Quiet time response of ionosphere over Nepal
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Abstract: This study attempts to characterize the ionospheric behavior over Nepal during quiet periods by studying
ionospheric total electron content in 2009 and 2014 utilizing ground-based GPS data from the station GRHI (Gorahi). The
GPS receiver and satellite pseudorange measurement is used to compute the VTEC. Our study shows in the quietest day
of January 12, 2009, at the minimum time of solar cycle 24, and January 19, 2014, during the highest phase of solar cycle,
a flat curve with a slight peak in the diurnal TEC of around 12 and 28 TECU. In 2009, there was no equinoctial asymmetry;
nevertheless, in 2014, spring VTEC was higher than autumn VTEC. The plot reveals the highest VTEC in 2009 was
between 10 and 30 TECU, and it spreads roughly from 7.75 to 18.75 LT. In 2014, the maximum VTEC was between 20
and 120 TECU, and it spreads from 8.75 to 17.90 LT. Spring had the highest value and winter the lowest in 2009, but, in
2014 summer had the lowest value and spring the highest value of TEC. The results of this study advance our understanding

of ionospheric physics and offer important new perspectives on the evolution of the ionospheric layer over Nepal and other

comparable regions.
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Introduction

The ionosphere plays a crucial role in space weather
phenomena. Research in this area can help in monitoring
and predicting space weather events, such as solar flares and
geomagnetic storms, which can have impacts on satellite
operations, communication systems, and power grids.
Investigating the ionosphere is essential for understanding
how radio waves propagate through it. This knowledge is
crucial for optimizing communication systems, including
long-range radio communication and the functioning of
high-frequency (HF) communication systems. Studying the
ionosphere above Nepal may provide insights into the
behavior of the ionosphere in the region, contributing to the
broader understanding of magnetospheric processes.

Solar extreme ultraviolet (EUV) ionization causes TEC to
peak at local noon, while recombination causes it to decline
at night (), Due to variations in the solar zenith angle and
neutral composition, TEC is typically larger during
equinoxes than during solstices >*. Winter TEC is higher
than summer TEC in several mid-latitude zones, which may

be caused by variations in the [O]/[N2] ratio °.

Due to fountain effect dynamics, the equatorial ionization
anomaly (EIA) produces two TEC peaks at around +15°
geomagnetic latitude 6. This peak TEC is affected by
electric fields and neutral wind 7. Polar cap patches and
auroral dynamics add variability even in quiet periods were
studied 8. In 1998 Mannucci et al® noted that TEC and solar
flux are highly correlated and ionization rises with
increased of solar activity. Thermospheric winds, tides, and
electric fields are the main factors influencing TEC
fluctuations'?. The TEC distribution is changed by neutral
winds, which move plasma along magnetic field lines ''. At
the diurnal and semi-diurnal timeframes, TEC is modulated
by atmospheric tides from the lower atmosphere '%13.
Through ExB drifts, the EEJ affects low-latitude TEC even
in quiet periods '*. High-resolution TEC estimates can be
obtained using dual-frequency GPS/GLONASS receivers
15, Giving comparable profiles of electron density '°.
Global TEC/climatology data are provided by COSMIC,
CHAMP, and Swarm !7 which are commonly employed,

although it understates low-latitude quiet-time TEC '8,
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NeQuick model adaptable for quiet-time TEC with solar

flux inputs !> TIEGCM (Thermosphere-Ionosphere-
Electrodynamics GCM) simulates quiet-time TEC with

20

neutral dynamics Even during quiet periods,

unexplained TEC fluctuations persist 2!.  More studies
needed to isolate pure quiet-time behavior from residual
storm effects 2. Emerging Al-based models (e.g., LSTM
networks) show promise in quiet-time TEC forecasting 23.
Maute et al. (2016)** examines tidal influences on
ionospheric variability. Jones Jr. et al. (2018) analyzed
wind-induced plasma transport effects?®. Rishbeth (1998)
how neutral affect

composition changes

Fuller-Rowell (1996)

explains
ionospheric electron density'!.
discusses seasonal variations in O/N2 ratio?. In this
research, variation in total electron content during quiet
time of minimum and maximum of solar cycle 24 is
discussed. Section 2 discusses the dataset and methodology,
the results and discussion are elaborated in section 3, and 4
summarizes the outcomes of the paper.

