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Abstract: Geomagnetic storms have very profound effects on the Total Electron Content (TEC)
of the ionosphere. In order to investigate the equatorial and low-latitude ionospheric response to
the geomagnetic storms of varying intensities, a detailed study of vertical TEC (VTEC) variations
resulting from Global Positioning System (GPS) data acquired at four GPS stations in Nepal along
80°-90 °E longitude and 26°-30 °N latitude sector has been carried out in the present work. The
results were analyzed with other favorable inducing factors (solar wind parameters and geomagnetic
indices) affecting TEC to constrain the causative factor. We observed a positive enhancement during
all three events studied. During the severe geomagnetic storm event, the deviation was ~18 TECU,
while it was recorded ~12 TECU and ~8 TECU during moderate and minor geomagnetic activity,
respectively. The Detrended Cross-Correlation Analysis (DXA) illustrates that the hourly averaged
VTEC of the BESI station was found to have a strong positive correlation with other stations in three
storm events, indicating a similar response of all stations towards the geomagnetic storm. In addition,
the correlation of VTEC with solar wind parameters and geomagnetic indices illustrated that the
VTEC shows a good positive association with solar wind velocity (Vgy,) in all three geomagnetic
events. In contrast, the correlation of plasma density (Ngy ), interplanetary magnetic field (IMF B,),
the symmetric horizontal component of geomagnetic field (SYM-H), and Geomagnetic Auroral
Electrojet (AE) index with VTEC vary with the intensity of the storm. Overall results of the study
have revealed the characteristic features of TEC variation over Nepal regions during magnetic storms,
which validates earlier research on ionospheric responses to geomagnetic storms and theoretical

assumptions.
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1. Introduction

The ionosphere is a dynamic layer of the Earth’s upper atmosphere that consists of
a high concentration of electrons and ions and generally changes according to the Sun’s
radiation [Krypiak-Gregorczyk, 2018]. It is an important part of near-Earth space that plays
a crucial role in radio communication, global navigation satellite system (GNSS), radar de-
tection, forecasting of space weather, and other systems using ionospheric electromagnetic
wave signals [Schrijver et al., 2015]. In the Earth’s ionosphere, complex electrodynamic
processes emerge as a result of spontaneous interactions between the neutral atmosphere
and the ionospheric plasma [de Abreu et al., 2017], which have a variety of consequences.
In this case, it is controlled by the neutral winds of the upper atmosphere, which interact
with the conductive and magnetic regions of the ionosphere and result in the generation of
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electric fields in the ionospheric E and F regions due to the dynamo effect [Abdu, 2005;
Abdu et al., 2003]. The horizontal pressure gradient present in the atmosphere led to
the development of dynamo electric fields in the E region as a result of variation in solar
radiation absorption along geomagnetic field lines at high altitudes in the F region [Panda
et al., 2015]. During the daytime, the dynamo electric field E pointing eastward and the
geomagnetic field B pointing northward at the dip equator gets mapped onto the F region
through the E x B drift, bringing the plasma to higher altitudes in the equatorial region
[Abdu et al., 2003; de Abreu et al., 2017; Panda et al., 2015]. The plasma then diffuses down
along the geomagnetic field lines into both hemispheres, generating two crests of plasma
on either side of the geomagnetic equator, known as equatorial ionization anomaly (EIA) or
Appleton anomaly [Abdu, 2005]. The overall process is known as the equatorial “fountain
effect” [Kelly et al., 2004]. The study of ionospheric behavior provides valuable insight
into ionospheric temporal and spatial variations [Zhang et al., 2018] and forecasting space
weather.

When a strong southward interplanetary magnetic field (IMF) of the solar wind
interacts with the northward geomagnetic field, the magnetospheric convection is enhanced
through the magnetic merging process at the dayside magnetopause [Adhikari et al., 2018;
Mendes et al., 2005]. Based on the enhanced magnetospheric convection, normally existing
magnetospheric and ionospheric quiet currents are expanded and intensified due to an
increased level of solar wind-magnetosphere coupling [de Gonzalez et al., 2004; Gonzalez
et al., 1994; Jankovicovd et al., 2002]. At mid and low latitudes, the ring current dominates,
whereas at higher latitudes, a system of ionospheric electrojet currents running horizontally
in the auroral oval predominate and causes a geomagnetic storm or geomagnetic substorm,
which is characterized by a significant depression of the H component of the geomagnetic
field [Kamide et al., 1998; Shinbori et al., 2020; Silwal et al., 2021al].

