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ABSTRACT
This study investigates the ionospheric response to fourmajor geomagnetic storms during solar cycle 24 (18–

19 February, 2014, Dst minimum −119 nT; 17–18 March, 2015, Dst minimum −223 nT; 22–23 June, 2015, Dst min‑
imum −204 nT; and 8 September, 2017, Dst minimum −142 nT) using Vertical Total Electron Content (VTEC) data
derived from Global Navigation Satellite System (GNSS) observations over the East African region. Our results re‑
vealed substantial storm‑timeVTECvariability characterized byboth positive andnegative ionospheric phases. The
main phases of the storms had significant VTEC enhancements, especially near the Equatorial Ionization Anomaly
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(EIA) crest. Thiswas attributed to the intensified equatorial fountain processwhichwasprimarily drivenbyPrompt
Penetration Electric Fields (PPEF). In contrast, reductions in VTEC were observed during quiet periods. This was
attributed to the effect of Disturbance Dynamo Electric Fields (DDEF), compositional changes in the upper atmo‑
sphere and storm‑induced thermospheric winds. Clear spatial differences in VTEC responses across the GNSS sta‑
tions were noted, indicating a strong influence of the equatorial electrodynamics on ionospheric variability. The
results underscore the critical role of GNSS observations in monitoring space weather impacts and enhancing the
understanding of storm‑time ionospheric dynamics over the equatorial East African region, which has historically
remained underexplored.
Keywords: Geomagnetic Storm; Total Electron Content; Equatorial Ionization Anomaly; Disturbance Dynamo Elec‑
tric Field; Equatorial Ionosphere

1. Introduction

The ionosphere is the ionized part of the upper at‑
mosphere from about 50 km to 1,000 km above sea level.
It is formed through ionization of neutral atmospheric
constituents by solar extreme ultra‑violet (EUV) radia‑
tion and X‑ray radiation. Due to increased free electrons
in this region, any disturbance can affect the propaga‑
tion of the radio signals used in satellite communication,
radar applications and navigation systems by changing
their speed and direction of propagation [1]. The in‑
creased accumulation of free electrons in the ionosphere
affects the electromagnetic waves passing through it by
inducing an additional transmission time delay [2]. The
time delay is directly proportional to the abundance
number of free electrons in a cylinder of unit cross
section along the signal path extending from the satel‑
lite to the receiver on the ground and inversely pro‑
portional to the square of the frequency of the trans‑
ionospheric radio wave, which is referred to as Total
Electron Content (TEC) [3–5]. The ionospheric dynamics
in the equatorial region are quite unique and complex,
due to the unique geometry of the magnetic field and
low inclination in the region. The plasma density struc‑
ture in the ionosphere shows significant variations with
time of day, latitude, longitude, season, solar and geo‑
magnetic activity. These variations affect TEC, which
in turn significantly affects radio wave propagation [1]

through fading and phase scintillation of L‑band naviga‑
tion signals like the ones used byGlobal Navigation Satel‑
lite Systems (GNSS) [6]. Geomagnetic storms are among
the primary drivers of ionospheric disturbances. These

storms are often triggered by eruptions from the Sun’s
corona, which release large amounts of plasma andmag‑
netic fields into space in the form of coronal mass ejec‑
tions (CMEs). When directed towards Earth, CMEs inter‑
act with the geomagnetic field, generating intense geo‑
magnetic storms that can disrupt radio communications
and affect power systems on the ground. Geomagnetic
storms are disturbances of the Earth’s magnetic field as
a result of perturbations in the Interplanetary Magnetic
Field [7]. There are two effects of geomagnetic storms on
ionospheric density: they can either lead to an enhance‑
ment in plasma density (positive effect) or decrease in
plasma density (negative effect) [8]. The increase in elec‑
tron density is attributed to the intensification of the
equatorial fountain, and this is caused by Prompt Pene‑
tration Electric Field (PPEF)‑induced eastward electric
field enhancement. The effect of storm‑time equator‑
ward neutral winds, which slow down both downward
diffusion of plasma and the recombination process, may
also lead to a positive effect [9]. The decrease in O/N2
ratio at low latitudes, which is caused by a change in
neutral composition at low latitudes, leads to a negative
Ionospheric effect [10].