Dataset and Methodology

The ten quietest days of each month of year 2009 and 2014
are taken from International Service of Geomagnetic

indices (ISGI) using website: https://isgi.unistra.fr. The

order number of the ten quietest days of the month is
represented by the Q-Days values, Q1-Q10. To reduce
geomagnetic contamination, quiet days were chosen based
on predetermined parameters (Kp < 2, Ap < 7) (Mendillo,
2006) whereas for disturbed day threshold value Kp and Ap
is: Kp>5; Ap > 32%". Then the GPS data for each quiet
day is used to calculate TEC.

The columnar electron density throughout the route from
the reception to the satellites is known as total electron

content, or TEC. The TEC is computed as

TEC = Nu(h) dh (1)

where, N. is electron density, R is receiver altitude and S

satellite altitude.

The traditional method for processing GPS pseudorange
measurements is used to calculate Vertical TEC (VTEC)
2829 The dual frequency GPS receiver, which operates in

the two L-bands at frequencies of f1-1575.42 MHz and f>-

1227.60 MHz, provides measurements of the carrier phase
and pseudo-range. Hofmann-Wellenhof et al. (1992)?® state
that the TEC is calculated using the carrier phase and the L;
and L pseudo-ranges. TEC is calculated using the pseudo-

range and phase data in the following formula:

1 [ f2f?
TEC = - (fzzl—fzzl) (P, — P )

Where, P and P, are the pseudo-ranges for frequencies f;

and f, respectively.

Slanted TEC (STEC), which is the entire electron content
of the ionosphere as measured along the ray route from the
satellite to the receiver, needs to be transformed into vertical

TEC (VTEC) using the formula (Titheridge, 1972)%.

_ _ _ _ RE cose 3)
VTEC = (STEC — B, — B,) /1 Rpth)?

where Bs and B, are the biases of satellite instruments and

receivers, respectively, € is the satellite’s elevation angle,

and Rg = 6371 km is the Earth’s mean radius.

The GPS data for this study is taken from GRHI station
from Nepal because it consists of continuous data which is
useful for this study. The table 1 shows the geophysical
location of the station of which data is used in this study.
The data is downloaded from the website freely for any user
http://www.unavco.org. These data are accessible in the
widely used ASCII (American Standard Code for
Information Interchange) format known as RINEX
(Receiver Independent Exchange) v2.1. This data hasa 15-
minute temporal resolution. Software created by Rolland
Fleury (Lab-STICC, UMR 6285, Institut Mines-T¢élécom
Atlantique, site de Brest, France; accessible at
http://www.girgea.org, July 19, 2018) is then used to
process the raw data. The necessary VTEC for plotting and
analyzing is obtained by running on a Windows operating

system.

Results and Discussion

Diurnal variation of VTEC

Figure 1 shows the diurnal plot of VTEC at GRHI GPS
station of Nepal during quietest day of January 2009 and
2014 ie on 12 January 2009 (left) and on 19 January 2014
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Table 1: Geophysical location of GPS station used.

ID Location Geographical Geomagnetic Dip latitude Local time
lat. and log. lat. and lon.
GRHI | Ghorahi, 27.95°N; 82.49° E 18.94°N; 44.25°N UT + 5.75 hour
Nepal 156.82°E
(right). The plot indicates the maximum value of VTEC on  activities  throughout the night. The enhanced

