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Abstract

Ionospheric total electron content (TEC) variations prior and after to the great Gorkha Earthquake in Nepal (Mw = 7.8) on
April 25, 2015, were analysed using measurements from widely distributed Global Positioning System (GPS) network. This
study has been performed to understand the relationship between ionospheric TEC anomalies and earthquake occurrences. The
analysis of vertical TEC (VTEC) time series from different GPS stations shows that the abnormal TEC variations appeared
few days up to a few hours before the events. The results indicate that deviation in VT EC observed on the distant GPS station
from the epicentre was found less relative to that of the stations near the epicentre, inferring that the variation in ionospheric
VTEC nearly inversely relies upon the distance of GPS stations from the epicentre. Moreover, the pre-earthquake ionospheric
anomalies were also observed in the geomagnetically conjugated region. In view of the solar-terrestrial environment, the pre-
earthquake ionospheric anomalies could be associated with the Nepal earthquake. The VTEC anomaly was identified when it
crosses the upper bound or lower bound. The outcomes additionally show that TEC variation was dominant in the vicinity
of the earthquake epicentre. We also describe contrast in TEC throughout the globe using global ionospheric maps at regular
2-hour UT intervals, the day before, during and after the earthquake. In addition, we observed that areas heavily influenced

by TEC were found to be transposed from eastern sectors to western sectors through the equatorial plane.
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Abstract

Ionospheric total electron content (TEC) variations prior and after to the great Gorkha Earthquake
in Nepal (Mw = 7.8) on April 25, 2015, were analysed using measurements from widely distributed
Global Positioning System (GPS) network. This study has been performed to understand the
relationship between ionospheric TEC anomalies and earthquake occurrences. The analysis of
vertical TEC (VTEC) time series from different GPS stations shows that the abnormal TEC
variations appeared few days up to a few hours before the events. The results indicate that deviation
in VTEC observed on the distant GPS station from the epicentre was found less relative to that of
the stations near the epicentre, inferring that the variation in ionospheric VTEC nearly inversely
relies upon the distance of GPS stations from the epicentre. Moreover, the pre-earthquake
ionospheric anomalies were also observed in the geomagnetically conjugated region. In view of the
solar-terrestrial environment, the pre-earthquake ionospheric anomalies could be associated with the
Nepal earthquake. The VTEC anomaly was identified when it crosses the upper bound or lower
bound. The outcomes additionally show that TEC variation was dominant in the vicinity of the
earthquake epicentre. We also describe contrast in TEC throughout the globe using global
ionospheric maps at regular 2-hour UT intervals, the day before, during and after the earthquake. In
addition, we observed that areas heavily influenced by TEC were found to be transposed from
eastern sectors to western sectors through the equatorial plane. TEC Maps indicate that most of the
Indian areas, Northern China, Nepal, Bhutan, were heavily affected, addressing the earthquake's
onset effect. During the day of the occurrence and one of the quietest days, we also tested the cross-
correlation of TEC of SGOC from Srilanka station and various other stations; the correlation
steadily increased by epicentral distance with the surrounding stations, which was another

fascinating result. Thus, these findings showed that the influence of the earthquake was seen
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globally, with the conclusion that the variation of TEC over various stations of the globe could turn

out to be very helpful in predicting the earthquake.
Keywords: Earthquake, Ionosphere, Total Electron Content, Seismic Waves

Introduction

The ionosphere is a complex layer in the upper part of the atmosphere which undergoes both spatial
and temporal change mainly because of the ionization effect of high-energetic solar radiation of
extreme ultraviolet (EUV) and solar-related ionospheric disturbances (Rana et al., 2019). The Earth
sends transient signals, sometimes stronger and more often subtle and more transitory, according to
ionospheric studies, before major earthquakes which often showed the temporary disturbances
within the ionosphere (Pulinets, 2007; Sharma et al., 2017). All energy input into the ionosphere
was predominantly clarified by the sources from solar and geomagnetic influences, while other
influences on the ionosphere were essentially ignored (Pulinets et al., 1998). A significant number
of worldwide research groups are studying ionospheric perturbations prior to big earthquakes (Liu
et al., 2000; Pulinets, 2002; Pulinets et al., 2005; Sharma et al., 2017; Shi et al., 2020). Earthquakes
are one of nature's most destructive and unforeseen natural phenomenon. The unexpected fault
rupture results into the sudden release of energy that stored in Earth’s crust creating seismic waves
(Ohnaka, 2013). Over the history of earthquakes, many people have been killed and many localities
of the country have been devastated. Numerous attempts have also been made to use parameters to
predict earthquakes using a variety of phenomena, such as Ionosonde, seismicity pattern (Wang et
al. 2010), radon or hydrogen gas (Planini et al., 2004) and space-based observations of energetic
electron precipitation (Kudela et al., 1992). Different techniques can be used to detect the
ionospheric perturbations namely Global Positioning System (GPS)-Total electron content (TEC)
measurements (Pulinets, 2002; Haase, 2011), COSMOS Satellite measurements, DEMETER
Satellite measurements (Pisa et al., 2012) etc. TEC is the total number of electrons present along a
path between two points, with units of electrons per square meter, where 10'¢ electrons/m?> =1 TEC
unit (TECU) (Klobuchar, 1991, Adhikari et al., 2019). Based on these observations, ionospheric
electron contents have been established as one of the key ionosphere parameters and can be applied
to detect a pre-earthquake 1onospheric anomaly. GPS / GNSS stations are being deployed globally
and have become an important tool to research ionospheric TEC before major earthquakes. Jiang
(2017) investigated the ionospheric VTEC before 2014, Mw 8.2 Chile earthquake and observed

