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We have examined ionospheric response to eleven earthquake eventsmeasuring
less than four on the Richter scale during the year 2020 that occurred in the
vicinity of New Delhi (28.6°N, 77.2°E, 42.4°N dip). We have used ionogram
traces, manually scaled critical ionospheric layer parameters using SAO explorer
obtained from Digisonde along with the O(1D) airglow observations from a
multi-wavelength all-sky airglow imager installed at Hanle, Ladakh, India (32.7°N,
78.9°E, 24.1°N dip). Perceptible ionospheric perturbations 2–9 days prior to these
earthquake events resulting in more than 250% variation in electron density are
observed. We found distortion of ionogram trace in the form of Y forking majorly
at New Delhi on the precursor day and after the earthquake event. Traces of Y
forked ionograms were also observed at Ahmedabad (23°N, 72°E, 15°N dip) and
Trivandrum (8.5°N, 76.9°E, 0.5°N dip). These Y-forked ionograms are one of the
first observations during any earthquake events and are looked at as a signature
of Travelling Ionospheric Disturbances (TIDs).

KEYWORDS
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1 Introduction

Coupling between lithospheric and ionospheric variations is mainly associated with pre-
earthquake ionospheric anomalies (PEIAs). PEIAs are considered earthquake precursors
mainly based on lithosphere–atmosphere–ionosphere coupling (LAIC) models such as the
rising of gases (specifically radon) and other particles from the seismogenic zone during the
earthquake preparation period (Pulinets andOuzounov, 2011) or activation of positive holes
from the Earth’s crust, causing ionization of nearby atmospheres followed by abnormalities
in the upper atmosphere (Freund, 2011; Freund, 2013). The seismo-ionospheric effects in
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FIGURE 1
(A) Types of anomalies on ionosonde records: (a) type A anomaly, (b) type B anomaly, (c) type C anomaly, and (d) type D anomaly. Ionosonde records
taken at Camden from 1952 to 1955. Source: anomalies in ionosonde records due to traveling ionospheric disturbance (Heisler, 1958). (B) A nominal
ionogram (left) and an ionogram observed a few hours after the earthquake event (right) show a characteristic signature in the form of Y-forking of the
ionogram trace.

the F-layer of the ionosphere have been extensively studied in
the last two decades (Rishbeth, 2007; Liu et al., 2011; Maruyama
and Shinagawa, 2014; Ouzounov et al., 2018; Pulinets et al., 2021;
Xiong et al., 2021).

According to reports, the effects of an impending earthquake
can be observed in the earthquake-prone region, spanning
approximately 1,000 km in diameter, prior to the main shock
(Dobrovolsky et al., 1979). These effects can manifest in the
ionospheric F-region, leading to changes in electron density (either
enhancement or reduction), critical frequency (foF2), electron
temperature, and total electron content (TEC) (Pulinets et al., 1994;
Ryu et al., 2014; Zhu et al., 2021). The magnitude of these changes
depends on various factors such as the earthquake’s depth, location,
magnitude, and the distance between the epicenter and ionospheric
monitoring station (Larkina et al., 1989; Pulinets, 2004; Liu et al.,
2006; 2007; Le et al., 2011; Shah and Jin, 2015; Parrot et al., 2016;
Gupta and Upadhayaya, 2017; De Santis et al., 2019; Ghamry et al.,
2021).

Seismic waves originating from the epicenter during an
earthquake event cause atmospheric pressure disturbances (Bolt,
1964; Blanc, 1985) when propagated upward to the bottom-side F
layer (Artru et al., 2004; Chum et al., 2012; Jing et al., 2019; Pundhir
et al., 2021), thereby modifying the ionospheric plasma density
appreciably as there is more collision between neutral particles and
ions.

Such co-seismic ionospheric disturbances before earthquakes
are detected as changes in TEC (Astafyeva et al., 2009; Liu et al.,
2010; Ouzounov et al., 2015; Gupta and Upadhayaya, 2017;
Pundhir et al., 2021; Tariq et al., 2021). Ouzounov et al. (2015)
investigated the global ionosphere maps (GIM-GPS/TEC) for
the M7.8 and M7.3 April 2015 devastating Nepal earthquakes
to indicate a close correlation between ionospheric anomalies
and these earthquake events. The 6.9 magnitude 2018 Bayan
earthquake has also been studied in detail for co-seismic and
precursory phenomena (Piersanti et al., 2020) using CSES, ERA-
5, and ground data. Shi et al. (2021) investigated ionospheric
anomalies in the F2 region (NmF2), vertical structure (the GNSS
radio occultation profile), and multi-height (electron density) pre-
earthquake anomalies for the Concepción, Chile, earthquake (27
February 2010, Mw 8.8). Gupta and Upadhayaya (2017) had found
perceptible ionospheric perturbations that indicate toward the
possibility of seismo-ionospheric coupling. These perturbations
appeared as enhancements and depressions in the (foF2) critical
frequency.

The ionospheric anomaly exhibits a characteristic of traveling
ionospheric disturbances and is seen as a distortion of ionogram
traces (Leonard and Barnes Jr., 1965; Yuen et al., 1969; Liu and Sun,
2011; Maruyama et al., 2011; 2012; Harris et al., 2012; Maruyama
and Shinagawa, 2014; Pradipta et al., 2015). Such distortions are
reported to appear in four shapes: Heisler (1958) examined these
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types of anomalies as (a) Type A or the “split” type anomaly
identified as a distinct forking of the trace at F2 penetration
frequency, (b) Type B or the “Z” type anomaly has a “Z” letter
type fold in the F2 trace, (c) Type C or the “double peak” anomaly
is seen as a cusp shape forming two distinct F1 peaks, and (d)
Type D or the “cusp” anomaly is seen as a cusp-shaped trace
at the F2 trace. Each of these anomalies is shown in Figure 1A.
When a traveling plasmadisturbance passes through the ionosphere,
complex reflections from the curved isoionic surfaces cause Type A
and Type B abnormalities. Type C anomaly occurs as a complexity in
the F1 layer, while Type D occurs in the F2 layer due to non-vertical
reflections. Splitting of the ionogram near the F2 layer in the shape
of Y-forking (Type A) is a distortion reported to be seen during
earthquake events. A sample of a normal ionogram along with an
ionogram exhibiting such Y-forking is shown in Figure 1B.