12 January 2009 is 13.60 TECU at 8.63 UT (14.08 LT) and

the maximum value of VTEC on 19 January 2014 is 29.30
TECU at 5.88 UT (11.63 LT). The sunrise and sunset time
on 12 January 2009 were 1.06 UT (6.82 LT); 11.56 UT
(17.31 LT) with length of sunshine approximately 10.5 hour
and on 19 January 2014 was 1.36 UT (7.11 LT); 11.99 UT
(17.74 LT) with length of sunshine approximately 10.5 hour
respectively. The VTEC of Nepal exhibit strong diurnal
pattern, the peaks during mid-day at (11:00-14:00) LT,
minima during pre-sunrise (04:00-6:00) LT and nighttime
(20:00-02:00 LT). This pattern results from ionization

caused by solar radiation during the day and recombination

Diurnal VTEC: 12 January 2009

photoionization from solar UV and X-ray radiation causes
VTEC to rise after sunrise when solar zenith angles are at
their lowest, and falls at night when ionization diminishes
(29, 30). In 2021, Pandit et al, noted flat curve with minor
peaks in diurnal pattern of 2009 and dome shaped curve in
2014 maximum period of solar cycle 24 over Nepal. The
modulation of plasma transport in the ionosphere by neutral
winds and atmospheric tides, including the migrating
diurnal tide, affects TEC changes 3*3*. These winds have
the ability to shift the ionospheric plasma's altitude, which

alters the electron density *°.

Diurnal VTEC: 19 January 2014
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Figure 1: Diurnal VTEC profile of quiet day of 12 January 2009 (left) and 19 January 2014 (right).

Monthly variation of VTEC

The plots in the Figure 2 (i-xii) left represents how the
diurnal VTEC from January to December in 2009 and
Figure 2 (i-xii) right represents diurnal VTEC from January

to December in 2014. The table 2 summarizes the

maximum and minimum value of VTEC in different month
of 2009 and 2014. The peak values in VTEC varies from
19.13 TECU (December 13.88 LT) to 31.38 TECU (March
15.88 LT) and the minimum VTEC it varies from 11.58

22
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TECU (January 8.63 LT) to 20.58 TECU (April 13.88 LT)
in 2009. In year 2014 the maximum VTEC varies from
120.45 TECU (March 14.13 LT) to 45.81 TECU (January
12.88) and the minimum VTEC varies from 76.29 TECU
(March 14.13 LT) to 23.55TECU (July 16.13 LT). In
general, from the plots, it seems that the TEC over Nepal
exhibits notable monthly variations, peaking around the
equinoxes (March-April; September-October) and lowest
during the solstices (November, December, January,
February, May, June, July, August). Due to equinoctial
asymmetry, March-April has a slightly higher TEC than
September-October. Decrease in solar EUV flux, in the
winter solstice (November, December, January, February)
has the lowest TEC. Moderate VTEC at the summer solstice
(May, June, July, August) is impacted by neutral wind
dynamics. But November of 2014 winter anomaly has

noticed. Pre-reversal enhancements in the evening peak are

noticed only in February, March, October, November and
December in 2014 but not it is identified in 2009. Double
diurnal peaks are obtained in February, march, August and
September of 2014. Similar result was obtained by Pandit
et al., (2021)*? in study the climatology of ionosphere over
Nepal. Enhanced ionization and decreased recombination
rates are the results of wintertime increases in atomic
oxygen (O) relative to molecular nitrogen (N2) !!. Atomic
oxygen is moved from the summer to the winter hemisphere
by meridional winds. Dissociative recombination causes
less electron loss when molecular nitrogen (Nz2) is lower 2,
In winter, recombination is decreased by meridional winds
that carry plasma along magnetic field lines to higher
elevations 3¢. The distribution of plasma is changed by the
modification of neutral winds by atmospheric tides and
planetary waves. Over the winter, downwelling lowers N

and raises O density 2.
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Figure 2: (i-xii) Left panels from the top to bottom shows monthly profile quiet days variation of VTEC in the month of January to December

in 2009 and right panels from the top to bottom shows variation of VTEC in the of month January to December in 2014.
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Figure 3: Illustrating the seasonal variation of VTEC in year 2009 and 2014 (top left: autumn; top right: spring; bottom left: summer and bottom

right: winter). The black/red, green/dark green, blue/brown, red/cyan with respective error bar represents average VTEC for 2009 and 2014 of

all the quiet days of the respective season.
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Table 2: The maximum and minimum VTEC in different month of 2009 and 2014.