positive anomalies 4 days before the main earthquake.

The connection between ionospheric TEC anomalies and earthquake occurrences is ultimately
governed by the lithosphere-atmosphere-ionosphere coupling mechanism (Pulinets, 2004). The

ionosphere records the earthquake-induced by the change in the global electrical circuit triggered by
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the accumulation of ions in the atmosphere, originating due to the development of stress in the
crustal region prior to an earthquake (Pulinets, 2004; Friedemann and Kulahci, 2009; Sharma et al.,
2017). Pullinets (2004) gave a detailed description of the process of ion cluster formation in the
near-ground layer in the earthquake preparation zone. Ionospheric TEC has many difficulties for
earthquake precursor studies to resolve, primarily due to lack of adequate observation stations and
complications in the results of TEC data resulting from different factors. (Pullinets, 2007, 2009).
Several studies reported the GPS derived TEC anomalies from 0 to 8 days before major seismic

events (Pulinets, 2009; Liu et al., 2011; Sharma et al., 2017).

Nepal is a seismically active region of the world where there has been a devastating earthquake in
the past. On April 25 2015, a large magnitude (Mw 7.8) earthquake occurred at 11:56 Nepal
Standard Time (NST) (06:11:25 UTC) with an epicentre at 28.1473 °N and 84.708 °E, 8.2 km depth,
34 km east-southeast of Lamjung, Nepal (Adhikari et al., 2020). The main-shock was followed by
two large aftershocks of Mw 6.7 (on 26 April 2015 at 09:10 UTC) and Mw 7.3 (on 12 May at 07:05
UTC).

In this present work, we report the disturbances of the ionosphere TEC observed by GPS TEC
measurements from locations near and far from the epicentre during the April 2015 Nepal
earthquake. Some new findings are drawn by studying the ionospheric TEC deviation and cross-
correlation between the various GPS stations. In addition, we have used the Global Ionospheric
Map (GIM) to detect TEC variation across the globe. Continuous monitoring of GIM provides an
alternative way of measuring the global effects of natural disasters such as earthquakes on the
ionosphere and could be used as a sophisticated tool to forecast the emergence of these natural

events.
2. Data and Method

In this study, data from nine UNAVCO GPS stations have been used to recognize coseismal TEC
perturbations caused by 2015 Nepal earthquake. Table 1 provides comprehensive information on the
nine selected GPS stations with their geographic latitude and longitude. We analysed GPS data of
30s sampling interval from two (HYDE, IISC) Indian sites, from one (SGOC) Srilanka site and 15s
sampling interval from six sites (CHLM, NPGJ, KKNI, DNSG, JMSM, DNDG) of Nepal. The
calibrated VTEC, captured with a time resolution of 15 sec and 30 sec was later converted to 1hr
resolution by taking the average with the proper selection of time interval (1hr = 3600s). The
vertical TEC data were taken from the dual-frequency carrier phases and differential code recorded
by ground-based GPS receivers during the interval of 1 month, including both prior to the
earthquake. The raw data from GPS station were pre-processed to convert into the receiver

exchange format (RINEX). A RINEX file from the selected GPS stations was processed in order to
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calculate vertical TEC by the help of the calibration algorithm (Ciraolo, 1993). It assumes that
ionosphere is concentrated within a thin shell located at around 357-457 km of altitude (Oikonomou
et al., 2016). The slant range TEC (STEC) can be obtained from a satellite to a receiver as the dual-
frequency carrier-phase observations L1 and L2 (Chen et al., 2016; Shi and Guo et al., 2019) as per
the following equation:

(f1£2)2

STEC= 40.3(f12-122)

(Li-LotA1 (Ni+ br) - At (No+b2) + e .nene.n.... (1) where f1 and f2 are GPS

signal frequencies at 1575.42 MHz and 1227.60 MHz; A is the signal wavelength; N is ambiguity; b
is the instrument biases for carrier phase; € is residuals. The vertical TEC can be obtained by

converting STEC as:

VTEC=STEC x cos (arcsin (%)) ............. (2) where R is the Earth radius; a is the elevation
angle of the satellite; H is the height of the ionosphere. We have chosen height at an altitude of 400
km for our analysis. For the identification of seismo-ionospheric signal, we have observed the
behaviour of VTEC for 30 running days by statistical analysis (Liu et al., 2004; Sharma et al.,
2017). To construct the upper and lower bounds, we have computed the median (n) and standard

deviation (o) of 15 running days written as:
Upper Bound (UB) =p+1.3406.............. 3)
Lower Bound (LB) =p-1.346.............. 4)

If the VTEC value crosses the UB and LB, then the positive (high) and negative (low) anomalies
are considered respectively (Liu et al., 2009; Yao and Chen et al., 2012), an abnormal signal was
detected at a confidence level of about 82% (Kotz and Johnson, 1982; Oikonomou et al., 2016). In
addition to our analysis, for the same period of days, we also plotted the geomagnetic indices; Dst
(nT) and Ap (nT) along with the £10.7 solar index in order to ensure that there were no inputs from
geomagnetic activities on the event period and the detected ionospheric perturbations can be

guaranteed as a consequence of the earthquake.

Table 1: Detailed information on GPS stations with their geographical latitude and longitude and

distance from the epicentre.

GPS Station Geographical Geographical Distance from the
Latitude (°N) Longitude (°E) epicentre (km)

CHLM 28.2072 85.3141 57.1
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NPGJ 28.1172 81.5953 307.61
KKNI 27.8007 85.2788 71.9
JMSM 28.8053 83.7433 115.8
DNGD 28.7544 80.5818 409.7
DNSG 28.3451 83.7635 95.6
HYDE 17.4173 78.5579 1358.64
SGOC 6.8921 79.8742 2427.802
1ISC 13.0212 77.5704 1148.146

Cross-Correlation

Cross-correlation is the standard statistical technique to study the relationship among different
variables along with timely analysis and draw the identical characters to probe the new information
(Usoro, 2015; Adhikari et al., 2017). In this present study, the cross-correlation technique has been
employed to establish the similarity pattern of different GPS stations in order to verify the abrupt
variation in VTEC value on 25™ April 2015. The correlation coefficient is scaled from -1 to +1 and
the curve indicates strong correlation when it is close by £1, whereas correlation coefficient around

zero displays moderate or less correlation between the variables (Katz, 1988; Adhikari et al., 2018).
Results and Discussion

In this section, we addressed the ionospheric response to April 25, 2015, Nepal earthquake (Mw 7.8)
from GPS measurements recorded over a network of receivers which are distributed in the

epicentral region of the earthquake and sites quite far from the epicentre.

Time Series Analysis for the month of April 2015

In this study, we have attempted to investigate the time-series of TEC anomalies which are expected
for April 25 2015, Nepal earthquake. The TEC time-evolution analysis was carried out using six
GPS observations stations located at 57-500 km areal distance from the epicentre of the earthquake.
Time- series analysis of TEC for a period of 30 days was carried out to observe the diurnal TEC
variations, along with corresponding upper and lower bounds of TEC values. Fig 1 shows the 30

