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Abstract

This study investigates the equatorial ionospheric response to geomagnetic storms using the rate of change of total electron
content (TEC) index (ROTI) derived from Global Navigation Satellite Systems (GNSS) data as a measure of ionospheric
irregularities. TEC data were collected from GNSS stations across Nigeria, with days classified as quiet (|Dst| < 30 nT) or
disturbed (|Dst| > 50 nT), analyzed separately for daytime and nighttime periods. The response to the geomagnetic storm on
February 19, 2014, was examined, along with three sudden storm commencements (SSCs) on February 15, 20, and 23, and a
high-speed solar wind event on February 19. Findings indicate that geomagnetic storms did not inhibit irregularities but partially
suppressed them during the storm’s initial and recovery phases, with irregularities peaking during the main phase. Higher ROTI
values were recorded during the March equinox compared to the September equinox, under both quiet and disturbed conditions.
Irregularities were generally suppressed on disturbed days during the September equinox but were more prevalent during the
March equinox. The December solstice exhibited an overall inhibition of irregularities, contrasting with equinox patterns.
Morning ROTI values remained below 0.35 TECU/min, while daytime values ranged from 0.35 to 0.8 TECU/min, indicating
moderate irregularities. This study provides insights crucial for improving GNSS reliability in equatorial regions. Continuous
monitoring, expanded GNSS networks, and predictive models are recommended to mitigate storm-induced disruptions to
communication and navigation systems.
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1. Introduction

The geomagnetic storm is a severe global disturbance of the  significantly influence the Earth's ionosphere, particularly in
Earth’s magnetic field, usually under the impact of disturb-  equatorial regions, by altering electron density and affecting
ances in the solar wind and Interplanetary Magnetic Field ~ communication and navigation systems.

(IMF) with their origins near the solar surface. These storms Geomagnetic storms induce harmful disturbances in the
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geospace environment [1] and can significantly alter the

ionosphere, negatively affecting both space- and

ground-based systems [4, 2]. One key ionospheric parameter

affected by geomagnetic storms is the Total Electron Content

(TEC), which represents the number of electrons in a 1 m=
cross-sectional area column between a GNSS satellite and the

receiver [3]. Variations in TEC can cause range errors for

navigation signals, with 1 TECU resulting in approximately a

0.163 m range error at the GNSS L1 frequency (1.5754 GHz)

[2, 3]. Sharp and rapid variations in TEC are crucial for the

occurrence of ionospheric plasma-density irregularities [2, 3].

These irregularities can cause scintillations of radio waves [5],
and severe scintillations can lead to loss of signal and cycle

slips in trans-ionospheric radio systems [2, 4].

During geomagnetic storms, the equatorial ionosphere is
influenced by electric field which can disturb the ambient
equatorial electric field. During the main phase of a storm,
when the interplanetary magnetic field (IMF Bz) is south,
prompt penetration of electric field (PPEF) may occur and
therefore may affect the vertical drift of plasma over the
equatorial region. The field assumes eastward (or westward)
configuration during the evening (or post-evening) period,
hence, can strengthen (or weaken) the vertical drift of plasma,
thereby enhancing (or disrupting) the condition favourable for
the development of irregularities [6].

During the recovery phase, the electric field exhibits an
opposite configuration, suppressing the PRE drift and con-
sequently inhibiting the development of irregularities. Storm
input that produces auroral heating drives disturbance ther-
mospheric circulation and equatorward winds, responsible for
the development of disturbance wind dynamo electric field
(DDEF) [7]. When DDEF is westward (drifting downward) in
the evening hours, the normal PRE can be suppressed or re-
versed, thereby inhibiting irregularity formation [8]. The ring
current, as parametrized by the disturbance storm time (Dst)
index, also plays a significant role in establishing conditions
necessary for the generation or inhibition of irregularities
during storms. [9], irregularities are generated if the maxi-
mum excursion of Dst occurs between midnight to
post-midnight and inhibited if it takes place in the early af-
ternoon.

The time variation of total electron content also known as
rate of change of TEC (ROT) has been used to measure GPS
phase fluctuation activity and to indicate the occurrence of
ionospheric irregularities during storms by different authors
[9-11]. A quantitative relationship between TEC fluctuations
and amplitude scintillation index, S4, has been established
using ROTI, the standard deviation of ROT taken over 5 min
[2,12].