Year Month Day of | Max. Local time Day of | Min. VTEC | Local time
Year VTEC (UT+5.75) Year (TECU) (UT+5.75) hours
(TECU) hours

Jan. 28 1593 10.63 24 11.52 8.63
Feb. 44 18.53 11.88 38 12.70 12.63
Mar. 82 31.38 15.88 66 13.70 11.38
Apr. 116 26.00 15.13 93 20.58 13.88
May 135 30.56 13.63 125 19.26 13.63

2009 Jun. 158 25.49 14.88 170 17.25 10.63
Jul. 207 20.45 14.88 197 13.42 21.13
Aug. 240 23.69 16.88 228 16.90 14.38
Sep. 250 28.92 14.13 252 18.42 16.13
Oct. 294 20.77 14.38 283 14.30 15.13
Nov. 307 19.76 14.13 333 13.39 9.63
Dec. 363 19.13 13.38 337 11.56 9.88
Jan. 27 4581 12.88 19 29.30 11.63
Feb. 56 92.66 16.38 33 33.37 10.88
Mar. 69 120.45 14.65 70 76.29 14.13
Apr. 92 97.95 14.63 106 50.25 13.13
May 126 84.20 13.38 147 43.92 15.38

2014 Jun. 173 5533 14.13 178 34.86 13.63
Jul. 186 65.64 14.63 198 23.55 16.13
Aug. 221 66.09 14.38 226 41.24 16.63
Sep. 258 83.18 16.13 261 56.01 12.88
Oct. 279 106.28 15.13 178 66.41 14.63
Nov. 310 115.82 13.88 329 63.13 14.38
Dec. 350 76.56 15.63 361 45.65 14.88
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Seasonal variation of VTEC

Figures 3 show the seasonal variation of VTEC in year 2009
and 2014 (top left: autumn; top right: spring; bottom left:
summer and bottom right: winter). The black/red,
green/dark green, blue/brown, red/cyan with respective
error bar represents average VTEC for 2009 and 2014 for
autumn, spring, summer and winter of all the quiet days of
the respective season. The table 3 and 4 describes the
seasonal profile of VTEC during 2009 and 2014. The
highest VTEC has noticed in spring (March, 31.38 TECU,
15.88 LT), followed by summer (May, 30.56 TECU, 13.63
LT) then in autumn (September, 28.92 TECU, 14.13 LT)
and the least is noticed during winter (February, 23.61,
12.08 LT) in 2009. The lowest minimum VTEC noticed in
Autumn (October, 14.30 TECU, 15.13 LT), followed by
spring (March, 13.70 TECU, 13.38 LT) then in summer
(July, 13.42 TECU, 21.12 LT) and the least is noticed
11.52 TECU, 8.63 LT)
respectively. In 2014 the highest VTEC is noted in spring
(March, 120.45 TECU, 14.63 LT), followed by winter
(November, 115.82 TECU, 13.88 LT) then in autumn
(October, 106.28, 15.13 LT) and the least is noted in
summer (May, 84.20 VTEC, 13.38 LT) and the lowest

during winter (January,

VTEC is noted highest in autumn (September, 58.20
VTECU, 16.38 LT), followed by spring (April, 50.25
TECU, 13.13 LT) then in winter (January, 29.30 TECU,
13.63LT) and least value is noted in summer (July, 23.35
TECU, 16.13) respectively. The general trends in the
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highest VTEC in spring is due to strong equatorial
ionization anomaly (EIA) and comparatively lower value in
autumn due to asymmetry in neutral wind circulation during
this season. The lowest VTEC in winter is noticed due to
minimal solar ionization. Summer time has a greater sun
zenith angle than equinoxes, which lowers ionization
efficiency even though daylight hours are longer. TEC is
generally greater during equinoxes than during solstices
because of differences in the sun zenith angle and neutral