During a geomagnetic disturbance, noticeable changes in ionospheric characteristics
such as composition, temperature, and circulation can be observed as a result of variations
in solar wind velocity, temperature, and density, accompanied by significant changes
in the north-south component of interplanetary magnetic field (IMF B,) [Shinbori et al.,
2020]. During quiet periods, however, ground measurements do not reveal considerable
disturbances [Bhattarai et al., 2016; Sharma et al., 2011]. During geomagnetic storms, the
ionospheric electron density also fluctuates as a result of the magnetic field disturbances.
Since the TEC is a measure of integrated electron density, significant changes in electron
density are likely to be reflected in the TEC [Davies, 1990]. The positive storm effect or
negative storm effect refers to the increase or decrease in electron density compared to
quiet conditions [Danilov, 2001; Fuller-Rowell et al., 1994]. Small-scale variations in plasma
density create large fluctuations in the amplitude and phase of ionosphere radio signals,
which is known as scintillation [Chapagain, 2016]. Large-scale oscillations and their related
TEC variations can complicate phase ambiguity resolution, increase the probability of
uncorrected cycle slips, and cause a failure in GNSS signal lock [Mansilla, 2019].

The ionospheric TEC is one of the important parameters to understand the phe-
nomenon of space weather. TEC modeling is widely used in the fields of geodesy, com-
munication, and positioning errors associated with GPS [Hofmann-Wellenhof et al., 2012].
The ionospheric delay is proportional to TEC [Hu et al., 2021; Yao et al., 2021] and changes
continually with space, time, solar, and geomagnetic activity. That is the primary reason
why we can calculate the TEC from GPS data and use it to investigate various types of
ionospheric phenomena [Rastogi and Klobuchar, 1990].

Four numerical simulations using the coupled thermosphere-ionosphere model were
introduced by Fuller-Rowell et al. [1994], illustrating the ionospheric response to the geo-
magnetic storm. Adhikari et al. [2019] studied the solar superstorm of 18-22 November
2003. From their result, changes in TEC and SYM-H during the event provided an in-
dication for the possible changes in the space weather caused by the solar superstorm.
Mansilla [2019] observed both positive and negative TEC variations during some intense
geomagnetic storms that occurred between 2012 and 2016. In addition, positive variations
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were found to be significantly more prominent in the winter, and negative disturbances
were discovered to be particularly long-lasting. Ikubanni et al. [2018] observed the incre-
ment of TEC by ~25% in African equatorial regions during St. Patrick’s Day storms. In
a recent study, Shinbori et al. [2020] investigated the temporal and spatial variations of
TEC enhancements during the geomagnetic storms of September 27 and 28, 2017, and
observed a clear increase in the ratio of the TEC difference from noon to afternoon at
high latitudes within 1 hour after a sudden increase and expansion of the high-latitude
convection and prompt penetration of the electric field to the equator associated with the
southward shifting of IMF B,. At present, GNSS is widely used to observe ionospheric
disturbances caused by geomagnetic storms [Ding et al., 2007; Sharma et al., 2020; Sori et al.,
2019], earthquakes [Liu et al., 2009; Pulinets et al., 2005; Sharma et al., 2017; Tsugawa et al.,
2018], and space weather events [Ali et al., 2021; Bergeot et al., 2013; Fayose et al., 2012;
Ho et al., 1998] and can be used to monitor such phenomena by analyzing variations of
ionospheric TEC.

Due to the influence of the ionosphere on radio signals, studies of ionosphere dynamics
and disturbances during geomagnetic storms have great importance. In this paper, we
present the study of the behavior of TEC during intense, moderate, and weak geomagnetic
storms at four GPS stations of Nepal, located at different geographical latitudes and
longitudes. These events are widely studied and provide good research cases for studying
various ionospheric variations. The paper is organized as follows. In section 2, we describe
data and measurement. In section 3, we present our results and discussion. Finally, we
conclude our findings in section 4.

2. Data and measurements

In this work, we used an Internet-based supply of data provided by Operating Mission
as Nodes on the Internet web system (OMNI). From the OMNI data explorer, we selected
the data of velocity of solar wind flow (V,,,), plasma density (N, ), plasma flow pressure
(Psw), the southward component of interplanetary magnetic field (IMF B,), and geomagnetic
indices, auroral electrojet (AE), the symmetric horizontal component of the geomagnetic
field (SYM-H). These data are made readily available from the web page: https://omniweb.
gsfc.nasa.gov/ow.html. For the selected date-time and geographical locations, TEC derived
from ground-based dual-frequency GPS data was taken from UNAVCO (https://www.
unavco.org/). The geographic coordinates of the stations are listed in Table 1, along with
the geomagnetic activity. The network of GPS receiver stations used in this study in the map
of Nepal is depicted in Figure 1. The dual-frequency radio signals of the Global Positing
System (GPS) allow the monitoring of TEC along the ray path from the GPS satellite to the
ground receiver [Otsuka et al., 2002]. The TEC is measured in a unit called TECU, where
1 TECU = 10'¢ electrons/m?. Ionospheric TEC is calculated using code-delay and carrier
phase measurements recorded by ground-based GPS receivers. The TEC that we calculated
from the accessible GPS RINEX data has been calibrated using the technique described in
Ciraolo et al. [2007].