Maruyama et al. (2012) analyzed 43 earthquakes of magnitude
≥8.0 and the ionograms observed at five ionosonde sites over Japan
during the period from 1957 to 2011 and found a distortion in the
appearance of ionograms having multiple cusp signatures (MCSs),
concluding that the detection of MCSs was limited to epicentral
distances shorter than∼6,000 km. Even though theirmagnitudes are
significant, earthquakes that occurred at greater distances than 6,000
km did not result in MCSs. However, other earthquakes far closer
than this estimated distance limit had no MCSs. For instance, only
4 of every 10 earthquakes that occur within 3,000 km are associated
with MCSs. Pradipta et al. (2015) analyzed ionograms recorded on
15 February 2013 from eight ionosonde stations in Europe and
Russia, likely affected by the Chelyabinsk meteor explosion. They
identified a characteristic signature mainly in the form of Y-forking
as the first observed signature following the meteor explosion.

In view of the aforementioned reports, we investigated the
ionogram traces and the pre- and post-earthquake signatures
in ionospheric parameters (foF2, h'F) following the earthquakes
observed at a low-mid latitude Indian station, New Delhi. This
study attempts to examine 1) whether any distortion (Y-forking)
in ionograms is observed during earthquake events, 2) whether
earthquakes of lower magnitude (M <4) cause any perturbation in
the ionospheric plasma over the low-mid latitude Indian station,
New Delhi, 3) if yes, what are the changes in the magnitude of
electron density observed during these earthquake events of the year
2020, and 4)whether traveling ionospheric disturbances (TIDs) have
any bearing with the earthquake events.

2 Methodology

To examine the ionospheric response of pre- and post-
earthquakes, we have manually scaled F2 layer critical frequency
(foF2) and F layer height (h'F) data and analyzed ionogram traces
from a low-mid latitude Indian station, New Delhi (28.6°N, 77.2°E,
42.4°N dip). These observations are made using the Digisonde
system (DPS4D, Lowell Digisonde International, Lowell, USA),
located at theCouncil of Scientific and Industrial Research–National
Physical Laboratory (CSIR-NPL) in New Delhi. Additionally,
Digisonde observations from Ahmedabad (23°N, 72°E, 15°N dip)
and Trivandrum (8.5°N, 76.9°E, 0.5°N dip), India, were also utilized
to study and confirm the abnormal Y-forking feature observed in
New Delhi. The regular vertical sounding is carried out every 5

min around the clock for a frequency range of 0.5–30 MHz with
start, stop, and step sizes selectable to 1 kHz. The data are manually
scaled using the SAO-X software to obtain foF2 and h’F values. To
identify any anomalous ionospheric variability from its day-to-day
variability, we calculated the deviation in the F2 layer parameter
by subtracting the normal quiet time behavior of parameters (foF2,
hmF2) from the F2 layer critical frequency and peak height. The
ionosphere’s regular quiet time behavior is defined by an average
of 10 quiet days per month, taken from the website https://
omniweb.gsfc.nasa.gov/form/dx1.html. We have used O(1D) 630.0
nm airglow data from a multi-wavelength all-sky airglow imager
installed at Hanle, Ladakh, India (32.7°N, 78.9°E, 24.1°N dip).
The multi-wavelength all-sky airglow imager gives preprocessed
images, also known as unwarped images, by applying a series of
corrections to the raw images in order to enhance the visibility of
features and patterns. Image unwarping is mainly the re-sampling
of image intensities into an equidistant grid of distance coordinates
by means of 2D interpolation. The equidistance gridding is carried
out on the geospatially calibrated image in (x,y) coordinates. A
detailed description of the all-sky imager and image processing
techniques is available in Mondal et al. (2019). The analysis is
presented in Universal Time (UT), and ionograms acquired from
the Digisonde system installed at Ahmedabad and Trivandrum,
India, have also been utilized in this study. Indices such as the
daily averaged interplanetary magnetic field’s Z component (Bz),
global geomagnetic activity index (Kp), solar wind speed (Vsw), and
solar radio F10.7 cm flux were obtained from the NASA/Goddard
website http://omniweb.gsfc.nasa.gov/form/dx1.html to look into
the background space weather conditions.

3 Observations and analyses

We have examined the ionospheric response to the following
11 earthquake events that occurred during the year 2020 with a
magnitude less than 4 on the Richter scale. The analysis was carried
out by grouping the events that happened in the same month and
is discussed in detail in the following sections: (Section 3.1) 8 and
25 December 2020, (Section 3.2) 6 November 2020, (Section 3.3) 8
August 2020, (Section 3.4) 18, 20, 24, and 26 June 2020, (Section 3.5)
10 and 28 May 2020, and (Section 3.6) 14 January 2020.

The characteristics of these earthquake events, i.e., time, latitude,
longitude, magnitude, depth, location, radius of the earthquake
preparation zone, and detections of Y-forked ionograms are listed
in Table 1. In the following section, we briefly describe each of these
earthquake events.

3.1 Earthquake event of 8 and 25
December 2020

3.1.1 Pre-earthquake analyses
On 8 December 2020, at 1857 UT, a magnitude 3.3 earthquake

struck 38 km east of Rohtak, Haryana, India. The distance of the
observing station at New Delhi (62 km) was well within the radius
of the earthquake preparation zone (26 km) for this earthquake,
and another earthquake of magnitude 2.3 struck with its epicenter
in New Delhi itself on 25 December 2020, as shown in Table 1.
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FIGURE 2
Plots of solar, geomagnetic, and ionospheric parameters from 24 November 2020 to 1 January 2021, 14 days before and 07 days after the earthquake
events of 8 and 25 December 2020, showing (A) daily interplanetary magnetic field’s Z component (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 = 1022 W/m2/Hz) given in blue; (C) variation in the
F2 layer critical frequency (foF2) in MHz at low-mid latitude Indian station, New Delhi, observed every 5 min; and (D) deviation (ΔfoF2) in MHz obtained
by subtracting foF2 values from the median of 10 quiet days.