days TEC time-series observations with associated upper and lower bounds prior to and after to
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earthquake. TEC variations preceding Nepal earthquake started almost a few days before the event.
A prominent positive (high) anomaly crossing upper boundary layer was observed on 2", 3/ 14t
16", 17" and 24" prior to mainshock (25" April 2015) and low TEC value was observed on 111
April prior to and on 29™ April 2015 after to mainshock at CHLM GPS station located at 57.1 km
distance from the epicentre. The low TEC value observed was attributed to the reversal of electric
field direction as postulated by Pulinets, (1998) and Sharma et al., (2017). In order to check the
consistency of TEC anomalies, similar anomalies were expected to be observed from other stations.
The analysis shows similar patterns in TEC anomalies from all six observations stations.
Additionally, at other observatories GPS station, the analysis revealed high TEC anomalies crossing
UBL on the same anomaly days that we observed at CHLM station except for 29" April, with
including 4™ April 2015 prior to the main event at DNGD located at a distance of 409.7 km from
the epicentre. Observations at KKNI and NPGJ GPS stations located at a distance of 71.9 km and
307.61 km respectively indicate high TEC anomaly on 5™ and 23" April before the earthquake.
TEC derived from DNSG and JMSM located at a distance of 95.6 km and 115.8 km respectively
showed similar anomalies like other stations. In addition to the mainshock on April 25, 2015, it was
followed by big aftershocks on the same day as well as on 26 April with a magnitude of 6.7 at
around 12:54:08 NST (07:08 UTC), with an epicentre located about 17 km south of Kodari, Nepal
(USGS earthquake catalogue). These anomalies were also checked with other geomagnetic indices
(Dst, Ap and f10.7) to detect the effect of a geomagnetic storm as shown in fig 2. It was observed
that these anomalies were not affected by any geomagnetic phenomenon except for 16™ and 17 of
April. The change in TEC depends on solar activity, geomagnetic storm and receiving GPS station
location and also varies with time and space. The energy and currents released by a geomagnetic
storm increase the total height-integrated number of ionospheric TEC (Sharma et. al., 2017).
Increase in ionospheric TEC results in the spatial variability of the ionosphere and cause
ionospheric delays in the GPS signals (Pulinets, 2009). Overall, the TEC values corresponding to
the anomaly time from all six stations was observed that the earthquakes had at least one high TEC
value crossing UBL and low TEC value crossing LBL which was also observed in earlier studies

(Sharma et al., 2017, 2018, 2019, 2020).



184
185

186
187
188
189

]
N N Y N h a h i i 2 5
hOoA R AR ‘ﬂ gofoh R A
1R
H nt

3\\@\K\ﬁﬁk\a

&K\&\“

INALVA VAN

I

1

i

***ﬁ“*k\ﬂ\\&\\&\k

(!’0

"

lkxkxkkk&&mkkk

8 0h s A
VoA
i
i
:-:‘\\A
§ fl
Y
- .
I
i
Lo
[A
! P4

; (a'

AR A A AR AL
AR

o) ]
3 100
LL
'—
£ 50
I3
LU
'—
> 0
) ]
3 100
LU
'—
Z 50
5)
LU
'_
> 0
o) ]
3 100
LU
'_
Z 5
9
e
'_
= 0
) ]
3 100
L
'_
£ 5]
%)
LU
'_
= 0
o) ]
3 100
LU
'_
Z 50
3)
LU
'_
=0
o) ]
3 100
LU
'_
Z 50
9
LLl
5

.\&

¥

AAMANUAIANL

| mm———

3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30

Mw 7.8
Days of April in 2015

CHLM
uB
LB

DNGD
uB
LB

DNSG
uB
LB

KKNI
uB
LB

JMSM
uB
LB

NPGJ
uB
LB

Fig.1. VTEC values observed in the TEC unit for the period of one month computed from CHLM,
DNGD, DNSG, KKNI, JMSM and NPGJ represent the TEC variation for the month of April. The

circles represent the anomalous TEC variation. Anomalies are marked when TEC crosses upper and

lower bounds.
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2015)

Comparison of quiet day TEC with that of earthquake day (25" April 2015)

Fig 3 shows the variation of TEC level during the earthquake event of 25 April 2015 in comparison
to the mean TEC of topmost five quietest days of the same month at DNGD, DNSG, JMSM, KKNI,
NPGJ and CHLM stations. The trend of diurnal variation of average VTEC seems to be followed at
all the stations, minimum in a pre-dawn, a continuous inclination in the early morning followed by
an afternoon with maximum TEC value and then gradually decreases after the sunset. The value of
VTEC during “earthquake day” is exceeding the “quiet day” from some time before the earthquake
event. Significant increment on VTEC can be seen during the earthquake period. The VTEC
reached to the maximum point at ~ 8:00 UT (13:45 LT). It is found to be recovered slowly but was
greater than the quiet day value throughout the day. The increment in VTEC during earthquake
events ranges from ~ 1.8 to 4.6 TECU at the different stations at various distances from the

epicentre of the earthquake.
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Fig.3. Comparison of TEC at six different stations during the earthquake of 25 April 2015 with the
mean TEC of most five quietest days of the month. The vertical bar at earthquake day represents the
standard error.