Several studies have examined the ionospheric re‑
sponse to geomagnetic storms in different regions of
the world. For instance, Feng et al. [11] investigated
the ionospheric responses to the 17 March, 2017 and
22 June, 2015 geomagnetic storms over the Wuhan re‑
gion using GNSS‑based tomographic technique and re‑
ported negative storm effects during the geomagnetic
storm, which were attributed to the effects such as
DDEF and PPEF, changes in neutral composition from
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the high latitudes. Similarly, Habyarimana et al. [12] in‑
vestigated ionospheric storm time effects over the East
African sector during the 17 March, 2013, and 2015
geomagnetic storms in the solar cycle 24. The study
aimed to identify similarities and differences between
the two storms since they occurred during the same pe‑
riod and season. Their results showed that the iono‑
spheric responses to the two storms over the equato‑
rial and low‑latitude region of East Africa were as a re‑
sult of the combined effects of the equatorward neutral
wind and PPEF and DDEF. Other studies within Africa
also reported strong VTEC variability associated with
geomagnetic disturbance [13,14]. In the East African re‑
gion, several investigations have also been conducted
to examine ionospheric TEC using GNSS observations.
Uluma et al. [15] analyzed the variability of TEC gradient
and TEC rate index over Kisumu, Kenya, during selected
quiet and storm days of 2013 and 2014 using RINEX
data archived in the SCIntillation Network Decision Aid
(SCINDA) situated at Maseno, Kenya. The study showed
that Ionospheric irregularities developed mostly after
sunset hours during both geomagnetically quiet days,
with more intense irregularities being observed during
geomagnetically disturbeddays. Aol et al. [16] studied the
effects of space weather on the ionosphere during an in‑
tense geomagnetic storm of 17–28 February 2014 over
Mbarara (MBAR). The location of the East Africa region
within the Equatorial Ionization anomaly (EIA) region
makes it sensitive to storm‑time disturbances. Muniafu
et al. [17] further studied the ionospheric VTEC response
to the intense geomagnetic storm of 10–11 May, 2024
using 6 GNSS stations spread over low, mid, and high lat‑
itudes. The study revealed that the equatorial stations,
MBAR and BELE displayed an increase in Vertical TEC
(VTEC), whichwas attributed to the intensified effects of
PPEF. Muniafu et al. [18] investigated the ionospheric re‑
sponse of the 17 March and 22 June, 2015 geomagnetic
over East African stations. The study revealed that the
storm impacts varied with local time and season, with
greater effects being observed during the equinox pe‑
riod. Despite the increasing number of studies on iono‑
spheric disturbances, the East African sector remains
relatively underexplored compared to South American

and Southeast Asian equatorial regions due to scarcity
of data. Furthermore, the existing studies in East Africa
have majorly focused on single storm events or iso‑
lated stations which limit the understanding of broad
spatial structure and storm‑time ionospheric dynamics.
This study addresses that gap by examining ionospheric
responses during multiple geomagnetic storm events
within solar cycle 24: the 17–18 February, 2014 (Dst =
~123 nT); the St. Patricks’ Day storm of 17–18 March,
2015 (Dst =~229 nT); and the June solstice storm of 22–
23 June, 2015 (Dst = ~204 nT) and 8 September, 2017
(Dst = ~144 nT). The purpose of this study is to pro‑
vide a clear understanding of spatial and temporal dy‑
namics of equatorial ionosphere in the East African sec‑
tor during four major geomagnetic storms of solar cy‑
cle 24. Unlike the previous works, which focused only
on the March 2015 and June 2015 geomagnetic storms,
the presentmanuscript provides a comprehensivemulti‑
storm investigation of four major geomagnetic storms
during Solar Cycle 24. The manuscript further incorpo‑
rates comparative seasonal analysis, solar cycle phase
dependence, detailed latitudinal electrodynamic vari‑
ability, thermospheric O/N2 composition effects, and
the coupling between PPEF, DDEF, and Traveling Iono‑
spheric Disturbances (TIDs) over the East African equa‑
torial region