Some studies pointed out that intense and very intense
magnetic storms occur when the magnitudes of the solar wind
velocity and the IMF-Bz intensity are substantially greater
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than their nominal values, 400km/s and 5nT respectively [13,
14]. [15] also concluded that the sharp increase in the solar
wind dynamic pressure, associated with an increase in solar
wind bulk velocity and ion density do compress the magne-
tosphere to form magnetic storms.

Furthermore, GPS observation networks of the IGS service
have been utilized in several studies to monitor TEC fluctua-
tions and ionospheric irregularities during geomagnetic
storms at various latitudes. [10, 11] used the rate of change of
TEC (ROT), representing the time variation of TEC, to
measure GPS phase fluctuation activity and indicate the oc-
currence of ionospheric irregularities during different storms.
A qguantitative relationship between TEC fluctuations and
amplitude scintillation index S4 has been established using
ROTI, the standard deviation of ROT taken over a 5-minute
interval [3, 7, 12]. However, few research has been carried out
over African equatorial region because of the longtime ab-
sence of ionospheric observation tool over the African equa-
torial region. The aim of this study is to investigate the impact
of geomagnetic storms on equatorial ionospheric plasma
dynamics and distribution, to analyze the physical mecha-
nisms driving the generation and propagation of ionospheric
disturbances during these storms, and to examine differences
in ionospheric responses between quiet and disturbed geo-
magnetic conditions. This research seeks to enhance our un-
derstanding of equatorial ionospheric variability and its im-
plications for space weather effects on communication and
navigation systems.

2. Data and Methods

The global positioning system (GPS) has become an im-
portant tool to monitor the behavior of ionospheric irregular-
ities due to the loss of tracking of its signals associated with
strong phase fluctuation [10, 16, 17]. Consequently, one year
GPS data for the year 2014 (a year of high solar activity for
the solar cycle 24), comprising of both the quiet and disturbed
periods is investigated using the fluctuation indices derived
from the GPS measurements.

The GPS data are the simultaneous measurements from the
receivers located within Nigerian ionosphere. The GNSS
observation data in Receiver Independent Exchange (RINEX)
format were obtained from the Nigerian GNSS Reference
Network (NIGNET) server (http://www.nignet.net/data/).
Observation data, satellite navigation data and the Differential
Code Bias (CDB) files were used for this study. Figure 1
shows the geographical distribution of the GNSS receivers
utilized in this research across Nigeria. The location, station’s
name, country, code, geodetic and geomagnetic information
are indicated in Table 1.


http://www.sciencepg.com/journal/ajae

American Journal of Aerospace Engineering

http://www.sciencepg.com/journal/ajae

10°0'0"E 15°0'0"E
' '
,._/{\\\\
_— / \
e i 7l A
—~ > \
,A ( L8
) ) >
{ \ [ \7
- \ ) {
) 5 9
{ ‘} ,/ ///J
4 -
&5 "r/ \ = >
/8 ( )/
\‘ / ///\\_j
J N
10°0'0"N- N f/ § 10°0'0"N
‘ ) \
< \\_\_,)\\, /-_x,_\/ -
) “\ FUTY
\ \ K’ 7
— ‘/ .
= 7
~ / )
{ )
\/\\ »"/
N )/‘
5°0'0"N- L 520'0"N
135 270 540 Kilometers
1 1 1 1 1 1 L J
] ] ]
5°0'0"E 10°0'0"E 15°0'0"E

Figure 1. Locations of the GNSS receivers used in this study.

Table 1. The list of Stations used together with their geophysical
detail.

Geomagnetic

Station  Station Geographic Lat.
code location (deg.) Long. (deg.) 15 () (et
(deg.)
ABUZ Zaria 11.17 7.79 -0.62 79.88
Birnin

BKFP Kebbi 12.48 4.34 +0.72 76.72
CLBR Calabar 4.95 8.36 -430  80.09
FUTY Yola 9.50 12.63 -1.17 84.44
HUKP Katsina 12.96 7.66 +1.08 79.84

Different observation techniques have been used to study
the irregularities in the ionosphere. The GPS-TEC analysis
software developed by Gopi Seemala of the Indian Institute of
Geomagnetism was used in this study to estimate the value of
TEC from the GPS RINEX files. To eliminate any multipath
effects an elevation cut-off mask of 45°was used. Different
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geomagnetic day conditions were considered using Disturb-
ance storm time (Dst) index. The Dst index data were ob-
tained from NASA’s OMNIweb Service
(https://fomniweb.gsfc.nasa.gov). The monthly average value
of TEC for each hour is calculated from the diurnal values of
TEC for all the days in a month. Further, the means of the
daily ROTI profiles for all the quiet (or disturbed) days in the
month were computed.

