ~6 days before the earthquake does not have any influence of geomagnetic storm. The neu-

tral composition change (O/N2) can also affect the electron density distribution, which in turn determines the
ionospheric behavior seen at a location (particular latitude and longitude), i.e., positive and negative
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ionospheric storm. In view of this, we examine the change in thermospheric neutral composition obtained
from the Global Ultraviolet Imager (GUVI) instrument [Christensen et al., 2003] on TIMED satellite, at low-
mid latitude Indian station, Delhi, in context of these five earthquake events. The TIMED satellite precess
with a 96.8 min’ period in a circular orbit of inclination ~74°. As the satellite covers the same longitude at

nearly the same time, this makes it possible to compare the day-to-day variations in O/N2. For this analysis,

as the representation for Delhi, we have taken the averaged O/N2 spanning from latitude 26.6°N to 30.6°N

and from longitude 74.2°E to 80.2°E. In Figures 14a and 14b, we present O/N2 ratio for earthquake events
of 7 December 2015 and 26 October 2015, respectively, for which the data were available. For the event of
7 December 2015 in Figure 14a, values of 0.50, 0.44, 0.40, and 0.38 are observed for 3, 4, 6, and 7
December 2015, respectively. Quiet time average value was calculated taking average of 10 quiet days of
that particular month, which is shown as 0.46 for Figure 14a case. This is to be pointed out here that the
value on 5 December 2015 was not available. An increase by a factor of 1.08 is observed on 3 December 2015,
i.e., on the precursor day, whereas a decrease by factors of 0.96, 0.87, and 0.83 are seen on 4, 6, and 7

Figure 13. (1) Plot of (a) electron density profile at 1100 UT during each of the 10 quiet days of December 2015 and the earthquake precursor day, 3 December 2015
(shown in red), obtained every 5 min from Digisonde system at low-mid latitude Indian station, Delhi; (b) variation of peak electron density (1012 electrons/m3) with
corresponding peak altitude (hmF2) in kilometer, for each of these 11 days; and (c) variation of total electron content (TEC) in terms of TECU (1 TECU = 1016 electron/
m2) during these 11 days, for the earthquake event of 7 December 2015. (2) Same as (1) but for the earthquake event of 26 October 2015 with precursor on 23
October 2015 at 1225 UT. (3) Same as (1) but for the earthquake event of 12 May 2015 with precursor on 7 May 2015 at 0635 UT.
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(earthquake day) December 2015,
respectively, with respect to the quiet
average. The observed result indi-
cates toward a significant change in

O/N2 on the precursor day with refer-
ence to the quiet time behavior, as
compared to the other days. For the
earthquake event of 26 October
2015 in Figure 14b, very little to no

variations are observed in O/N2. The
values of 0.46, 0.48, and 0.49 are
observed on 22, 23, and 26 October
2015, respectively. The data were
not available on 24 and 25 October
2015. A quiet time average value of
0.47 was calculated for 10 quiet days
of that month. The available data

of O/N2 show that a varied marked
response was observed for 7
December 2015 earthquake case,
whereas a little to no variation was
observed for 26 October 2015
event. This variation observed in

O/N2 in either case is not very pro-

minent despite an increase in O/N2

was observed on the precursor day
in one of the earthquake events.
However, with limited observations
during these earthquake events, it
appears that the thermospheric

neutral composition (O/N2) was not
adequately modified during the earthquake period, as normally observed in case of the geomagnetic
storms [Zhang et al., 2004; Lee et al., 2013; Upadhayaya et al., 2016]. These results further indicate towards
possible different sources of origin of ionospheric perturbations during the geomagnetic storms
and earthquakes.