2.1. Detrended cross-correlation

Cross-correlation is the function of relative time between the signals, which com-
pares an unknown signal with a known signal to determine similarities and draw relative
characteristics that may reveal new information [Usoro, 2015]. Researchers [e.g., Poudel
et al., 2020; Silwal et al., 2021b; Vichare et al., 2012] have mentioned it as the standard tool
for measuring statistical relation among various parameters. The correlation coefficient
ranges from —1 to +1, where +1 indicates a very strong correlation, and value near 0 in-
dicates a weak correlation. To obtain insights into the mechanisms of natural processes,
cross-correlation and autocorrelation functions, are often used; these approaches should
only be used in the context of stationarity, as per their definitions [Podobnik et al., 2009].
On the other hand, numerous time series of physical, biological, economic, and social
systems are nonstationary and have long-range power-law associations; because of these
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Figure 1. Map of Nepal showing the GPS receiver stations from which data was obtained.

non-stationarities, statistical features of these systems are harder to analyse in practice
[Podobnik et al., 2009]. In order to investigate the long-range cross-correlation involving
non-stationarity, Podobnik and Stanley [2008] perfomed a revision of covariance analysis
to introduce Detrended Cross-correlation Analysis (DXA). In this work, the DXA tool has
been used to establish the relation of GPS-derived VTEC from ground-based monitoring
receivers with different solar wind parameters and geomagnetic indices. The lead or lag
between the indices was determined using the time scale. The detailed explanation and
mathematical expressions of DXA can be found in the papers, Podobnik and Stanley [2008]
and Podobnik et al. [2009].

Table 1. Information of events and stations for TEC measurements

Event Date Geomgg.netic Ng;}\?—‘;m GPS station Geog.rap hic Geogr.aphic
Activity (nT) Latitude Longitude

2017-08-04 Minor 35 BESI 28.2286 °N 84.3797 °E
DLPA 28.9837°N 82.8179°E

2017-07-16 Moderate —-67 BRN2 26.5197 °N 87.2722°FE
2017-09-08 Severe —146 CHLM 28.2072°N 85.3141°E

3. Result and discussion

In this section, we have described the observations and results of three different events.
The geomagnetic activities were classified as minor, moderate, and severe conditions. These
classifications were done based on the geomagnetic index, SYM-H, which was first provided
by Kamide et al. [1998]. The SYM-H index summarizes the stages during a geomagnetic
storm. The onset of a geomagnetic storm involves a sudden positive increase in SYM-
H value, termed as Sudden Storm Commencement (SSC). It is due to the shock wave
created by the sudden increase in solar wind arriving on the Earth, which causes the
sudden field increase [Yokoyama and Kamide, 1997]. Then, the elevated field does not
change significantly for a certain period of time, referred to as the initial phase of the
storm. When the enhanced solar stream reaches the Earth’s magnetosphere, it increases
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the number of energetic particles in the magnetosphere’s trapping region, resulting in
the increment of the ring current and hence causes the depression of SYM-H [Gonzalez
et al., 1999]. This depression in SYM-H is referred to as the main phase, which exists for
one to a few hours. When new particles are no longer injected, the ring currents decay
slowly for one or two days. The excess particles are lost during this time, and the magnetic
field gradually returns to its normal value. This period is referred to as the recovery
phase, which normally lasts for a few hours to days depending upon the strength and
interplanetary origin of the geomagnetic storm. Since SYM-H has the distinct advantage
of having 1-min time resolution compared to the 1-hour time resolution of Dst, we used
SYM-H to identify the geomagnetic conditions based on the intensity of the storm time ring
current. As the Dst index is calculated as an hourly index from the horizontal magnetic field
component (SYM-H) at four magnetic observatories, Dst value with (-50 < Dst <-30nT),
(-100 < Dst < -50nT) and (-250 < Dst < —-100nT), are categorized as minor, moderate
and severe geomagnetic storms respectively [Gonzalez et al., 1994]. We have compared the
event day TEC with the mean TEC of the top five quietest days of the respective month for
each event from four GPS stations and finally discussed the cross-correlation of VTEC with
other solar wind parameters.