The earthquake occurred on 8 December at 0027 LT (1857 UT
of 7 December) and on 25 December 2020 at 0502 LT (2332
UT of 24 December). Figures 2A–D show the background space
weather conditions and ionospheric F2 region variations during
this event. Figure 2A shows the interplanetary magnetic field’s Z
component (Bz) ≥ −6.8 nT and solar wind speed (VSW) under 634
km/s marked in blue, while Figure 2B shows the global geomagnetic
storm index (Kp) < 4 and F10.7 cm flux in sfu (solar flux unit,
1 sfu = 1022 W/m2/Hz), well within 77–113 sfu, marked in blue from
24 November 2020 to 1 January 2021 (14 days before the first event
and 7 days after the second earthquake eventmarked by the red line).
The solar and geomagnetic disturbances shown in Figures 2A, B
were quiet and steady before the earthquake, providing a perfect
scenario for investigating any unusual ionospheric variations caused
by this event.

To examine the ionospheric response of this earthquake event,
the F2 layer critical frequency (foF2) for 39 days is shown in
Figure 2C, covering the 14 days before and 7 days after the period
of occurrence of both the earthquake events, i.e., from 24 November

2020 to 1 January 2021, as a function of time (UT). It can be noticed
that enhanced foF2 values are seen around 03–06 UT, followed by
more pronounced foF2 values (∼10 MHz) lasting for nearly 2 h at
around 04–06 UT on 2 December 2020, the precursor day (marked
by a circle), 6 days prior to the 8 December 2020 earthquake,
and around 04–08 UT for the 25 December 2020 earthquake
with pronounced foF2 values around 9.2 MHz on 24 December
2020 (precursor day) and ∼9 MHz on 22 and 20 December 2020
(precursor days), i.e., 1, 3, and 5 days prior to the event (marked
by a circle). This enhanced foF2 variation, to be contemplated as
anomalous, requires the day-to-day ionospheric variability to be
removed from the observed foF2 values. In view of this, Figure 2D
presents the plot of the deviation of the 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 ∼3 MHz, is noticed on 2 December 2020 between 04–06 UT
and 12 UT, leading to ∼104% increase in the peak electron density
at these times, and 2.5 MHz as noticed at 07–09 UT on 22 and 20
December 2020, leading to a 93% and 113% increase in electron
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density, respectively. The greatest enhancement and depression in
electron density during this periodwere 127% and 63%, respectively.
The maximum foF2 variation during this period was ∼10 MHz, as
shown in Figure 2C. It can also be seen that enhancements, not as
prominent as they were on 2 December 2020, are also observed on
28 and 30 November and 4, 6, 11, 13, and 31 December 2020. It
should be noted that there was a 4.2 magnitude earthquake on 17
December 2020 with its epicenter at Gurugram, Haryana, at 31.5
km from the observing station in New Delhi. Since the background
space weather conditions as shown in Figures 2A, B were quiet
during these periods of foF2 variations, they could be due to this
4.2 magnitude impending earthquake. It is important to observe
that prominent variations in foF2 are observed a week prior to the
earthquake event of 8 and 25 December 2020.

To better identify, visualize, and maintain an analogy with other
reports, we present in Figure 3 a) hourly Dst variation, (b) ΔfoF2
variation, (c) variation in F layer height (Δh'F) from quiet time
median, and (d) percentage change in electron density from 24
November to 31 December 2020. It can be seen that the minimum
Dst index was −13 nT at 10 UT on 8 December and −22 nT at 09
UT on 22 December 2020, indicating quiet geomagnetic conditions
during this period. It can be clearly seen from the ΔfoF2 plot in
Figure 3B that the prominent enhancement of 3MHz took place on 2
December 2020 (0400UT) and 2.8MHzon 20December 2020 (0605
UT), as can be seen in Figure 2D.This enhanced ionospheric F2 layer
behavior indicates toward a precursory signal to the earthquake,
which appeared at ionospheric height 6 days prior, resulting in a
corresponding increase in electron density as high as ∼127%, as can
be seen in Figure 3D. A meager variation of 2.6 MHz, as compared
to 2 December 2020, was also observed on 6 December 2020, and
a −2.17 MHz depression was observed on 21 December 2020, as
depicted in Figure 3B.

Furthermore, instances of foF2 variations were also observed
after the earthquake events, enhancements (maximum of ∼43%)
and depressions (maximum of ∼41%) on 9 December 2020 and
depressions (maximum of ∼55%) on 27 December 2020. It is
seen that at times when there was a maximum enhancement in
ΔfoF2 (on 2 December 2020), when the precursor is seen, no
prominent variation (±50 km) in Δh'F was noticed, while ∼133
km variation in height is seen on 24 December 2020 (precursor
day) for the 25 December 2020 earthquake, as is seen in Figure 3C.
However, enhancements of the order of ∼117 km were observed
in the evening time of 3 December 2020, and depressions of the
order of ∼117 km were observed on a few occasions (e.g., in the
evening time of 4, 5, and 7 December 2020), which were not
followed by significant variations in ΔfoF2. Furthermore, as data are
available only for a week after the 25 December 2020 event, it is
impossible to carry out further follow-up of the developments of the
events.

3.1.2 Post-earthquake analysis
To check for post-earthquake ionospheric anomalies, we

considered ionogram traces and distortions seen in the traces.
Figure 4 shows the tracing of ionogram records post-earthquake
event of 8 December 2020. The disturbances in the ionospheric
plasma associated with the earthquake events mostly (but not
always) manifest themselves in the data as a distinct Y-forking of the
ionogram traces.

Figure 4 depicts a set of sample ionograms from the ionosonde
station at New Delhi to highlight the appearance of the Y-forking
signature post the earthquake event of 8 December 2020.

Y-forking of the ionogram was first observed at 21:45 UTC
(Figure 4, first row), where the O-mode polarization can be seen to
be split into two branches. Approximately 20min later, Y-forking can
be seen in both O- and X-mode ionogram traces, which lasts for up
to 45min, till the ionogram retrieves its original shape at 22:55UTC.