It has been seen during the analysis that the anomalies observed in F2 region characteristic parameter foF2,

prior to the earthquakes, were observed when solar and geomagnetic indices remained at very low, quite
steady, and stable levels apart from also not being influenced by any meteorological influence. This indicates
that the observed anomalies were of local origin (longitude dependent), which perhaps indicate towards
possibility of seismo-ionospheric coupling. It is believed that wind and temperature show some variation
before and during the earthquake event. However, this is not well reported and would be important to see

whether these lower atmospheric parameters show any correlation with the variation observed in F2 layer

critical frequency during these earthquake events. In view of this, we in Figure 15 compare wind and tem-

perature parameters with F2 layer critical frequency for 15 days before and after each of the five earthquake

events from (A) to (E). In each of the cases, Figure 15a shows foF2 variation, along with its upper (blue) and

lower (green) interquartile bound, calculated as μ ± 1σ, along with its deviation from quiet time median

(ΔfoF2) shown in Figure 15b. The 10 hPa (~32 km) level parameters of wind velocity at 60°N and averaged stra-

tospheric temperature from 60°N to 90°N, along with their respective upper and lower interquartile bounds
are shown in Figures 15c and 15d, respectively. It is to be noted that their bounds are μ ± 1σ, with mean and
standard deviation calculated from daily mean over 37 years from 1979 to 2016. In each of the five cases, the
earthquake event is shown by red line along with its magnitude and the precursor period is shown by circle. It

Figure 14. Plot of thermospheric neutral composition, O/N2 ratio, for the
earthquake event of (a) 7 December 2015, showing O/N2 value on earth-
quake day (7 December 2015), earthquake precursor day (3 December 2015),
on 4 and 6 December 2015, along with the average value of 10 quiet days of
December 2015. (b) Same as Figure 14a but for the earthquake event of 26
October 2015, with O/N2 values on earthquake day (26 October 2015),
earthquake precursor day (23 October 2015), on 22 October 2015, along with
the average value of 10 quiet days of October 2015.
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is observed that marked variations in wind velocity, concurrent with the precursor for the earthquake events
of 7 December 2015 (A) and 3 January 2016 (E), are seen, whereby the wind velocity exceeded the upper
interquartile bound, reaching ~55 m/s and ~65 m/s, respectively. It is to be noted that these two were the
cases when observing station Delhi was outside the earthquake preparation zone as discussed before. A
little to some evidence of variations in wind velocity in cases of 26 October (B), 12 May (C), and 25–26 April
(D) 2015 earthquake events were also observed. A quite opposite behavior in contrast to wind velocity is

observed for stratospheric temperature with respect to the variations in foF2. This is important to mention

Figure 15. Plots for (a) F2 layer critical frequency (foF2) along with its upper (blue) and lower (green) interquartile bound; (b) deviation (ΔfoF2) from quiet time
median; (c) wind velocity at 60°N and 10 hPa level, along with its upper (blue) and lower (green) interquartile bound; and (d) averaged stratospheric temperature at
60°N–90°N and 10 hPa level, alongwith its upper (blue) and lower (green) interquartile bound, for the earthquake events of (A) 7 December 2015, (B) 26October 2015,
(C) 12 May 2015, (D) 25–26 April 2015, and (E) 3 January 2016. Red lines show the earthquake occurrence and black circles show the respective precursor period.
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here that wind and temperature data are an average value for a day, whereas the data of F2 layer critical

frequency (foF2) are available and plotted for every 5 min. Further, these observations are taken from

different latitudes/longitudes, and hence, it is difficult to compare and pin-point the variation on same

timescale. The relationship between foF2 and wind velocity during earthquake events would further be

worth investigating from the same latitude/longitude and is thus suggested as a potential line of inquiry.