Deviation in VTEC on earthquake day from a quiet day

Fig 4 depicts that there was a significant increase in VTEC value during the earthquake event day
compared to the quiet day. In this section, we study the deviation of GPS derived mean hourly
VTEC in terms of percentage during the earthquake event day i.e. 25 April 2015 from mean of top 5
quietest days of the same month. The data of the top five quietest days were provided by the World
Data Centre for Geomagnetism, Kyoto (http://wdc.kugi.kyoto-u.ac.jp/qddays/). Fig 4 describes that

there was a high deviation in TEC right after the mainshock of earthquake event which was felt at
6:11 UT (~11:56 LT) and the almost constant increment remained for about 7 hours after the
mainshock i.e. up to 14:00 UT. As observed from DNGD GPS station, the maximum VTEC differ-
ence between the day of the earthquake and the quiet day reached to 17 TECU whereas 25 TECU
from DNSG and JMSM stations, around 32 TECU while observed from KKNI, 30 TECU from
CHLM and 22 TECU from NPGJ GPS stations. The high deviation of VTEC on event day from the
quiet day was observed during the time interval of 6:00 UT to 14:00 UT. However, there was a rela-

tively small deviation of less than 10% before the mainshock and after 7 hours of mainshock i.e.
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after 14:00 UT in all stations as witnessed from Fig 4. It is noteworthy that, throughout the earth-
quake event day the positive deviation of VTEC was recorded.

It was also noticed that the deviation decreased, with an increase in distance of the station from the
epicentre. The DNGD station which is ~409 km from the epicentre showed the maximum deviation
of only 17 TECU whereas deviation up to 32 TECU was spotted from KKNI GPS station which is
only 71.9 km away from the epicentre. TEC variation is found to increase as the epicentre distance
decreases which was also supported in earlier studies (Sharma et. al., 2017). The deviation of VTEC
from quiet days fairly relates with distance (see table 1) of the station from the epicentre of the
earthquake. Since earthquake event day was also the geomagnetically quiet day so, increment in
VTEC during and after the earthquake event compared to other quiet days disclosed that there was

momentous relation between seismic activity like earthquake and the ionospheric TEC.

DNGD DNSG
Time(LT) Time(LT)
Apr 25 Apr 26 Apr 25 Apr 26
05:45 11:45 17:45 23:45 05:45 05:45 11:45 17:45 23:45 05:45
50 -1 1 1 1 1 1 1 1 1 1
40 -
30 -
20 17
10 i
o 1loé&ﬁmﬁﬁﬂﬂﬂﬁﬂﬁﬁﬁﬁﬁﬁﬁﬁﬁ;l
50 JMSM
40
30
20 17H
10—z TR (I
. @ﬁﬁﬁﬁﬁHH ﬁﬁﬂﬂﬂﬂﬁﬁﬁ,
50 NPGJ
40 —
30 -
- HF 17‘1 _
10 M -
0l40.0 .i..l.ﬁerH : ﬂﬁﬁﬁmﬁﬁﬁéﬁ, | Iﬁl'llilﬁﬁl""lﬁﬂ
00:00 06:00 12:00 18:00 00:00 00:00 06:00 12:00 18:00 00:00
Apr 25 Apr 26 Apr 25 Apr 26
Time(UT) Time(UT)

Fig.4. Deviation of TEC at six GPS stations on 25" April 2015 Nepal earthquake from the mean
TEC of five quietest days of the month. The red bars represent a high deviation in TEC values.
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Cross-Correlation Analysis

Fig 5(a) shows the plot of cross-correlation of mean hourly VTEC data of DNGD GPS station with
mean hourly VTEC data of DNSG, JMSM, KKNI, CHLM and NPGJ GPS stations during the 2015
Gorkha earthquake. The horizontal axis ranges from -25 to 25 represents the time scale in hours and
the vertical axis represents the cross-correlation coefficient. Time scales help to understand the lead
or lag between the indices after establishing their correlation (Adhikari et al., 2018). The Fig
displays the overlapping of all curves throughout the time lag of -24 to +24 with cross-correlation
coefficient +1 at a zero-time lag. This reveals that there was a very strong positive association of
mean hourly VTEC data of DNGD GPS station with other mentioned stations of Nepal during the
earthquake event day i.e. 25 April 2015. This verified the similar pattern of diurnal variation of
VTEC over Nepal (earthquake-affected region) during the earthquake event day.

1 Cross-Correlation during 2015 Gorkha Earthquake among stations of Nepal
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Fig. 5(a): Cross-correlation of VTEC derived from DNGD GPS station with DNSG, JMSM, KKNI,
CHLM and NPGJ GPS station during the 2015 Gorkha event day.