3.2 Earthquake event of 6 November 2020

This earthquake event of magnitude 2.1 on the Richter scale
occurred in Rohtak, Haryana, on 6 November 2020 at 1109 UT. The
distance of the ionospheric observing station in New Delhi, from
the epicenter (∼62 km), was well within the radius of the 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 are presented in Supplementary Figures S1A and
S1B, from 23 October to 13 November 2020 (14 days before and
7 days after the earthquake). It can be seen from these plots that
the solar and geomagnetic indices were quiet and stable, with
BZ ≥ −5.5 nT, solar wind velocity VSW < 584 km/s, Kp below
4, and F10.7 cm flux varying from 71 to 92 sfu. Quite similar
to the 8 December 2020 earthquake event, the space weather
background conditions for the rest of the period are quiet, providing
an ideal scenario to investigate changes imparted in F2 layer critical
frequency (foF2), if any, due to this earthquake event. It can be
seen from Supplementary Figure S1C that enhanced foF2 values
(∼12 MHz) were seen around 04–12 UT on 4 November 2020,
nearly 2 days before the earthquake event. The enhancements can
be better visualized in Supplementary Figure S1D, where we present
a plot of deviation in the F2 layer critical frequency from the
quiet time behavior (ΔfoF2). It shows a prominent enhancement
(∼3 MHz) around 1330 UT on 4 November 2020, followed by a
more pronounced enhancement (∼5 MHz) located around ∼1030
UT on 4 November 2020 (marked by a circle). The electron
density increased by ∼229% on 4 November 2020, 2 days prior
to the earthquake, at the ionospheric monitoring station in New
Delhi. Other enhancements in foF2 of lesser intensity were also
observed on 24, 26, 28, and 29 October and 1 November 2020.
Apart from this, instances of depressions as observed for the 8
December 2020 earthquake event can also be seen on earthquake
days at 04 UT and 26 October–1 November 2020 around 12–15
UT, as well as at 5 UT on 1 November 2020. The maximum
depression (∼4 MHz) corresponds to ∼81% decrease in electron
density, as can be seen in Supplementary Figure S2D. Similar
to Figure 4, Supplementary Figure S2A shows the Dst variation
during 31 October–6 November 2020 (a week prior to the
earthquake). A minimum value of −35 nT on 31 October 2020
was observed during this period, indicating quiet geomagnetic
conditions.

The day-to-day variation plot of ΔfoF2 during 31 October–6
November 2020 in Supplementary Figure S2B depicts the enhanced
variations of 2 and 5.2 MHz on 3 November 2020 (around 1035
UT) and on 4 November 2020 (around 09 UT), respectively, as
also shown in Supplementary Figure S1D. It can be seen from
Supplementary Figure S2C that the deviation from quiet time
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FIGURE 3
Plots of (A) hourly variation of the disturbance storm time index (Dst) in nanotesla; (B) deviation in the F2 layer critical frequency (ΔfoF2) from its quiet
day median in megahertz; (C) deviation in the F layer peak height (Δh'F) from its quiet day median in kilometer, and (D) percentage variation in the
electron density from 24 November to 31 December 2020.

behavior of the F2 layer peak height (Δh'F) from 31 October to
6 November 2020 varies within ±100 km. However, the maximum
increase in ΔfoF2 on 4 November 2020 (Supplementary Figure S2B)
does not cause much change in Δh'F. More instances of
enhancements in h'F are seen before the event and vice versa after
the event; however, the magnitude of variations is less than that of
foF2 variations.

3.2.1 Post-earthquake analysis
TheY-forking signature for this earthquake event of 6November

2020 (1109 UT) was first observed at 1845 UT, i.e., approximately
6 h and 45 min after the earthquake. A prominent splitting of
O-mode polarization and a slight hint of splitting in X-mode
polarization can be seen in Supplementary Figure S3. The anomaly
lasted for 15 min, after which the ionogram regained its original
shape.

3.3 Earthquake event of 8 August 2020

The epicenter of this earthquake event of magnitude 2.1 was
in Faridabad, Haryana, at 1118 UT, at a distance of ∼57 km from
theionospheric monitoring station in New Delhi. The space weather
indices are shown in Supplementary Figures S4A and S4B, from
25 July to 15 August 2020 (14 days before and 7 days after the
earthquake on 8 August 2020). BZ showed no variation, the solar
wind velocity was at its lowest with a maximum value reaching
∼643 km/s on 4 August 2020, 4 days before the earthquake. The
Kp index was <4, the F10.7 cm solar flux ranged from 72 to 76
sfu, and the Dst index had normal values. It can be seen from
Supplementary Figure S4C that foF2 shows an increase from 06 to
15 UT during this period of analysis. Enhanced foF2 values were
primarily seen on 6 August 2020 around 1030 UT (marked by a
circle) and on 4 August 2020 around 0830 UT. It can be seen from
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FIGURE 4
Sequential Y-forked ionograms (2145–2255 UT) at the NPL, New Delhi station, post the earthquake event of 8 December 2020 at 0027 UT. The
ionogram traces in red color are those of O-mode polarization, and the traces in green color are those of X-mode polarization.

Supplementary Figure S4D, in which the variation of foF2 (ΔfoF2)
from the normal quiet time is shown, that a prominent enhancement
of ∼3.3 MHz occurred on 6 August 2020, primarily confined to
07–10 UT. Instances of depressions in between enhancements,
as seen during the 6 November 2020 and 8 December 2020
earthquakes, are quite evident during this earthquake event, on
30 July and 1, 3, and 5 August 2020 (within a week before the
earthquake) and on 9 and 14 August 2020 (within a week after
the earthquake event). A maximum variation of ∼160% in electron
density is observed during this earthquake event. Other lesser
intensity enhancements are observed on 25, 27, and 31 July and 2, 8,
10, and 12 August 2020, as also seen in Supplementary Figure S4C.
The increased geomagnetic conditions around 2 and 3 August
2020, as shown in Supplementary Figures S4A and S4B could have
resulted in the anomalous variation in foF2 around 2 August
2020. It is important to note that another 3 and 2.9 magnitude
earthquakes occurred on 24 July and 5 August 2020, respectively,
with their epicenters closer to the observing station, New Delhi.
The anomalous ionospheric perturbations could be attributed to
these earthquakes. To precisely locate the time of enhancement,
in Supplementary Figure S5, we have shown ΔfoF2 variation in
Supplementary Figure S5B during 2–8 August 2020, along with
the Dst index variation in Supplementary Figure S5A during the
corresponding times. It can be seen that a prominent enhancement
(3.3 MHz) is seen around 0815 UT on 6 August 2020 and around
1205 UT on 4 August 2020. It is important to point out here
that an enhancement of nearly 3 MHz is seen quite a few times
during this period, whereas the maximum depression of 3.2 MHz

is observed at 1440 UT on 3 August 2020. To examine the
response of F2 layer peak height (h'F), Supplementary Figure S5C
shows Δh'F variation during this period, which varies within
±100 km. However, it shows an opposite response to variation in
ΔfoF2, as the maximum enhancement in ΔfoF2 on 6 August 2020
shown in Supplementary Figure S5B (precursor to the earthquake)
corresponds to a depression in Δh'F variation with a maximum
decrement to ∼124 km on 6 August 2020.