2. Data Acquisition and Methodol‑
ogy

2.1. Data Sources

2.1.1. Geomagnetic Indices Data

In this study, the z‑component of interplanetary
magnetic field (IMF‑Bz), y‑component of interplanetary
electric field (IEF‑Ey), solarwind speed (SWS), planetary
K‑index (Kp) and Disturbance storm time (Dst) indices
were obtained fromOmniwebwebsite (accessed online):
https://omniweb.gsfc.nasa.gov/form/dx1.html. Table
1 gives a summary of major geomagnetic storms in so‑
lar cycle 24, their classification and their minimum Dst
values.
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Table 1. Summary of four major geomagnetic storms in solar cycle 24.
Storm Date Minimum Dst (nT) Classification

Feb 2014 18–19 Feb, 2014 −120 Intense
Mar 2015 17–18 Mar, 2015 −223 Intense
Jun 2015 22–23 Jun, 2015 −200 Intense
Sep 2017 8 Sept, 2017 −142 Intense

In this study, the criteria for categorizing geomag‑
netic storms were adopted as follows: weak storms (Dst
> −50 nT), moderate storms (−100 nT < Dst < −50 nT),
and intense storms (Dst ≤ −100 nT) [19].

2.1.2. GNSS Data
GNSS‑TEC data were obtained from seven (7) GNSS

receiver stations whose geographic and geomagnetic lo‑
cations are shown in Table 2. The selection of stations
was guided by the need to ensure adequate spatial cov‑

erage across latitudes within the East African equato‑
rial region. ADIS and MBAR, located close to the geo‑
magnetic equator, are particularly sensitive to equato‑
rial ionospheric processes. MAL2 andMBEYextendboth
the latitudinal and longitudinal coverage, enabling com‑
parative analysis across different latitudinal zones. In
addition, MOIU, DODM, and ARSH enhance longitudinal
representation, improving the ability to monitor spatial
variations and track ionospheric disturbances across the
East African region.

Table 2. Geographic and geomagnetic coordinates of the GNSS stations.

GNSS Station Geographic
Latitude

Geographic
Longitude

Geomagnetic
Latitude

Geomagnetic
Longitude

Local Time (LT)
Conversion

ADIS 9.04° N 38.77° E 0.18° N 110.49° E LT = UT + 3
ARSH 3.38° S 36.69° E 12.83° S 108.6° E LT = UT + 3
DODM 6.19° S 35.75° E 16.10° S 107.22° E LT = UT + 3
MOIU 0.29° N 35.29° E 4.27° S 106.94° E LT = UT + 3
MAL2 2.99° S 40.19° E 7.28° S 111.47° E LT = UT + 3
MBAR 0.61° S 30.65° E 10.22° S 102.36° E LT = UT + 3
MBEY 9.03° S 33.43° E 18.89° S 104.56° E LT = UT + 3

Geographical coordinates were converted to geo‑
magnetic coordinates using the World Data Center for
Geomagnetism website accessed through the link https:
//www.ukssdc.ac.uk/cgi‑bin/wdcc1/coordcnv.pl.

The geographical positions of the 7 GNSS receiver
stations are given in Figure 1. The GNSS‑TEC data for
the storm days and the five quiet days with Dst 0 nT to
20 nT obtained from theWorld Data Center for Geomag‑
netism, Kyoto, via the website: https://wdc.kugi.kyo
to‑u.ac.jp/ for each storm event were accessed from
the University of NAVSTAR Consortium website: https:
//gage‑data.earthscope.org/archive/gnss/rinex/obs.
2.1.3. Thermospheric Composition

The global maps showing the ratio of O/N2 for the
period 17–19 February, 2014, 16–18 March, 2015, 21–
23 June, 2015 and 7–9 September, 2017 were obtained
from the GUVI mission datasets which are available on‑
line (using the website: https://guvitimed.jhuapl.edu/g
uvi‑galleryl3on2).