3.1. Observed geomagnetic indices and solar wind parameters
3.1.1. Event 1: 03 August to 05 August 2017

The indicative study presented in Figure 2 represents variation in interplanetary
parameters and geomagnetic indices during a minor storm that occurred during 03—
05 August 2017. This figure shows that the storm’s first SSC occurred around 01:30 UT
on 04 August, followed by the second SSC around 03:50 UT on the same day. SYM-H
reached its minimum value of ~— 34 nT at 14:38 UT during the storm’s main phase.
Finally, the recovery phase started at 15:00 UT on the same day, which lasted for few days.
One can observe that when the magnetosphere is under quiet conditions, the solar wind
parameters and geomagnetic indices do not show significant fluctuations, as indicated
by their observed value on the day before (03 August 2017) the main event. On the
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Figure 2. From top to bottom, the panels show the variation of the south-north component of
Interplanetary magnetic field IMF B, (nT) in GSM coordinate system, plasma flow speed Vg, (km/s)
and solar wind dynamic pressure Py, (nPa) (left), proton density Ngy (n/cc), AE (nT) and SYM-H
(nT) index with time (UT) respectively during the geomagnetic storm of 03-05 August 2017.
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contrary, under the development of the storm, IMF B, started shifting southward, reaching
a value of —6.51 nT and —15nT at ~06:31 UT and ~10:30 UT, respectively, on 04 August.
A strongly negative B, causes magnetic reconnection between the interplanetary magnetic
field (IMF) and the geomagnetic field to occur, resulting in the creation of open field lines,
which allow mass, energy, and momentum to be transmitted from the solar wind to the
Earth’s magnetosphere [Dungey, 1961]. The plasma density climbed sharply to 45 n/cc
around the initial phase of the storm at ~03:50 UT and then gradually decreased. The
flow speed (Vi) shows a moderate speed stream of 400 km/s from 00:00 to 08:00 UT, and
then it started increasing to attain a peak value of 750 km/s at ~14:45 UT. Subsequently,
a steady value of 600-700km/s was maintained for the remaining period. One thing
to be noted here was that the solar wind dynamic pressure (P, ) arrived earlier before
the event day. The plasma pressure started began to rise from 16:30 UT of 03 August.
On 04 August, its value gradually increases to a peak of ~15 nPa around 03:00 UT. In
addition, one of the geomagnetic indices, the AE index, reached a value of >1000 nT
at two time periods, one during 08:00-09:00 UT and the other during 14:00-15:00 UT.
While the AE index value is tens of nT during a quiet period, it jumps to several hundred
and more than a thousand nT during storms and substorms [Rostoker, 1972]. Thus, the
observed values of solar wind parameters and geomagnetic indices characterized a minor
condition of geomagnetic activity during this event. The minor events occur at an average of
1700 per cycle (1 cycle = 11 years), which can cause a minor impact on satellite operations
(https://www.swpc.noaa.gov/NOAAscales).

3.1.2. Event 2: 15 July to 17 July 2017

Figure 3 represents the variation of the aforementioned interplanetary parameters
and geomagnetic indices during a moderate geomagnetic storm on 15-17 July 2017. In this
figure, the SSC occurred at 06:00 UT on 16 July as recognized in the SYM-H index (86 nT)
of the bottom panel of Figure 3. Value of SYM-H reached —67 nT at its minimum around
15:30 UT during the main phase of the storm. At the onset of 16 July storm, the IMF B,
suddenly shifted northward to reach a value of 8 nT as seen in the first panel of Figure 3,

OMNI Parameters from 20170715 - 20170717
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Figure 3. From top to bottom, the panels show the variation of the south-north component of
Interplanetary magnetic field IMF B, (nT) in GSM coordinate system, plasma flow speed Vg, (km/s)
and solar wind dynamic pressure Py, (nPa) (left), proton density Ny, (n/cc), AE (nT)and SYM-H (nT)
index with time (UT) respectively during the geomagnetic storm of 15-17 July 2017.
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then it dropped below a value of —10 nT at ~06:54 UT, and finally reached a minimum
of —21 nT at 10:30 UT, and remained below —15 nT until 17:00 UT. The plasma density
showed no fluctuation until 05:54 UT, but then it rapidly increased to a value of 55 n/cc at
06:43 UT. Meanwhile, the flow speed (Vg,,) suddenly peaked from a moderate speed stream
of <400 km/s (00:00 to 06:35 UT) to > 400 km/s after 06:40 UT. The stream again peaked
with a value of 671km/s at ~21:33 UT. Subsequently, a steady value was maintained,
and then it gradually decreased during the recovery phase of the storm. Also, the solar
wind dynamic pressure (P, ) had no effect on 15 July, but on 16 July, its value gradually
increased to attain a maximum value of ~24 nPa at 06:43 UT. The abrupt variation of
the solar wind parameters began around the SSC of the storm. Similarly, the AE index
(second last panel of Figure 3) showed rapid variation right after the SSC. The AE index
reached a peak value of >1500 nT during the storm’s main phase. After that, AE recovers
gradually, reaching a minimum value of <400 nT. During geomagnetic storm periods, the
fluctuations in the IMF and solar wind velocity can initiate the substorms [Nayar et al.,
2006]. This is justified by the intensification of the AE index, which is a primary indicator
of magnetospheric substorm activity [Rostoker, 1972; Shadrina, 2017]. In a cycle of 11 years,
moderate events occur at an average of 600, fading HF radio propagation at higher latitudes
(https://www.swpc.noaa.gov/NOAAscales).