In order to correlate the hourly mean VTEC of different GPS stations during the quiet day, we had
added SGOC GPS station of Srilanka, IISC and HYDE GPS stations of south India along with GPS
stations of Nepal mentioned in the above section. All the stations are located on mid and lower
latitude regions. SGOC, HYDE and IISC are the stations which were not affected by the Gorkha
earthquake 2015. Fig 5(b) depicts the cross-correlation of hourly mean VTEC of top five quietest
days of April 2015 derived from SGOC GPS station with hourly mean VTEC derived from other
stations. It demonstrated the strong positive correlation between mean hourly VTEC derived from
SGOC station and mean hourly VTEC derived from DNGD, DNSG, CHLM, NPGJ, KKNI, JMSM,
HYDE and IISC with correlation coefficient value of +1 at zero time lag. This suggests that during
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the quiet day the similar variation of ionospheric VTEC can be observed on mid and lower latitude

regions irrespective of their geographical locations.
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Fig. 5(b): Cross-correlation of VTEC derived from SGOC GPS station with DNSG, JMSM, KKNI,
CHLM, NPGJ, HYDE and IISC GPS station during the quiet day of April 2015.

Fig 5(c) shows the cross-correlation of SGOC GPS station with other stations during the earthquake
event day of Gorkha earthquake 2015. In the Fig, the magenta, yellow, green, blue, black and cyan
curves representing the cross-correlation of mean hourly VTEC derived from SGOC with DNGD,
NPGJ, DNSG, KKNI, CHLM and JMSM GPS stations respectively are overlapped throughout the
time interval of -24 to +24 with cross-correlation coefficient of 0.8 at a time lag of -5 hours. This
suggests that VTEC derived from DNGD, NPGJ, DNSG, KKNI, CHLM and JMSM stations i.e.
earthquake-affected stations lead SGOC by 5 hours before they get correlated. But the red stared
(SGOC-IISC) and blue squared (SGOC-HYDE) line has reached the cross-correlation coefficient of
+1 at zero time-lag. This means VTEC derived from SGOC and IISC as well as HYDE stations
were strongly correlated during the earthquake event day. This result revealed that the VTEC from
GPS stations which were not affected by earthquake shows less correlation with some lag in time
with VTEC derived from earthquake-affected stations whereas it showed perfect correlation with
VTEC from stations not affected by the earthquake. The results obtained from the cross-correlation
analysis supports that the increase in TEC value reported in the above section was solely due to the

Earthquake event.
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Fig. 5(c): Cross-correlation of VTEC derived from SGOC GPS station with DNSG, JMSM, KKNI,
CHLM, NPGJ, HYDE and IISC GPS station during the earthquake event day of Gorkha earthquake
2015.

Since the cross-correlation is the standard method to estimate the degree to which two different
series are correlated, this technique compares and evaluates the information between two time series
of the included parameters as a function of a time lag (Finch & Lockwood, 2007; Mannucci et al.,
2008). In addition, we found that the GPS TEC among the earthquake-affected stations was
correlated with each other, as indicated by the cross-correlation technique. No noticeable lag has
been found between the parameters discussed, which indicate a clear correlation between the
specified stations. In these events, the GPS TEC response to the seismic activity is fairly rapid, as
reflected by a zero-time lag value. All these stations that are affected by earthquake correspond to
the similar change in global electric circuit produced by the gathering of ions in the atmosphere
originating due to the development of stress in the crustal region prior to an earthquake (Pulinets,
2004; Friedemann and Kulahci, 2009). On the other hand, the decreased cross-correlation
coefficient with a low time lag value between the stations which are not affected by earthquake
accounts for the fewer perturbations on the ionospheric TEC during the event day. This indicates
that the findings obtained are encouraging because, in future days, the space weather associated
with the impact of the earthquake can easily be predicted by precise measurements of lead or lag in

the response of the GPS TEC linked with seismic events.
Global Ionosphere Map

Figs 6, 7 and 8 define the contrast across the globe in TEC at a daily 2-hour UT interval on the day
before, during and after the 2015 April 25 Earthquake. The contour along with the colour gradient
represents the global TEC intensity. The high to low TEC activity ratio can be compared at any
spatiotemporal location for the assessment of changes in the ionosphere that are evolved during the

day. Figs reveal ionospheric maps based on geographical longitude and latitude over a global scale,
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produced using various GPS stations in Nepal. Global contour plot indicates a transition in TEC

with a gap of 2 hours beginning at 00:00 UT. The equatorial area comprises optimum spatial and

temporal variations of the TEC and includes various characteristics of the ionosphere including the

anomaly of the equatorial system and scintillation (Paulo de Oliveira, 2009). Thus, the emphasis is

on the band of latitudes 26°-31°N, and longitudes 80°-89°E.
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Fig.6. Global GPS-TEC maps on of 24" April 2015 at regular interval of 2 hours in UT.
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At 00:00 UT-02:00 UT on 24 April, TEC content is high across the Pacific Ocean relative to other

parts of the map. At 04:00 UT, the mild intensification of TEC as initially seen spreads to Indonesia,