3.3.1 Post-earthquake analysis
The Y-forking signature for this earthquake event of 8 August

2020 (1118 UT) was first observed at 0000 UT of 9 August 2020, i.e.,
approximately 12 h and 40 min after the earthquake. A prominent
splitting of O-mode and X-mode polarizations can be seen in
Supplementary Figure S6. The anomaly lasted for 15 min, after
which the ionogram regained its original shape.

3.4 Earthquake events of 18, 20, 24, and 26
June 2020

Four earthquakes occurred 62 km from New Delhi in June: on
18 (04:18 LT or 22:48 UT of 17 June 2020), 20 (0152 LT or 20:22
UT of 19 June 2020), 24 (1258 LT or 0728 UT), and 26 (1532 LT or
1002 UT) June 2020 with epicenters in Rohtak, Haryana, measuring
2.1, 1.8, 2.8, and 2.8, respectively. To investigate the ionospheric
response during these occurrences, the background space weather
conditions are depicted in Supplementary Figures S7A and S7B
using the indices BZ, VSW, andKp andF10.7 cm, during the period of
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4 June to 3 July 2020 (14 days before and 7 days after the earthquake
events). The plots show normal Bz values during this period, with a
maximumof 5.9 nTon 27 June 2020 at 1100 UT, solarwind velocities
VSW of 540 km/s, Kp below 4, and solar flux ranging from 69 to 75
sfu. These space weather variant results imply that the background
conditions were stable.

The F2 layer critical frequency variations during 4 June to 3 July
2020 are shown in Supplementary Figure S7C. The enhanced foF2
values (∼9.5 MHz) are seen around 04–16 UT. These enhancements
can be clearly observed in Supplementary Figure S7D, where
deviations in foF2 (ΔfoF2) from the normal quiet days during this
period are shown. Perceptible foF2 variations are seen on 16, 20, and
24 June 2020. A prominent enhancement of ∼2.75 MHz is observed
on 16 June 2020 and ∼4 MHz on 24 June 2020, while depressions
are seen on 13, 16, 18, 20, 23, and 24 June 2020 during this period.
The electron density increased by ∼196% during this period, as can
be seen in Supplementary Figure S8D.The large variations observed
after the earthquake period, starting from 27 June 2020, are because
of the earthquake events of 27 and 30 June 2020, as the Dst index
in Supplementary Figure S8A remained above 30 nT, indicating
quiet background conditions. These enhanced variations can be
precisely seen in Supplementary Figure S8B, where ΔfoF2 values are
shown during 12 June–26 June 2020 (a week before the events).
The enhancements, as also seen in Supplementary Figure S7D, are
observed here on 16 June 2020 (2.75 MHz at 1235 UT) seen 2
days prior to the 18 June 2020 earthquake event; 18 June 2020
(2.1 MHz at 1155 UT) seen 2 days prior to the 20 June 2020
earthquake event; 20 June 2020 (2.4 MHz at 1405 UT) seen 4 days
prior to the 24 June 2020 earthquake event; and 24 June 2020
(3.9 MHz 1205 UT) seen 2 days prior to the 26 June earthquake
event. It is important to note that a depression of 2.2 MHz was
also seen on 24 June 2020, which was the earthquake day, at 0640
UT, depressions of 1.8 MHz at 1600 UT and 1.9 MHz at 0645
UT were also seen on 20 and 26 June 2020, respectively, which
were other earthquake days. Supplementary Figure S8C shows the
F2 layer height deviation (Δh'F) from quiet time behavior, varying
within ±200 km. Corresponding to the increase in ΔfoF2 on 16 June
2020 as sown in Supplementary Figure S8B (precursor day), there is
no prominent variation (±50) noticed in Δh'F.This is contrary to the
earthquake case of 28May 2020, where therewas a negative response
in hmF2 corresponding to the respective precursor day’s maximum
enhancement in ΔfoF2.

3.4.1 Post-earthquake analysis
The Y-forking signature for this earthquake event of 18 June

2020 (04:18 LT or 22:48 UT of 17 June 2020) was first observed at
1635 UT, i.e., approximately 17 h and 45 min after the earthquake.
A prominent splitting of O-mode and X-mode polarizations can be
seen in Supplementary Figure S9A. The anomaly lasted for 15 min,
after which the ionogram regained its original shape.

The Y-forking signature for this earthquake event of 20 June
2020 (0152 LT or 20:22 UT of 19 June 2020) was first observed at
1700 UT, i.e., approximately 21 h after the earthquake. A prominent
splitting of O-mode and X-mode polarization can be seen in
Supplementary Figure S9B. The anomaly lasted for 15 min, after
which the ionogram regained its original shape.

TheY-forking signature for this earthquake event of 24 June 2020
(0728 UT) was first observed at 08:15 UT, i.e., approximately 40 min

after the earthquake. A prominent splitting of O-mode and X-mode
polarization can be seen in Supplementary Figure S9C.The anomaly
lasted for 15 min, after which the ionogram regained its original
shape.

The Y-forking signature for this earthquake event of 26 June
2020 (1002 UT) was first observed at 1655UT, i.e., approximately
7 h after the earthquake. A prominent splitting of O-mode and X-
mode polarization can be seen in Supplementary Figure S9D. The
anomaly lasted for 15 min after which the ionogram regained its
original shape.

3.5 Earthquake events of 10 and 28 May
2020

Several earthquakes of magnitude <4 struck New Delhi and
the surrounding areas in May. On 10 May 2020 at 0815 UT,
a 3.4 magnitude earthquake struck and on 28 May 2020 at
1054 UT, a 2.5 magnitude earthquake struck, with the epicenter
in Faridabad, Haryana, about 28 km from the monitoring
station in New Delhi. The background conditions are depicted in
Supplementary Figures S10A and S10B from 26 April 2020 to 4
June 2020, to look for space weather events that could disrupt the
ionosphere (14 days before and 7 days after the earthquake event).
The maximum Kp was 3.3, the solar flux F10.7 cm was 72.8, and the
solar wind velocity, VSW, was less than 500 km/s, indicating quiet
background solar and geomagnetic conditions.