3.1.3. Event 3: 07 September to 09 September 2017

Figure 4 represents the variation in interplanetary parameters and geomagnetic indices
during geomagnetic storms that occurred on 07-09 September 2017. The September 2017
space weather events were studied widely because of the complex conditions for the solar
and geomagnetic activity, coupled with several solar flares [e.g., Clilverd et al., 2021; Kumar
and Kumar, 2020; Liu et al., 2019; Yasyukevich et al., 2018] and storm-related activity that
resulted in two consecutive Dst minima separated by approximately 13 hours on the same
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Figure 4. From top to bottom, the panels show the variation of the south-north component of
Interplanetary magnetic field IMF B, (nT) in GSM coordinate system, plasma flow speed Vg, (km/s)
and solar wind dynamic pressure Py, (nPa) (left), proton density Ng, (n/cc), AE (nT) and SYM/H
(nT) index with time (UT) respectively during the geomagnetic storm of 07-09 September 2017.
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day [Blagoveshchensky et al., 2019; Lei et al., 2018]. On 08 September 2017, an intense
geomagnetic storm (G4) occurred with its first main phase at 01:00 UT, having a minimum
SYM-H index of —146 nT and the second main phase during the first main phase recovery,
having a minimum SYM-H index of —112 nT at 17:00 UT. The two minima peak values
observed indicate a magnetic shock in the interplanetary medium [Adebesin and Ikubanni,
2011]). As depicted by Figure 4, the IMF B, declined below a value of =30 nT at 23:30 UT
on 07 September. It remained southward till 02:10 UT on 08 September and then turned
northward-southward continuously until the second initial phase. As soon as the second
initial phase started, it sharply turned southward to reach a value of —17 nT at 12:30 UT.
Then after it slowly gained its normal value during the recovery phase of the storm. The
plasma density (Ng,,) reached a maximum value of 9 n/cc and 10 n/cc around 23:30 UT on
07 September and 00:00 UT on 08 September, which closely matched the time period of the
initial and main phase of the storm, respectively. On 08 September, there was an inclining
speed of plasma until a large forward shock arrives near 08:00 UT. The abrupt increase in
speed from approximately 600 km/s to more than 800 km/s is a clear indication of this
shock. An increase in the solar wind/magnetosphere coupling efficiency was projected
instantly after an abrupt increase in solar wind dynamic pressure during steady southward
IMF configuration [Adebesin and Tkubanni, 2011]. The solar wind dynamic pressure (Py,,)
shows a good correlation with N, as indicated by the similar response to storm events,
i.e., gradually increasing to its peak value of ~9nPa and 10nPa around 23:30 UT on 07
September and 00:00 UT on 08 September, respectively. Similarly, the AE index ranges
from 0 to a peak value of >2000nT around 23:30 UT (first initial phase), 00:30 UT (main
phase), and 14:00 UT (second main phase) and then gradually recovers.

3.2. Observed TEC variation during geomagnetic activity
3.2.1. TEC response to the geomagnetic storm of 04 August 2017
Figure 5 shows the variation of TEC level during the minor storm of 04 August

2017 along with the mean TEC of the top five quietest days of the same month at BESI,
BRN2, CHLM, and DLPA stations. Generally, the diurnal variation of TEC is minimum in
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Figure 5. Comparison of TEC at four different stations during the minor storm of 04 August 2017
with the mean TEC of top five quietest days of the month.
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a predawn, a continuous inclination in the early morning followed by an afternoon with
maximum TEC value, and then gradually decreases after the sunset. In this study, the trend
of diurnal variation of average VTEC seems to be followed. From Figure 5, it was found
that the value of TEC was greater for a disturbed day in comparison to the quiet day’s
value over all stations. As it can be seen, the VTEC increment between the minor disturbed
day and the quiet day was found to be around ~3-5 TECU. While the configuration and
complexities of the equatorial ionosphere in the quiet period are governed primarily by
electric fields, produced by the combination of the E and F dynamo processes, electrical
field disturbances of magnetosphere origin are by far the most significant contributor to
the equatorial ionosphere storm response [Fejer, 2003; Fejer et al., 1995]. The disturbed
electric fields can cause the ionospheric plasma to be redistributed and result in significant
variations in TEC over the path of radio signals transmission [Sreeja et al., 2009; Tsurutani
et al., 2004].