New Guinea and the Philippines and becomes intense at 06:00 UT. At this point, the Vietnam,

Singapore and Southern China sectors are showing substantial TEC relative to the others. At 08:00

UT, there is a slight increase in TEC in the Eastern African region. From 08:00 UT-10:00 UT, the

main concentration of TEC is located at lower latitude (-30 ° S to -30 ° N) between the regions of

Indian and Southern China and is slowly moving towards Eastern Africa via the Arabian Sea. From



433 12:00 UT to 14:00 UT, TEC concentration is lower than the previous few hours and mild
434  intensification of TEC is seen over Northern Africa. At 14:00 UT, TEC concentration is observed to
435  be shifting towards South American region via Northern Atlantic Ocean from Africa. TEC is more
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437  Africa between 16:00 UT and 20:00 UT. There is a comparatively high TEC accumulation over the
438 low latitude Atlantic regions (0 °-20 ° N) at 18:00 UT. From 20:00 UT-22:00 UT, South America's
439  lower latitudinal regions exhibit extreme TEC. After 22:00 UT, TEC value decreases until the early
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443  display minimum TEC concentration throughout the day.
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464  Fig.7. Global GPS-TEC maps on 25" April 2015 at regular interval of 2 hours in UT.
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At 00:00 UT - 02:00 UT on 25th April, TEC content is supplementary over northern Pacific and
Atlantic Ocean (40-60 TECU). At 04:00 UT, TEC concentration begins to intensify over the East
China Sea, Indian region, Bay of Bengal, Indonesia and Malaysia and turns out to be extreme at
06:00 UT. At this point, compared to other parts of the globe, the Eastern China and Northern New
Guinea regions display significant TECs. From 08:00 UT - 10:00 UT, TEC concentration rises
significantly compared to the previous few hours in most of the Indian areas, Southern China,
Nepal, Bhutan and the Indian Ocean (100-120 TECU) and by the end 10:00 UT the TEC
concentration is observed to be shifting towards the Eastern and Central Africa. At 12:00 UT, lower
latitudinal regions of Africa and India evinces mild TEC over the region. This intensification lasts
until 18:00 UT over Western African regions and the North Atlantic Ocean, and until 14:00 UT over
northern African regions. From 20:00 UT-22:00 UT, the North-West regions of South America had
a moderate TEC over the area relative to the preceding hours. After 22:00 UT, TEC value decreases
until the early hours of 26 April between -30° to 30° latitude across the Pacific Ocean indicated by
dark yellow colour Between the period of 06:00 UT — 12:00 UT, TEC concentration is remarkably
high near to the regions of Nepal ranging from 100-120 TECU, which continues until the end of the

day through the equatorial plane covering low latitudinal regions.
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Fig.8. Global GPS-TEC maps on 26™ April 2015 at regular interval of 2 hours in UT.

Following the earthquake day, the Equatorial and Low Latitude regions are observed in the Pacific
Ocean with increased TECs while the Indian belts are showing minimum effects. Mild TEC
variation is observed near Northern Australia, Guinea, Indonesia and East China at 06:00 UT. At
08:00 UT on 26 April, highly amplified TEC effects are seen across southern China and near
Indonesia, including parts of Malaysia and the Indian regions, depicted by a dark yellow colour.
Soon the TEC variations get prolonged over India, Nepal and China together with Eastern African
zones at 10:00 UT near-equatorial planes. The TEC concentration is seen to be diminished over the
Indian, Southern China, including most African, regions at 12:00 UT, following adverse impacts on
African and Indian belts. From 14:00 UT-18:00 UT, the lower part of South America displays
extreme TEC over the northern African regions (0-30 © N), which stretch along the Atlantic Ocean.
From 20:00 UT to the early morning hours of April 27, the TEC concentration decreased across the
northern sector of South America along with the North Pacific Ocean. The most intense TEC is
observed at 08:00 UT on 26 April, which remained between-30 ° to 30 ° latitude at 10:00 UT across

the Indian and Southern China regions indicated by light yellow colour.