The months in the year were further grouped into four,
namely: (i) February, March, and April to represent the March
equinox (MEQU), (ii) May, June, and July as June solstice
(JSOL), (iii) August, September, and October as September
equinox (SEQU) and (iv) November, December, and January
as December solstice (DSOL) for the seasonal study.

The quiet days are days in which the absolute values of the
|Dst| indices are consistently less than 30 nT (|Dst| < 30 nT)
for all hours in the day, while disturbed days are days in which
one or more hours in the day have absolute |Dst| indices
greater than or equal to 50 nT (|Dst| > 50 nT) for the year 2014
for both the daytime and nighttime period.

Different fluctuation indices have been adopted by different
researchers to study ionospheric irregularities. For example,
[18, 19] employed FP index, [20] used power spectral index
(n) while [10, 11, 21] used rate of TEC index (ROTI) as a
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measure of the fluctuation level. In this study, the Rate of
change of TEC index (ROTI) was employed.

ROTI is a parameter derived from time variation of TEC
(i.e., rate of change of TEC (ROT) given by equation 1).

ROT = dTEC
dt

@

The computation of ROT was performed using equation 2.

STEC(t+ At)—STEC(t)

ROT(t) = =

X cosO(t) 2

In this equation, 't' represents the instantaneous time, while
At denotes the sampling interval, which was set at 30 seconds
in our study. The inclusion of the term cos6(t) in the formula
aimed to compensate for the variations in signal path length
caused by the changing zenith angle. When radio signals
travel from satellites at lower elevations (resulting in higher
zenith angles), they traverse a more extensive portion of the
ionosphere. By incorporating the cos 6(t) term, we were able
to eliminate the influence of these longer signal path changes
in the ionosphere.

ROTI is the standard deviation of ROT over a 5-minute
period, and it is given by the expression in equation 3 [21].

ROTI = V< ROT? > —< ROT >?2 ©))

The term “ROT?” is the square of the rate of Total Electron
Content at a given time, the bracket “< > represents the av-
erage values over a certain period. And the term “<ROT>?"
represents the square of the average values of ROT over the
same period.

Using the expression in equation 3 the average ROTI
(ROTlae) (ROTI,e is a good proxy that indicates the
30-minutes phase fluctuation level over a location.) as the
average of ROTI over 30 min interval for a satellite and then
the average over all satellites in view was computed [22]. This
result gives the average level of irregularities (phase fluctua-
tion) for half an hour over the station.

L_ ymsat yk ROTI(L0.5MD)
nsat(0.5h) <M 4L Xk

ROTI,,,(0.5h) =

(4)

where n is the satellite number, h is hour (0, 0.5, 1...23.5, 24
UT), i is the 5 min section within halfan hour (i=1, 2, 3, 4, 5,
and 6), nSat (0.5 h) is the number of satellites observed within
half an hour, and k is the number of ROTI values available
within half an hour for a particular satellite.

To detect the presence of irregularities, the classification by
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[10] where ROTI,< 0.4 TECU/min indicates the background
irregularities (i.e., absent of irregularities), 0.4 < ROTl,, <
0.8 indicates the presence of moderate irregularities, and
ROTI,, > 0.8 indicates the occurrence of severe irregularities
was adopted in this study. Results of this study will be pre-
sented in the chapter four (4) of this thesis.

3. Results and Discussions

Studies have shown that the February 2014 storm was
triggered by four Earth-directed coronal mass ejections
(CMEs), leading to a highly complex, multiphase geomag-
netic storm. The first CME arrived on 15 February, followed
by three more on 19, 20, and 23 February [13]. Specifically,
the geomagnetic storm on 19 February 2014 was caused by
two powerful Earth-directed CMEs, resulting in a minimum
Dst of -119 nT [1].

The depression of Dst began at 00:00 UT on 19 February
with a Dst value of -61 nT and an accelerated interplanetary
electric field (IEF) Ey of 3.26 mV/m. The interplanetary
magnetic field (IMF) Bz was directed southward at -7.6 nT,
with a solar wind plasma speed of 393 km/s. This progression
is characteristic of a geomagnetic storm, as noted by [23].