3.2.2. TEC response to the geomagnetic storm of 16 July 2017

Similarly, Figure 6 shows the variation of TEC during the moderate storm of 16 July
2017 along with the mean TEC of the top five quietest days of the same month from
four GPS stations. One can observe that both disturbed day and quiet day followed the
diurnal pattern of VTEC in case of a moderate storm event. It was also found that the value
of TEC was quite similar in the morning time during 00:00-08:00 UT in both quiet day
and disturbed day, as indicated by a very low differential TEC value (<1 TECU), but later
on, the TEC value gradually increases and attained a maximum value around 12:00 UT,
corresponding to the difference of >5 TECU at all four stations. Then, it started decreasing
continuously and then suddenly peaked at ~17:00 UT. The post-sunset increase in TEC
could be related to the post-sunset increase in the upward E x B drift velocity [Anderson and
Klobuchar, 1983]. The VTEC then gradually returns to the normal value with the recovery
phase of the storm.
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Figure 6. Comparison of TEC at four different stations during the moderate storm of 16 July 2017
with the mean TEC of most five quietest days of the month.
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3.2.3. TEC response to the geomagnetic storm of 08 September 2017

Figure 7 shows the variation of the TEC during the intense storm of 08 September
2017, along with the mean TEC of the top five quietest days of the same month. This
figure reveals a considerable increase in the VTEC value during the storm when comparing
a storm day to a quiet day. During a severe geomagnetic storm, the diurnal variation
pattern of the minimum VTEC in the predawn hours was not followed. This could have
occurred due to the onset time of the storm as the initial phase of the storm occurred during
the nighttime around 23:30 UT on 07 September [Bhattarai et al., 2016]. In addition, this
is mainly owing to the combined influence of prompt penetrating electric fields (PPEFs)
associated with the prolonged duration of southern shifting of second main phase IMF B,
and first main phase disturbance dynamo electric fields (DDEFs) [Berdermann et al., 2018;
Lietal.,, 2018]. A very high VTEC value in comparison to the aforementioned geomagnetic
events endured throughout the entire time period of 08 September. One of the noteworthy
findings was the multistep VTEC variation on the severe geomagnetic event, i.e., it first
sharply increased during 00:00-03:00 UT, then it suddenly decreased at 04:00 UT and again
started increasing to attain a peak value of 40 TECU, 38 TECU, 43 TECU and 40 TECU at
CHLM, DLPA, BRN2, and BESI stations, respectively, exactly at the same time, 06:00 UT.
Then, it gradually decreased for the remaining time period. In addition, we noticed a slight
increase in the VTEC value around 14:00 UT. It could be related to the second initial
phase of the storm that occurred at 14:00 UT. As a whole, the VTEC enhancements were
attributed to the combined impacts of PPEFs and suddenly increased extreme ultraviolet
(EUV) radiations and X-rays accompanied with the solar flare [Kumar and Kumar, 2020].

3.3. Deviation of TEC during storm day over quiet day

It is known that the TEC value changes as a function of geographic latitude and
longitude, and local time because these parameters impact the electron density distribution
in the ionosphere. Because of this, in order to analyze the components of the TEC value
that are modified during geomagnetic storms, we must subtract the background TEC value
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Figure 7. Comparison of TEC at four different stations during the intense storm of 08 September
2017 with the mean TEC of most five quietest days of the month.
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obtained during geomagnetically quiet conditions from the observed TEC value [Immel and
Mannucci, 2013]. We first calculated the average VTEC value of five geomagnetically quiet
days of the month and then subtracted it from the VTEC value of the storm day, which we
termed as the deviation in VTEC (dVTEC).
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Figure 8. Deviation in VTEC (negative for depletion or positive for enhancement) (dVTEC) charts at
four different GPS stations BESI, CHLM, BRN2, and DLPA, during event days 04 August 2017 (a), 16
July 2017 (b), and 08 September 2017 (c).

The deviation of VTEC during three geomagnetically disturbed days is shown in
Figure 8. Figure 8a represents the deviation in VTEC on a minor event day, i.e., 04 August
2017, where the maximum deviation value of VTEC was found to be ~7-9 TECU. Similarly,
the maximum dVTEC was observed in the range of 8 TECU to 12 TECU on 16 July 2017,
with some negative deviation in morning hours, as seen in Figure 8b. Finally, Figure 8c
depicted that the highest dVTEC was recorded in the intense geomagnetic event within the
range of 2-15 TECU, and in some hours of UT, it exceeded more than 18 TECU compared
to that of quiet days. Also, no negative deviation in VTEC was seen throughout this
event, which can have significant effects on radio communications and navigation systems
[Mendillo, 2006]. Similarly, Akintufede et al. [2017], Bhattarai et al. [2016], and Jain et al.
[2010] had also mentioned an increment or decrement in TEC value with the strength of
geomagnetic storms under positive or negative storm effect, respectively, at low latitude
stations. These previous works strongly support our findings.
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Figure 9. Cross-correlation of mean hourly VTEC data obtained from BESI GPS station with VTEC
data from BRN2, CHLM, and DLPA GPS stations on 08 September 2017 (a), 16 July 2017 (b), and 04
August 2017 (c).