Supplementary Figure S10C shows the variation in foF2 from
26 April 2020 to 4 June 2020. There was a prominent increase on
27 April 2020, when foF2 reached ∼10 MHz, and on 1 May 20,
when foF2 reached ∼10.45 MHz around 08–13 UT. It is important
to note that due to the non-availability of data from 2 to 8
May 2020, the variation just a week before the 10 May 2020
earthquake event could not be studied. Deviations in foF2 (ΔfoF2)
from normal quiet medians, shown in Supplementary Figure S10D,
present enhancements, as also seen in Supplementary Figure S10C
on 27 April and 1 and 9 May 2020. Supplementary Figure S11B
clearly shows the variation in ΔfoF2 values from 26 April
2020 to 4 June 2020 (a week before the earthquake), along
with the geomagnetic conditions (Supplementary Figure S11A). In
line with Supplementary Figure S10D, Supplementary Figure S11B
shows enhanced ΔfoF2 values on 27 April 2020 (2.6 MHz at 1255
UT) and 1 May 2020 (4.9 MHz at 1240 UT), along with the
maximum depression of 3.8 MHz on 28 April 2020 at 0705 UT. A
maximum increase of ∼266% and a maximum decrease of ∼75%
in electron density are observed during this event, as shown in
Supplementary Figure S11D. Supplementary Figure S11C shows the
deviation of the F2 layer height from normal quiet time behavior
(Δh'F). It can be seen that Δh'F varies within ±200 km from 26
April 2020 to 4 June 2020. It is important to point out that no
prominent variation in F layer height is observed corresponding to
the enhanced critical frequency on the precursor day (1 May 2020).
This is similar to the earthquake cases of June 2020, as explained in
the previous section.

Similarly, for the earthquake event of 28 May 2020 at 1054 UT,
a prominent increase in foF2 of 8.8 MHz at 1240 UT was seen on
25 May 2020 (precursor day) with a corresponding ΔfoF2 of 3.3
MHz, as can be seen in Supplementary Figure S10D. A pronounced
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increase in electron density of 160% is evidenced for this precursor
day.

A maximum decrease of 3.14 MHz in foF2 variation and a
maximum decrease of 75% in electron density are observed during
this period.A fall of∼100 km in F layer height is observed during this
period. It is important to note that several earthquakes of magnitude
4.5 and less occurred on 3, 29, and 31 May 2020 to which the
enhancements and depression on 12, 14, 21, and 31May 2020 can be
attributed, as the other solar and geomagnetic conditions remained
stable during this period.

The Y-forking signature for the earthquake events of 10 and
28 May 2020 both lasted for 15 min with significant Y-forking
signatures, as shown in Supplementary Figures S12A and S12B.

3.6 Earthquake event of 14 January 2020

An earthquake measuring magnitude 3 on the Richter scale hit
61 km SW of Kurukshetra, Haryana, India, on 14 January 2020
around 1705 UT. To look for space weather events, as they can also
perturb the ionosphere, the background conditions are shown in
Supplementary Figures S13A and S13B, from 31 December 2019 to
21 January 2020 (14 days before and 7 days after the earthquake
event). The interplanetary magnetic field (Bz), Kp, solar wind
velocity (VSW), and F10.7 cm solar flux remained stable and
low throughout the period; thus, the ionospheric response to
the earthquake event of 14 January 2020 can be expected to be
unambiguous.

Supplementary Figure S13C shows the variation in F2 layer
critical frequency (foF2) from 31December 2019 to 21 January 2020.
There was a prominent increase on 9 and 11 January 2020, where
foF2 reached∼8MHz, around 03–12UT.Other enhanced foF2 values
can be observed on 3, 6, and 13 January 2020 around 03–12 UT.
Deviations in foF2 (ΔfoF2) from normal quiet medians, presented
in Supplementary Figure S13D, show enhancements as also shown
in Supplementary Figure S13C on 3, 6, 9, 11, and 13 January
2020. Supplementary Figure S14B clearly shows the variation in
ΔfoF2 values from 8 January 2020 to 14 January 2020 (a week
before the earthquake), along with the geomagnetic conditions. In
line with Supplementary Figure S13D, Supplementary Figure S14B
shows enhanced ΔfoF2 values on 9 January 2020 (∼3 MHz at
0540 UT) and 11 January 2020 (2.9 MHz at 0355 UT), along
with the maximum depression of 1.3 MHz on 12 and 14 January
2020 at 09–11 UT. A maximum increase of ∼166% in electron
density is observed during this event (Supplementary Figure S14D).
Supplementary Figure S14C shows the deviation of F2 layer peak
height from normal quiet time behavior (Δh'F). It is important to
point out that ∼125 km variation in the peak height is observed,
corresponding to the enhanced critical frequency on the precursor
day (9 January 2020).

3.6.1 Post-earthquake analysis
The Y-forking signature for this earthquake event of 14 January

2020 (1705 UT) was first observed at 1445 UT of 15 January
2020, i.e., approximately 21 h and 40 min after the earthquake. In
Supplementary Figure S15, a prominent Y-forking signature in O-
mode polarization can be seen. The anomaly lasted for 15 min, after
which a normal ionogram trace reappeared.

4 Discussion

At low or low-mid latitudes, the ionosphere, apart from being
influenced by the equatorial electric field, is affected by geomagnetic
disturbances originating from solar–terrestrial interactions. The
equatorial plasma drift is a manifestation of direct penetrating
electric fields and long-lasting disturbed dynamo electric fields.
The sharp changes in the interplanetary magnetic field can result
in prompt penetration of electric fields; hence, solar wind and
magnetospheric driving mechanisms influence the equatorial and
low-latitude ionosphere significantly during geomagnetic storms.
During our examination of the ionospheric responses, we noticed
that the interplanetary magnetic field (Bz), geomagnetic indices
(Kp and Dst), and variations in solar wind speed (Vsw) remained
relatively quiet and stable. As a result, the noticeable disturbances
observed are believed to be disassociated from geomagnetic
conditions or equatorial dynamics.