Figure 2 presents the space weather indices during the
storm period. The Kp index reached a value of 43 (> 4), and
the F10.7 index was 154 sfu. Auroral activity showed values
of 403 nT for AE and -346 nT for AL, suggesting that intense
auroral activity could have generated disturbance dynamo
electric fields and winds, impacting equatorial latitudes dur-
ing the 19 February storm. As the solar wind plasma speed
collided with Earth’s magnetic field, changes in Dst indicated
the onset of the geomagnetic storm. The maximum Dst dis-
turbance of -101 nT was recorded at 07:00 UT, with the IMF
Bz drifting southward to -13.5 nT and a solar wind plasma
speed of 466 km/s, which persisted until 08:00 UT (Dst -119
nT). At this stage, the Kp index was 63 (> 4), and the solar
wind plasma speed was 454 km/s, with the IMF Bz at -10 nT.
This marked the gradual recovery of the storm, with the Dst
index improving to -98 nT by 09:00 UT. At this point, the
IMF Bz was -3.7 nT, and the plasma wind speed was 453
km/s.

The full recovery of the storm began at 17:00 UT (33.5% of
the Dst value) with an IMF Bz of -2.7 nT and a solar wind
speed of 475 km/s. The storm exhibited a sudden com-
mencement with multiple main and recovery phases, con-
sistent with findings reported by [1].
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Figure 2. Space weather indices during the geomagnetic storm of 19 February 2014. From top to bottom, Dst, IMF Bz, IEF Ey, solar wind

speed, Kp index, solar flux F10.7 cm, and Aurora indices (AE/AL).

3.1. Generation and Inhibition of Irregularities
During Geomagnetic Storm

Study of storm time disturbance dynamo electric field ef-
fects at equator by [1] have indicated that disturbance dynamo
electric fields will be eastward during nighttime, while they
are westward during daytime. In fact, [12] showed that dis-
turbance dynamo impacted first during the storm and later the
prompt penetration of high-latitude electric fields when the
disturbance dynamo effect was alive in the dusk sector.

It is known that significant compositional and electrody-
namical changes occur in the equatorial and low-latitude
ionosphere during disturbed periods due to changes in the
thermosphere-ionosphere brought in by the disturbed ther-
mospheric neutral winds and high-latitude Joule heating [2,
12]. The prompt penetration electric field (PPEFs) occurs in
the low-latitude region during the sudden southward (un-
dershielding electric field) or northward (overshielding elec-
tric field) turning of the interplanetary magnetic field (IMF Bz)
[6, 8, 24].

Figure 3 displays diurnal plots illustrating the Rate of Total
Electron Content Index (ROTI) across five stations over Ni-
geria for all the days in the month of February, 2014. The
figure shows that during the main phase, the storm appeared
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not to have hindered the development of irregularities across
all the stations but partly inhibited before and after the main
phase of the storm. The observation of irregularities during
the main phase of the storm can be partly attributed to the
storm timing. The storm main phase occurred between the
local mid-night hours and the post-sunset period. According
to [9], irregularities are generated if the maximum excursion
of Dst occurs between midnight to post-midnight and inhib-
ited if it takes place in the early afternoon.

The penetration of electric fields around this period may
not have hindered the occurrence but may rather favor it. It is
well known that the Rayleigh-Taylor (R-T) and plasma den-
sity instabilities that cause the development of irregularities in
the ionosphere are affected by some external driving forces
such as electric fields, the magnetic field and neutral wind
[25]. Due to the uniqueness of the magnetic orientation at the
equatorial region, the ionosphere at the equatorial region is
sensitive to any change in electric field. During geomagnetic
storms, strong electric fields which originate from the mag-
netosphere can penetrate down to low latitudes [12]. An
eastward (or westward) electric field during the daytime may
favor (or impedes) the upward drift of plasma. The injection
of the eastward electric field during the main phase may have
intensified the normal upward plasma drift and may have
favored the development of irregularities.
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Figure 3. 19 February 2014 storm over ABUZ, BKFP, CLBR, FUTY and HUKP respectively.