3.4. DXA analysis

Figure 9a, Figure 9b, and Figure 9c show the plot of cross-correlation of mean hourly
VTEC derived from BESI GPS station with mean hourly VTEC extracted from BRNZ2,
CHLM, and DLPA GPS stations during the geomagnetic event of 08 September, 16 July
and 04 August of the year 2017, respectively. The horizontal axis represents the time scale
in hours ranging from —24 to 24, and the vertical axis represents the cross-correlation
coefficient. Time scales are used to determine the lead or lag between the indices after
establishing their correlation [Bhattarai et al., 2016; Poudel et al., 2020]. Figures portrayed
the cross-correlation coefficient of +0.98 at a zero-time lag, revealing the strong positive
correlation of mean hourly VTEC computed from BESI GPS station with other studied
stations in all events. More detailed information on the correlation coefficients with
corresponding lead/lag can be obtained from Table 2. Thus, the response of VTEC over
Nepal regions towards three different geomagnetic events was relatively the same. This
result facilitates us to select the BESI GPS station as a reference station and has been used
to represent all other stations for studying the relationship of VTEC with interplanetary
parameters and geomagnetic indices.

Table 2. Cross-correlation coefficients and time lead/lag of VTEC at different stations during
geomagnetic storm events

4 August 2017 16 July 2017 8 September 2017
Correlating
Parameters Lead (+) Lead (+)/ Lead (+)/
(VTEC) Coeff. /Lag (-) Coeff. Lag (-) Coeff. Lag (-)

(hrs) (hrs) (hrs)

BESI-BRN2 +0.98 0 +0.98 0 +0.98 0
BESI-CHLM +0.98 0 +0.98 0 +0.98 0
BESI-DLPA +0.98 0 +0.98 0 +0.98 0
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Figure 10. Cross-correlation of GPS-VTEC with the component of Interplanetary magnetic field
IMF B, (nT) in GSM coordinate system, plasma density Ngy, (n/cc), flow speed Vg, (km/s), AE (nT),
and symmetric horizontal component of geomagnetic field SYM-H (nT) on 08 September 2017 (a), 16
July 2017 (b) and 04 August 2017 (c).

Figure 10a depicts the cross-correlation of VTEC with IMF B,, Ny, Vi, AE, and
SYM-H during severe geomagnetic storm day, which occurred on 08 September 2017.
The figure showed the positive correlation of VTEC with B, (black curve) and Vj,, (red
curve) having cross-correlation coefficients of +0.69 and +0.68, respectively, at zero-time
lag. Similarly, Ng,, (yellow curve) and SYM-H (green curve) correlated positively with
VTEC showing a maximum correlation coefficient of +0.62 and +0.87, but at a time lag
of —4 and -1 hrs. This result reveals that the VTEC lags N, and SYM-H by 4 and
1 hrs, respectively, before being correlated [Adhikari et al., 2018]. However, VTEC showed
a negative correlation with AE (purple curve) during severe storm days. On this day,
the VTEC-AE curve peaked with a correlation coefficient of —0.67 at +1 hrs time lag,
manifesting the inverse relation of AE and VTEC. The cross-correlation plot during the
moderate geomagnetic storm that occurred on 16 July 2017 is represented in Figure 10b.
In the figure, the red and purple curve indicated a positive correlation of VTEC with V,,
and AE, attaining a peak cross-correlation coefficient of +0.35 and +0.78 at the time lag of
—3 and -2 hrs, respectively. This shows that the VTEC is moderately correlated with the
solar wind speed for a moderate storm. Also, the VTEC exhibited an inverse relation with
B,, Ny and SYM-H with corresponding correlation coefficient of —0.70, —0.61 and —0.69
at the time lag of -2, =7 and -5 hrs, respectively. However, the same parameters were
correlated positively with VTEC in the severe storm event. This shows the discrepancy
in the correlation of VTEC with solar wind parameters at different events. Figure 10c
shows the cross-correlation of VTEC with the solar wind parameters during the minor
geomagnetic storm on 04 August 2017. It exhibits a trend closely resembling that observed
during the moderate storm with slightly improved cross-correlation coefficent. More
detailed information on the correlation coefficients and the corresponding lead/lag time for
all three events can be obtained from Table 3. Furthermore, it is important to note that the
observed differences in time lag and correlation may arise from variations in the intensity
and interplanetary origin of geomagnetic storms. Therefore, additional statistical analyses
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of various such events are imperative to better understand the relationship between VTEC,
solar wind parameters, and geomagnetic indices, ultimately enhancing our understanding
of the ionosphere’s response to these phenomena.