composition >4,

Seasonal variation of maximum VTEC

Figure 4 Illustrating the maximum seasonal variation of
VTEC with diurnal time in year 2009 (left) and 2014 (right)
The plot shows in 2009 the maximum lies between 10
TECU to 30 TECU and spreads approximately from 7.75
LT to 18.75 UT whereas in 2014 the maximum VTEC lies
between 20 TECU to 120 TECU and it spreads from 8.75
LT to 17.90 LT. In 2009 the highest value lies in Spring and
lowest in winter but in 2014 the highest value lies in spring
and lowest lies in summer.

Yearly variation of VTEC

Figure 5 shows year variation in VTEC in 2009 (black) and
2014 (red). The yearly profile in 2009 shows a flat curve of
average VTEC whereas the parabolic nature of the curve is
noticed 2014. Figure 6 demonstrates the quiet day variation
maximum VTEC with respective time in year 2009 (top

panel, i) and 2014 (bottom panel, ii). The x-axis represents

Maximum TEC vs. Hour for 2014
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Figure 4: Illustrating the maximum seasonal variation of VTEC in year 2009 (left) and 2014 (right).
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Table 3: The maximum VTEC noted in different seasons of 2009 and 2014.

Year Season Month Day of Year | Max. VTEC Local time
(TECU) (UT+5.75) hours

Autumn Sep. 250 28.92 14.13

2009 Spring Mar. 82 31.38 15.88
Summer May 135 30.56 13.63
Winter Feb. 57 23.61 12.08
Autumn Oct. 279 106.28 15.13

2014 Spring Mar. 69 120.45 14.63
Summer May 126 84.20 13.38
Winter Nov. 310 115.82 13.88

Table 4: The minimum VTEC noted in different seasons of 2009 and 2014.
Year Season Month Day of Year | Min. VTEC Local time
(TECU) (UT+5.75) hours

Autumn Oct. 283 14.30 15.13

2009 | Spring Mar. 66 13.70 13.38
Summer Jul. 197 13.42 21.12
Winter Jan. 24 11.52 8.63
Autumn Sep. 247 58.20 16.38

2014 | Spring Apr. 106 50.25 13.13
Summer Jul. 198 23.55 16.13
Winter Jan. 19 29.30 13.63
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DOY, y-axis (left) time at which maximum VTEC occurs
and y-axis (right) represents the maximum VTEC. The plot
revels there is no asymmetry in VTEC in 2009 but its value
is highest during spring than in autumn in 2014. More
poleward meridional winds (from the summer to the winter

hemisphere) raise plasma to greater heights, which lowers

GRHI Yearly VTEC Variation - 2009 and 2014

recombination losses. Upward plasma drift is enhanced by
stronger migrating diurnal tides (DW1) *. Asymmetric
tidal forcing is the cause of weaker poleward winds 2.
Dominant equatorward winds increase recombination (O* +
N2 — NO* + ¢ loss) by pushing plasma downward. The

O/Nz ratio is reduced by decreasing atomic oxygen by

110

VTEC (TECU)

—3—2009 |
—I—2014

10
Universal Time (hours)

12 14 16

Figure 6: Showing year variation in VTEC in 2009 (black) with error bar and 2014 (red) with error bar.
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Figure 7: (i-ii) Demonstrating the quiet day variation maximum VTEC with respective time in year 2009 and 2014. The x-axis represents DOY,

y-axis (left) time at which maximum VTEC occurs and y-axis (right) represents the maximum VTEC.
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residual summer hemisphere circulation 3.

Conclusion

This study presents quiet time variation of VTEC in 2009
and 2014 in ionosphere over Nepal by using data of the
ground-based GPS data from the station GRHI (Gorahi).
The TEC is calculated using pseudorange measurement
between the GPS receiver and satellite. We draw some

conclusions which are as follows:

do this research. Special thanks to the St. Xavier’s College

for providing facility in the college to carry out this

research.
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