The investigation of the ionospheric response of the F2 region
to the 11 earthquake events during the year 2020 with magnitudes
of less than 4 as recorded on the Richter scale at a low-mid
latitude Indian station, New Delhi, has shown that there are
perceptible ionospheric variations ranging from 2 to 9 days prior to
these earthquakes. A detailed summary of observations, depicting
the maximum and minimum F2 layer critical frequencies (foF2),
its maximum and minimum deviations (ΔfoF2) from quiet time
behavior, the maximum and minimum changes in electron density,
and the number of days prior to the eventwhenmaximumvariations
were noticed is presented in Table 2. It can be seen from the table
that a maximum enhancement varying from ∼122% to 266% and a
maximumdepression ranging from∼55% to 76% in electron density
occurred during these events. Furthermore, we found significant
occurrences of enhancements in comparison to depressions in the F2
region critical frequency at a low-mid latitude Indian station, New
Delhi. A few of the selected electron density profiles on the precursor
day are plotted in Figure 5 along with five quiet day profiles at
approximately similar timings for the four earthquake events. It can
be seen from the figure that the maximum peak electron density
varies by a factor of 1.6–1.9 on the precursor day (shown in black) for
these four earthquake events. However, the altitude does not change
much on the precursor day from the quiet time average variation.
There are changes in altitude on the earthquake day (event day);
however, these changes are not as prominent as are seen in the
frequencies (more than 250%), which are reported by us and inmost
of the reports as mentioned in the article. The main ionospheric
variations that are being observed occur prior to earthquakes, and
the behavior of ionospheric altitude (h'F) in relation to seismic
events is a complex phenomenon that is not fully understood.
It is established that some earthquakes can trigger disturbances
in the ionosphere, causing changes in h'F. However, not every
earthquake will necessarily have such effects. Several factors play a
role, such as the magnitude and depth of the earthquake (smaller
or deeper earthquakes may have a minimal or undetectable impact
on the ionosphere), the radius of the earthquake preparation zone
(effects may be unnoticed if the earthquake lies outside the radius
of the earthquake preparation zone), and the specific ionospheric
conditions at the time (pre-existing disturbances or irregularities
may overshadow earthquake-induced effects). It is important to
emphasize that the study of ionospheric responses to earthquakes
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FIGURE 5
Plot showing electron density profiles of precursor day and 5 quiet days of the month for the earthquake events of (A) 28 May 2020, (B) 26 June 2020,
(C) 14 January 2020, and (D) 08 December 2020.

is an ongoing research field, and researchers are continuously
exploring the connection between seismic events and ionospheric
disturbances. While progress has been made in understanding this
relationship (a causative mechanism), it remains a complex and
multifaceted area influenced by various factors.

Few reports of ionospheric perturbations have been observed
from the ionospheric monitoring station in New Delhi prior
to earthquakes. In an earlier study (Gupta and Upadhayaya,
2017), perceptible ionospheric variations leading to peak electron
density variations of ∼207% were reported while investigating
the ionospheric response to five major earthquake events that
were greater than 6 on the Richter scale, affecting a low-mid
latitude Indian station, New Delhi, during the years 2015 and
2016. In another study, Sharma et al. (2010) reported anomalous
enhancement in the ionospheric TEC and foF2 1–4 days before the
main shock during three major earthquakes (M > 6) in China in
the year 2008. Dabas et al. (2007) also reported unusual ionospheric
variations (both enhancements and depressions) in foF2 values
varying from 1 to 25 days prior to the occurrence of 11 major
earthquakes (M > 6) that occurred in the Asian region.These studies
reported perceptible ionospheric perturbations and indicated the

possibility of seismo-ionospheric coupling. In this study, we have
found that even lowermagnitude earthquakes (M < 4) seem to affect
electron densities in the ionosphere before an impending earthquake
when the ionospheric monitoring station is near the epicenter. It is
important to emphasize that while there is evidence of ionospheric
anomalies preceding earthquakes, the exact mechanisms and causal
relationships are still not fully understood. One possible explanation
could be the generation of a powerful electric field in the vicinity
of the Earth’s surface. Pulinets et al. (1994) proposed a coupling
model providing a block diagram of the seismo-ionospheric
coupling mechanism that suggested that radon is emitted from
the region where the earthquake’s epicenter is located, both during
and preceding the occurrence of the earthquake. Another similar
schematic depiction of the causative mechanism has been reported
by Revathi et al. (2010), Kuo et al. (2015), and Xiong et al. (2021b).
The increased concentration of ions in the seismic zone initiates
a process known as nucleation, leading to the formation of ion
clusters (Pulinets and Ouzounov, 2011). The diffusion of radon is
facilitated by carbon dioxide and methane (Khilyuk et al., 2000),
which in turn incite the generation of acoustic gravity waves.
The movement of air disrupts the ion clusters, causing a rapid
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FIGURE 6
Plot showing relationship between earthquake magnitude and precursor time using Rikitake’s law.

enrichment of ions in the near-Earth atmosphere. Consequently, an
anomalously strong vertical electric field of approximately 1 kV/m
magnitude is produced through a process of charge separation.
This intense electric field can penetrate the ionosphere, altering its
dynamics and electron density (Pulinets et al., 2000). The physical
mechanisms of pre-seismic anomaly generation are suggested in
the framework of the LAIC model (Freund, 2011; Pulinets and
Ouzounov, 2011; De Santis et al., 2015; 2019). However, further
research and monitoring are required to establish the validity and
reliability of ionosphere–earthquake coupling as a predictive tool for
earthquakeforecasting.