To check the efficacy in terms of magnitude of variations seen in electron densities due to the earthquake
events, we compare the extent of ionospheric changes imparted because of one of the large meteorological
winter time polar stratosphere phenomena, originated in lower atmosphere, called the sudden stratospheric
warming (SSW), for the same observing station Delhi (28.6°N, 77.2°E). In Figures 16a–16e, we have shown the
summary of stratospheric, solar, and geomagnetic conditions for the SSW event of winter 2014–2015, from 1
December 2014 to 28 February 2015, at 10 hPa (~32 km) level. In Figure 16a we present the stratospheric tem-
perature at 90°N for 3 months, with black line showing its average value for each day, calculated from 1
January 1979 to 31 March 2016. Corresponding to the rise in its stratospheric temperature, the 2015 SSW per-
iod extended from 30 December 2014 to 13 February 2015, with five SSW peaks on 2 January, 7 January, 17
January, 26 January, and 7 February 2015, with a maximum of ~26°K rise on 7 January 2015. The mean zonal
wind at 60°N and 10 hPa level in Figure 16b remained positive during the entire SSW period, showing that it is
a minor SSW event. The 2015 SSW event is coincided with an amplification in planetary wave 2 (Z2) as seen in
Figure 16c in green, contributing in vertical coupling between the lower and upper atmosphere. In
Figures 16d and 16e, F10.7 flux and Kp index, respectively, are shown to look into the solar and geomagnetic
conditions. At the start of the SSW period, there is a sudden increase in solar flux reaching a maximum of
~209 sfu on 19 December 2014. However, during the SSW period, the flux, though high, fluctuates between
120 and 150 sfu. The Kp index remains below 4 showing no geomagnetic activity. Every 05min daytime (06 to
18 UT) deviation in the F2 layer critical frequency (ΔfoF2) from monthly quiet median foF2 values, from 1
December 2014 to 28 February 2015, for low-mid latitude Indian station, Delhi, is shown in Figure 16f. The
beginning and end of the warming period is represented by black solid lines, whereas the five warming peaks
are shown in black dotted lines. White blocks in the figure represent unavailability of data at that time. A pro-
minent enhancement 8 days after the onset of SSW period is seen between the second and third SSW peaks.
This enhancement extends for ~6 days (days 39 to 44) with the maximum reaching to 6.6 MHz on 10 January
2015 (day 41) at 0850 UT with quiet median being 9.2 MHz. This corresponds to ~196% enhancement in the

Figure 16. Summary of the stratospheric, solar, geomagnetic, and ionospheric conditions from 1 December 2014 to 28 February 2015, showing (a) variation of
stratospheric temperature at 90°N at 10 hPa (~32 km) level, along with its average value in black line calculated from 1 January 1979 to 31 March 2016; (b) mean
zonal wind at 60°N and 10 hPa level along with its historic mean value in black line; (c) planetary wave 1 (black) and 2 (green) at 10 hPa level during this period;
(d) daily variation of solar F10.7 flux in sfu (solar flux unit, 1 sfu = 10�22 W/m2/Hz); (e) daily global geomagnetic storm index (Kp); (f) deviation in F2 layer critical
frequency (ΔfoF2) from quiet time median during 06–18 UT, with black lines showing the start and end of SSW event of 2015 and black dotted lines showing five
warming peaks. White blocks represent unavailability of data during that time and (g) Lomb-Scargle spectral analysis of ΔfoF2 data.
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electron density. The enhancements can also be seen around fourth (day 57) and fifth (day 69) SSW peaks.
Apart from enhancements, foF2 depressions can also be observed. The maximum depression is seen 2 days
prior to the warming period on 28 December 2014, with foF2 decreasing by 4.04 MHz at 1225 UT. The quiet
day value is 11.2 MHz, corresponding to a ~ 60% decrease in the electron density. Not much variation can be
seen outside the SSW period. This analysis shows that an enhancement (~196%) and depression (~60%) in
the electron density because of the SSW event of 2015 with a maximum stratospheric temperature rising
to ~26°K show quite similar order of variation in magnitude when compared to that of the earthquake events
analyzed (Table 2). A prominent enhancement was seen in both of these altogether different events.
Upadhayaya and Mahajan [2013] studied the SSW events of 2007 to 2009 using the F2 layer critical frequency
(foF2) data from four low-mid latitude Japanese stations—Okinawa, Yamagawa, Kokubunji, and Wakkanai—
to show perceptible variations in the ionospheric F2 region during these warming periods. The periodicities of
these foF2 variations using Lomb-Scargle spectral analysis showed signatures of quasi-16 day periods, along
with other small-scale periodicities 3–4 and 4–5 days. This could be due to the coupling between the lower
and upper atmosphere brought about by the quasi-16 day planetary waves which originate in the lower
atmosphere and result in the ionospheric variation following the SSW events. The maximum enhancement
in the electron density as observed by them was more than ~200%. Further adding on this, a summary of
the analysis of SSW events of 2010 to 2016 for the four Japanese stations and low-mid latitude Indian station,
Delhi, by Gupta and Upadhayaya [2017], is presented in Table 3. The Lomb-Scargle spectral analysis of each of
these events also shows a prominent quasi-16 day period dominance in foF2 variation, apart from other
small-scale periodicities, due to the coupling from the lower atmosphere during these warming events.
The maximum enhancement in the electron density is observed to be ~228% during 2015 SSW event, at
Japanese Yamagawa station, whereas at the same ionospheric monitoring Indian station, Delhi, the electron
density enhanced by ~196% during the SSW event of 2015, as also shown in Figure 16f, while it enhanced by
~178% during SSW event of 2016. The similar spectral analysis for Delhi during 2015 SSW period is shown in
Figure 16g, showing the peak period of 14.5 days, representing the influence of quasi-16 day planetary waves
during SSW event.