3.2. Time Rate of Change in TEC and Storm
Impact Analysis

Figure 4 below depicts the time rate of change in TEC
calculated over 5-minute intervals. The Dst index was used to
assess the impact of storm intensity on scintillation en-

hancement or inhibition. The results indicate that storm events
did not inhibit the occurrence of irregularities across all sta-
tions. Observations from the ROTI index reveal ROTI < 0.35
TECU/min, indicating no fluctuations in the early morning
hours, and 0.35 <ROTI < 0.8 TECU/min, indicating moderate
ionospheric irregularities predominantly in the daytime sec-
tor.
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Figure 4. The rate of change in TEC index (ROTI) TECU/min for 19 February 2014 initial and recovery phases of the geomagnetic storm.
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The density of occurrence gradually diminishes as electrons
propagate along magnetic field lines, following latitudinal
gradients. This suggests that the disturbance travels northward
during the prestorm morning sector around 04:00 UT, align-
ing with the findings of [26, 7] and [23] who identified at-
mospheric gravity waves as major drivers of daytime medi-
um-scale traveling ionospheric disturbances. The increased
occurrence at stations such as CLBR and BKFP may be at-
tributed to variations in geomagnetic latitudes. [11] observed
that stations farther from the geomagnetic equator and closer
to the southern anomaly crest experience more fluctuations
than those nearer to the geomagnetic equator.

3.3. Monthly Variation of ROTI Under Quiet
and Disturbed Geomagnetic Conditions

The monthly variation of Rate of Total Electron Content
Index (ROTI) is a critical aspect of ionospheric studies, of-
fering insights into the dynamic behavior of the ionosphere
under different conditions. Understanding how ROT] fluctu-
ates over time, particularly during both quiet and disturbed
periods, is essential for assessing ionospheric irregularities
and their potential impact on communication and navigation

systems. In this section, the monthly trends of ROTI were
studied, examining variations observed during periods of both
quiet and disturbed ionospheric conditions.

Figure 5 shows the monthly variation of ROTI during the
quiet and disturbed days for March, September, and Decem-
ber respectively, during the year 2014. There was no suffi-
cient data availability during the June solstice and across
some stations for this analysis. The vertical axis shows the
ROTI values while the horizontal axis shows the LST (Hr).
High values of ROTI were recorded during the March equi-
nox than September equinox for both quiet and disturbed
geomagnetic conditions. During the September equinox,
irregularity occurrence was largely inhibited during disturbed
days, while an opposite pattern was observed during the
March equinox across all stations. The inhibition of the ir-
regularities during the September equinox may be attributed
to storm-induced disturbance dynamo mechanism, which may
inhibit the occurrence of ionospheric irregularities in the
region due to the action of disturbance electric fields [9, 11].
Further, the occurrence of irregularity was largely inhibited
during the December solstice for both the quiet and disturbed
geomagnetic conditions. This is opposite to the observations
during the equinoxes.

(a) Quiet Days (b) Disturbed Days
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Figure 5. Monthly variation of ROTI during quiet and disturbed days (panel (a) quiet days and (b) for disturbed days) for ABUZ, BKFP, and

CLBR, during March, September, and December 2014.
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4. Conclusion

This study has examined the equatorial ionospheric re-
sponse to geomagnetic storms using ground-based GNSS
observations, with ROTI serving as the primary metric for
assessing ionospheric irregularities. The investigation identi-
fied key geomagnetic disturbances, including sudden storm
commencements (SSCs) on February 15, 20, and 23, and a
high-speed solar wind (HSSW) event on February 19, 2014.
The findings reveal that geomagnetic storms did not inhibit
the development of ionospheric irregularities across the study
locations. Although irregularities were partially suppressed
during the storm's commencement and recovery phases, they
were prevalent during the storm's main phase.

Seasonal variations played a significant role in the occur-
rence and intensity of ionospheric irregularities. The March
equinox recorded higher ROTI values compared to the Sep-
tember equinox, under both quiet and disturbed geomagnetic
conditions. Interestingly, irregularities were largely sup-
pressed during disturbed days in the September equinox,
whereas an opposite pattern was observed in the March
equinox. The December solstice, on the other hand, showed a
marked inhibition of irregularities under both quiet and dis-
turbed conditions, which contrasted with the equinox patterns.
Early morning observations typically showed ROTI values
below 0.35 TECU/min, indicating minimal fluctuations, while
daytime ROTI values ranged from 0.35 to 0.8 TECU/min,
indicating moderate irregularities.

These results underscore the complex relationship between
geomagnetic storms, seasonal variations, and ionospheric
irregularities, particularly in the equatorial region. The study
enhances our understanding of how geomagnetic disturbances
influence ionospheric behaviour, providing crucial insights
for improving the reliability of communication and navigation
systems affected by ionospheric fluctuations.

To improve understanding, this study recommends ex-
panding datasets for robust analysis, developing predictive
models to anticipate disturbances, and implementing seasonal
mitigation strategies during high-risk periods, such as the
March equinox, to protect communication systems.
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