The O/N2 ratio was used as a proxy for thermo‑
spheric energy input and composition change. In this
regard, increases in O/N2 ratio indicate enhanced ion‑
ization, resulting from positive ionospheric storm phase
while decreases in O/N2 ratio indicates enhanced re‑
combination, resulting from negative ionospheric storm
phase.

2.2. Methodology

2.2.1. TEC Processing

These GNSS‑TEC data were processed into VTEC
using the GNSS‑TEC processing software developed by
Seemala and Valladares [20]. The TEC analysis software
(version 3.5) uses the phase and code values for both L1
and L2 frequencies to eliminate the effect of clock errors
and troposphericwater vapor to calculate relative values
of slant TEC (STEC) [21–23] as
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STEC =
1

40.3

[
f1

2f2
2

f1
2 − f2

2

]
(p2 − p1) (1)

where f 1 and f 2 are the GNSS carrier frequencies, and
p1 and p2 represent pseudo‑range measurements at the
respective frequencies.

Figure 1. The Geographic locations of ADIS, ARSH, MOIU, MAL2, MBAR, DODM and MBEY.

The STEC values can be converted to VTEC using
thin shell approximation at the Ionospheric pierce point
(IPP)

V TEC = STEC × cos (χ), (2)

where is the zenith angle (χ) is given by

χ = arcsin

[
RE θ

RE + h

]
, (3)

where θ is the elevation angle of the satellite at the IPP
in degrees, RE is the Earth’s radius is equal to 6,378.137

km and h is the Height of the Ionospheric layer, assum‑
ing a thin‑shell ionospheric height of 350 km [24]. The
ionospheric height over the low latitude region is highly
variable (shows both seasonal and diurnal dependence)
and is also influenced by fountain effect. In the low lati‑
tude region, it ranges between 350 and 600 km [25,26]. A
minimum satellite elevation angle cutoff of 40° was ap‑
plied to reduce multipath effects and measurement er‑
rors [27]. Instrumental biases, including satellite and re‑
ceiver differential codebiases (DCBs), were correctedus‑
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ing standard calibration procedures. The TEC data were
smoothed using a moving average filter to reduce short‑
term fluctuations and measurement noise.
2.2.2. Percentage Change in VTEC

The positive and negative enhancements of VTEC
were also computed using the percentage of deviation
of VTEC obtained by using Equation (4) [28],

%∆TEC =

(
TECs − TECq

TECq

)
× 100 (4)

where, TECs is the average VTEC during geomagnetic
stormdays, TECq is the average VTEC during quiet days.
Positive 50% indicate enhanced ionization compared to
quiet time, while negative 50% indicate VTEC depletion
compared to quiet conditions. Quiet days were selected
based on low geomagnetic activity (Kp ≤ 2 and Dst > −20
nT) and were used as baseline references.

3. Results

3.1. Variations of Solar Wind and Geomag‑
netic Parameters

Figure 2a–d shows the temporal variation of the
z‑component of interplanetary magnetic field (IMF‑Bz),
solar wind speed (SWS), y‑component of interplanetary
electric field (IEF‑Ey) and disturbance storm time (Dst)
for 17–19 February, 2014; 21–23 June, 2015; 16–18