Several studies, as discussed in section 1 and during these five earthquake events, have shown that there are
significant F2 region ionospheric variations seen within a week before the onset of earthquake. While the phy-
sical processes which generate these perturbations prior to earthquake are not yet fully understood, one of
the probable possibility could be the generation of strong electric field near the ground surface. It was pro-
posed by Pulinets [2004] that radon is emitted from the earthquake epicentral region during and prior to the
onset of earthquake event. The increased ion concentration over the seismic zone leads to nucleation process
resulting in the formation of ion clusters [Pulinets and Ouzounov, 2011]. The diffusion of radon is further
fetched by carbon dioxide and methane [Khilyuk et al., 2000] which in turn are responsible for inciting acous-
tic gravity waves. The air motion destroys the ion clusters causing rapid ion enrichment of near-earth atmo-
sphere. Anomalously strong vertical electric field of the order of ~ kV/m is generated as a result of charge
separation process and this strong electric field on Earth surface could penetrate into the ionosphere, mod-
ifying its dynamics and electron density [Pulinets et al., 2000], and a horizontal electric field of ~1 mV/m is esti-
mated at ionospheric height because of ~1 kV/m vertical electric field at the ground surface.

5. Conclusions

Based on our investigation of ionospheric response to five of the major earthquake events measuring greater
than six on Richter scale, affecting low-mid latitude to midlatitude Indian station, Delhi, during the year 2015
to early 2016, the following conclusions are drawn from the analysis.

1. There are perceptible ionospheric perturbations which indicate towards possibility of seismo-ionospheric
coupling. These perturbations appear as enhancement and depression in foF2, consequential to the max-
imum peak electron density variation of ~207%.

2. By and large, significant enhancement in the F2 region critical frequency was observed 3–4 days prior to
the earthquake events. These observed results are in accordance to the earlier results reported at the
same station by Sharma et al. [2010] for three major earthquakes in China. As far as the F2 layer peak
height (hmF2) is concerned, there are no prominent variations and no well-defined structured patterns
which can be taken as a signature for looking as a response to these earthquake events.
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3. The maximum effect of the earthquake is seen for cases when the observing station was outside the
earthquake preparation zone [Dobrovolsky et al., 1979], that is for 7 December 2015 and 3 January 2016
cases. Mostly, the maximum depression is observed on the earthquake event day. Some evidence of F2
layer critical frequency (foF2) enhancements were also observed for lesser magnitude earthquakes
(M< 6) where the epicenters were closer to the ionospheric monitoring station, Delhi, during these earth-
quake events.

4. The thermosphere neutral composition (O/N2) observed during two of these earthquake events does not
vary appreciably.

5. The magnitude of variation in electron density as observed because of the meteorological phenomenon
of sudden stratospheric warming event of 2015 is comparable to the variation seen due to the earthquake
events.
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