The three vital parameters of an earthquake are its magnitude,
depth, and distance from the epicenter. The ionospheric variations
prior to an earthquake are reported chiefly and believed to be
observed for stronger earthquakes (M > 6) and weaker earthquakes
(M < 4.2) that are not likely to perturb the ionosphere (Liu et al.,
2006). It is also believed that earthquakes with hypo-central depths
within 50 km are likely to affect the ionosphere (Molchanov
and Hayakawa, 1998). However, by contrast, we have observed
ionospheric perturbations prior to earthquakes of M < 4. In our
analysis, we found three cases: 18 June 2020, 8 August 2020, and
8 December 2020, where the magnitude and depth were the same.
However, it is important to note that electron density variations of
120%, 132%, and 229% were observed. These observations point
toward the complexity and thus the elusiveness of the F region
ionosphere (Rishbeth, 2000; Mendillo et al., 2001). Furthermore,
it is proposed that the precursor time (ΔT) in days is related to
the magnitude of the earthquake by the empirical law log10(ΔT)
= a + bM (Rikitake, 1987), where M is the magnitude of the

earthquake event and a and b are constants. In view of the above,
we examined the earthquake events and calculated the precursor
time by taking values of a = −3.29 (±0.76) and b = 0.78 (±0.11),
as incorporated by De Santis et al. (2019) in their study on the
analysis of electron density from the swarm satellites. As seen from
Table 2, the time of the precursor is found to be 1–3 days for these
earthquake events; however, in our observations of F2 layer critical
frequency, the precursors are mostly seen varying from 2 to 9 days
during these events. Furthermore, as can be seen from Figure 6, a
linear relationship between the precursor time and magnitude of an
earthquake is seen forweaker earthquakesmeasuring less than 4 that
are within the radius of the earthquake preparation zone. This result
suggests that the precursor times are related to the magnitude of the
earthquakes; however, a comprehensive study of the dependency of
parameters like depth, magnitude, and distance from the epicenter
on the precursor time is thus suggested as a potentially productive
line of inquiry.

TIDs of various scale sizes are produced in the thermosphere
because of gravity waves, which play a vital role in the transportation
of energy from above and below. TIDs appear as signatures in
distorted ionograms that have unusual splitting or Y-forking. In
our analysis of earthquake events, we have predominantly observed
the Y-forking of the ionograms in both the O and X modes of
polarization near the F2 layer frequency on the event and precursor
days, as seen in Figure 7. It is important to note that in some cases,
we have also observed opposite Doppler shifts in both the O and
X modes. Furthermore, we have found large vertical displacements
along with sharp descents following sharp rises when Y-forking
in ionograms was observed in comparison to that on other days.

Frontiers in Astronomy and Space Sciences 13 frontiersin.org

https://doi.org/10.3389/fspas.2023.1170288
https://www.frontiersin.org/journals/astronomy-and-space-sciences
https://www.frontiersin.org/journals/astronomy-and-space-sciences#articles


Bhardwaj et al. 10.3389/fspas.2023.1170288

FIGURE 7
Plot showing Y-forked signature in ionogram traces on the precursor day.

Figure 8 shows the case of 8 December 2020, where a large variation
(∼90 km) in the virtual height is seen when Y forking is observed in
comparison to the previous day where a variation of ∼50 km is seen.

As propagation of TIDs may cause undulations in the F layer height
as a consequence of spread in the height and/or frequency in the
ionograms ( Shiokawa et al., 2003; Lakshmi Narayanan et al., 2014;
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FIGURE 8
Plot showing earthquake event of 8 December 2020, where a large variation (∼90 km) in the virtual height is seen when Y-forking is observed in
comparison to that of the previous day, where a variation of ∼50 km was seen.

FIGURE 9
Plot of the unwarped O(1D) 630.0 nm all-sky airglow images during moonless and clear sky conditions for the earthquake event nights of (A) 18 June
2020 and (B) 20 June 2020 and the precursor nights of (C) 10 June 2020 and (D) 16 June 2020.
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FIGURE 10
Plot of Y-forked ionograms at (A) Trivandrum and (B) Ahmedabad on 7 and 8 December 2020.

Yadav et al., 2021a; 2021b; Rathi et al., 2021; 2022). These sharp
variations observed in the virtual height point toward the passage
of TIDs over the ionospheric monitoring station in New Delhi. In
order to ascertain the presence of TIDs, we have used O(1D) 630.0
nm airglow data from a multi-wavelength all-sky airglow imager
installed at Hanle, Ladakh, India (32.7°N, 78.9°E; dip lat. ∼24.1°N),
as the Digisonde lies at the southern edge of the airglow imager’s
field of view (FOV), having a partially common volume region of
observation in the ionosphere. Figure 9 represents the unwarped
O(1D) 630.0 nm all-sky airglow images during moonless and clear
sky conditions for the events when the data were available. We can
observe a faint plasma structure likely to be MSTID on the event
nights (18 and 20 June 2020) and the precursor nights (10 and 16
June 2020), which sustained formore than 40min during each night.
These structures appeared in the northeast of the imager’s FOV
and propagated southeastward. We have estimated the horizontal
velocities of the whole plasma structure for all the nights, which
are 62.03 ± 7.17 m/s, 90.3 ± 11.4 m/s, 95.53 ± 7.13 m/s, and 60.93
± 2.6 m/s for 18 June 2020, 20 June 2020, 10 June 2020, and 16
June 2020, respectively. The horizontal velocities of these MSTIDs
are similar to those of other events from the same locations reported
previously (Yadav et al., 2021a; Yadav et al., 2021b; Rathi et al., 2021;
Rathi et al., 2022). Similar Y-forking in ionograms was earlier
reported from I-Cheon, Korea, a few hours after the 11 March
2011 Tohoku earthquake and by the meteor explosion event over
Chelyabinsk on 15 February 2013 (Pradipta et al., 2015). In their
study, the authors reported the presence of Y-forked ionograms
as a signature of TIDs, which is supposed to have been caused
by the meteor explosion. This is important to point out that Y-

forked ionograms during the period (7 and 8 December 2020) of
the study were also seen at Trivandrum and Ahmedabad, as shown
in Figure 10.

5 Conclusion

Based on our investigation on the extent of ionospheric changes
following 11 earthquake events measuring less than 4 on the Richter
scale during the year 2020 in the vicinity of New Delhi (28.6°N,
77.2°E, 42.4°N dip), the following conclusions are drawn:

1) There are perceptible ionospheric perturbations 2 to 9 days
before the event that can be linked to these earthquakes.

2) These perturbations resulted in a peak electron density of more
than 250% when compared to the quiet time ionosphere for
earthquakes measuring less than 4 on the Richter scale when
the ionospheric monitoring station was in the vicinity of the
epicenter.

3) A linear relationship between the precursor time andmagnitude,
as suggested by Rikitake’s (1987) empirical law, was observed.

4) Y-forked ionograms with opposite Doppler shifts in both
O- and X-mode polarizations were observed before and
after the earthquake events at New Delhi. Traces of Y-
forked ionograms were also seen in Ahmedabad and
Trivandrum.

5) These Y-forked ionograms are one of the characteristic signatures
of TIDsmoving with a horizontal velocity varying from 60 to 100
m/s.
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