Table 3. Cross-correlation coefficients and time lead/lag of VTEC with solar wind parameters and
geomagnetic indices during different geomagnetic storm events

4 August 2017 16 July 2017 8 September 2017
Correlating
Parameters Lead (+) Lead (+)/ Lead (+) /
(VTEC) Coeff. /Lag (-) Coeff. Lag (-) Coeff. Lag (-)

(hrs) (hrs) (hrs)

VTEC - B, -0.79 -1 -0.70 -2 +0.69 0
VTEC - Ngyw —-0.81 0 -0.61 -7 +0.62 -4
VTEC - Vg +0.81 -3 +0.35 -3 +0.68 0
VTEC - AE +0.71 -1 +0.78 -2 -0.67 +1
VTEC - SYM-H —0.82 =2 -0.69 -5 +0.87 -1

4. Conclusion

We presented a detailed study on the behavior of GPS-derived VTEC during three
different geomagnetically disturbed days. In order to classify the disturbed days from
minor to severe, we analyzed the different geomagnetic indices (AE index and SYM-H
index) and solar wind parameters (Vg,, IMF B,, N, and P,,). The variation on mean
hourly VTEC on these geomagnetically disturbed days was studied by comparing it with
mean hourly GPS-derived VTEC on quiet days of respective event month. Moreover, we
used the cross-correlation analysis of mean hourly VTEC data with several interplanetary
and geomagnetic parameters. Besides, the similarity pattern of the VTEC variation at
the mentioned GPS stations with each other was also studied using the cross-correlation
approach. The results of this study can be summarised as follows:

1.  The diurnal variation pattern of VTEC was preserved in a minor and moderate
storm day, i.e., minimum VTEC value during the predawn and morning hours, reach
maximum during day hours, and again decrease during night hours. A similar pattern
was followed in quiet days but with low VTEC values. However, in the case of a severe
geomagnetic storm, we noticed an unusual diurnal pattern during the predawn,
which might have occurred due to the development of the geomagnetic storm in the
late nights’ hours of the day before the main event.

2. The VTEC enhancement was significantly high on the severely disturbed day, followed
by the moderate storm and the minor storm. Ultimately, the deviation of GPS-derived
VTEC on event days from quiet day value was maximum during a severe geomagnetic
storm day, compared to the moderate and minor event day.

3. Cross-correlation analysis presented the association of VTEC value with solar wind
parameters and geomagnetic indices. During all three event days, the VTEC value
shows a positive association with solar wind velocity only. During minor and moderate
storm events, the solar wind parameters (IMF B,, Ng,,) and the geomagnetic index
(SYM-H) exhibit negative correlation with VTEC, showing relatively short time lags.
In contrast, during severe storms, these parameters show positive correlations with
time lags in the range of —1 to +1 hr. In addition, our results revealed that VTEC and
AE index has a good positive association in minor and moderate storm events and
a moderate negative correlation in severe storm event. Thus, it is not advisable to
rely on only one interplanetary or geomagnetic parameter in a study of individual
events, particularly where one is interested to track the variation characteristics of
VTEC during geomagnetic activity.

4.  The result observed from the cross-correlation of hourly mean VTEC value of BESI
GPS station with other stations presented a good association of VTEC data between
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different GPS stations of Nepal in all types of storm events. This suggests that the
ionospheric response to the geomagnetic storms across different stations in Nepal is
quite similar. Further, the DXA method has proven to be effective in examining the
relationship between two time series data characterized by non-stationarity.

5.  Observing and analyzing ionospheric perturbations over Nepal during geomagnetic
storms demonstrated that the GPS measurement of ionospheric TEC appears to be
quite effective in monitoring space weather activities.

It is essential to conduct these sorts of studies over EIA regions because the equa-
torial plasma fountain is particularly sensitive to disturbance electric fields. Combining
measurements from various geomagnetic storms can mitigate disturbances associated
with radio signal propagation, power grid fluctuations, and widespread voltage control
problems in power systems, induced pipeline currents, and satellite orientation problems
by monitoring solar activities and the ionospheric response during multiple space weather
events. In the future, we can investigate the long-term data set of TEC and electron density
profiles from satellite measurements and conduct a comparative analysis using ground-
and space-based observations from various regions, which will enable us to study the
mechanisms underlying ionospheric changes better than ever before. Ultimately, this study
would serve as a baseline for providing crucial information on ionospheric variability, and
future researchers can use these data to improve models of ionospheric dynamics.
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