Conclusions

We have attempted to investigate TEC variations during Nepal earthquake of April 25, 2015,
observed by GPS receivers, located in different parts of Nepal. The main conclusions of this work

are drawn together and presented in this section.

1) The Nepal earthquake on 25" April 2015 with magnitude 7.8 was preceded by TEC
anomalies as observed at a station closer to the epicentre (57 km) and three GPS stations at a
distance of (1000-2570 km) from the epicentre. The most noticeable anomaly was observed
on 14" and 24™ April 2015 (one day before mainshock), although the earliest abnormality
was observed on 11" April 2015 which was also observed in earlier studies (Sharma et al.,

2017, 2018, 2019, 2020).

2) By analysing the data of geomagnetic indices for the same observation period, we observed
that there was no geomagnetic storm i.e. geomagnetic quiet days before and after the
mainshock of the earthquake. Thus, we can conclude that the TEC variations as observed

were attributed due to seismogenic causes.
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3)

4)

5)

6)

The analysis of deviation in VTEC on earthquake event day (also a geomagnetically quiet
day) from the mean VTEC of top four quietest days showed that there was an abrupt rise in
the value of GPS VTEC after the earthquake event relative to that of the geomagnetic quiet

days and the high deviation persisted approximately 7 hours after the earthquake occurred.

The less deviation of VTEC observed on the GPS station which is far from epicentre
compared to that of stations nearby suggests that there was a high increment in VTEC near
to the epicentre and variation in ionospheric VTEC almost inversely depends upon the
distance of GPS stations from the epicentre. As the intensity of earthquake decreases with
distance from the epicentre, this spatial variation of VTEC can also be summarized as the

outgrowth of ionospheric TEC perturbations with the intensity of the earthquake.

The cross-correlation between GPS derived VTEC on earthquake event day within stations
of earthquake affected region (of Nepal) showed a strong correlation of VITEC with
coefficient +1 at a zero-time lag. Similarly, cross-correlation study of VTEC on a quiet day
among the stations of mid-latitude and lower latitudes (includes earthquake affected and
unaffected stations) also showed a strong positive correlation with a peak at +1 at phase. On
the other hand, during the earthquake event day, instead of taking same GPS stations for
cross-correlation study, we only observed a strong positive association between VTEC
derived from stations which were not affected by the earthquake (SGOC, IISC, HYDE) with
a correlation coefficient of +1 at phase whereas all cross-correlation curves between VTEC
derived from earthquake-affected and unaffected GPS stations displayed a peak at 0.8 with
certain time-lag indicating less correlation between VTEC derived from earthquake-affected
and unaffected regions. Overall cross-correlation findings have led to the conclusion that the
increase in VTEC value in the earthquake event day relative to the quiet day is due to the

seismic waves produced by the earthquake.

TEC Maps evince that most of the Indian regions, Southern China, Nepal regions were
affected heavily explaining the onset effect of the earthquake. There were no significant
fluctuations a day before and after the earthquake. All the Nepalese stations attain their
highest TEC values during the event. TEC, when observed at Global lonospheric Maps,
prolongs towards lower or mid-latitudinal region (30 to -30 degree) through equatorial plane

during the event.

As these naturally occurring phenomena overwhelm the Earth, we have observed abrupt

modifications in ionospheric TEC data detected in different monitoring stations. By integrating
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measurements based on the global impact of such natural events, we can monitor the response of
TEC towards the seismic events and it could be used as a sophisticated tool to forecast the
emergence of these natural events. Pulinets (1998) also concluded ionosphere-seismic consequences
are an ongoing process and are a key cause of ionosphere variability and such consequences may be

seen at least five days before an earthquake.
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Table 1: Detailed information on GPS stations with their geographical latitude and longitude and
distance from the epicentre.

GPS Station Geographical Geographical Distance from the
Latitude (ON) Longitude (OE) epicentre (km)

CHLM 28.2072 85.3141 57.1

NPGJ 28.1172 81.5953 307.61

KKNI 27.8007 85.2788 71.9

JMSM 28.8053 83.7433 115.8

DNGD 28.7544 80.5818 409.7

DNSG 28.3451 83.7635 95.6

HYDE 17.4173 78.5579 1358.64

SGOC 6.8921 79.8742 2427.802

1ISC 13.0212 77.5704 1148.146
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1 Cross-Correlation during 2015 Gorkha Earthquake among stations of Nepal
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Figure5(b).
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Figure5(c).
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