March, 2015 and 7–9 September, 2017 respectively. In
Figure 2a, the IMF‑Bz turned southward (−15 nT) on
19 February, 2014 at 06:00–11:00 UT, signifying energy
transfer into the magnetosphere. A corresponding en‑
hancement of IEF‑Ey to 5 mV/m was observed, show‑
ing the presence of strong convection electric fields. The
solar wind speed (SWS) increased moderately to 600–
700 km/s, an indication of coronal mass ejection (CME)
driven storm. The Dst index dropped to −120 nT, depict‑
ing the commencement of moderate to strong geomag‑
netic storm. In Figure 2b, the IMF‑Bz sharply turned
southward (−25nT) on 22 June, 2015 at 12:00–23:00UT,
with a corresponding enhancement of IEF‑Ey of up to 18
mV/m. The SWS increased to 700 km/s, which was an
indication of a fast‑moving CME. The southward turning
of the Dst reached its minimum −200 nT, an indication
of a severe geomagnetic storm. In Figure 2c, the IMF‑Bz
sharply turned southward (−21 nT) on 17 March, 2015
at 06:00–20:00 UT, with a corresponding enhanced IEF‑
Ey of up to 10mV/m. The SWS increased up to 600–700
km/s, showing a fast CME. The Dst index value dropped
to its minimum of −250 nT, depicting one of the most in‑
tense storms of Solar Cycle 24. In Figure 2d, the IMF‑
Bz sharply turned southward (−21 nT) on 8 September,
2017 at 00:00, with a corresponding enhanced IEF‑Ey of
up to 18 mV/m. The SWS increased up to 800 km/s, an
indication of a fast CME. The Dst index value dropped to
its minimum of −150 nT, an indication of a strong storm.

Figure 2. Variations of IMF Bz, solar wind speed, IEF‑Ey and Dst index for (a) 16–20 February 2014, (b) 20–24 June 2015, (c)
15–19 March 2015, (d) 6–10 September 2017.
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3.2. Global O/N2Map Ratio

Figure 3a–d presents the global distribution of
thermospheric O/N2 ratio during the study periods: 17–
19 February, 2014; 16–18 March, 2015; 21–23 June,

2015 and 7–9 September, 2017, respectively. The spatial
variations give insights into storm‑time changes in ther‑
mospheric composition, which directly influences iono‑
spheric electron density via ion production and recom‑
bination processes.

Figure3. Global O/N2map ratio for: (a) 17–19February, 2014, (b) 16–18March, 2015, (c) 21–23 June, 2015, (d) 7–9 September,
2017.
Note: accessed from GUVI mission datasets accessed on18th October 2025.

Generally, the Global O/N2 ratio maps in Figure
3 show that storm‑time thermospheric composition
changes are global but tend to vary latitudinally and lon‑
gitudinally depending on geomagnetic conditions, storm
intensity and the local time.

In Figure 3a, on 17–19 February, 2014 the O/N2
ratio was moderate (0.6–0.8) at low and mid latitude
regions. These observed results suggest an increase
in atomic oxygen relative to molecular nitrogen, hence
higher ion production rates. In Figure 3b, on 16–18
March, 2015 there was a decrease in O/N2 ratio in high
latitude with values below 0.2 on both hemispheres
while the equatorial and mid‑latitude the ratio was 0.9
indicating an increase in oxygen atom when compared

to nitrogen atoms. In Figure 3c, on 21–23 June, 2015
therewas reduced O/N2 ratio globally (below 0.4), an in‑
dication of a relaxed thermosphere following the main
phase of the storm. In Figure 3d, on 7–9, September
2017 the O/N2 ratio displayed intense enhancements at
the equatorial and mid‑latitude regions, an indication of
large–scale thermospheric composition changes.

3.3. Variation of VTEC

Figure 4 shows temporal variations of VTEC over
ADIS, DODM, MBAR, ARSH, MAL2, MOIU and MBEY for
16–20 February, 2014; 15–19 March, 2015; 20–24 June,
2015 and 6–10 September, 2017.
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Figure 4. VTEC variations over: (a) ADIS, DODM, MBAR, ARSH, MAL2, MBEY for 16–20 February, 2014, (b) ADIS, DODM, MBAR,
ARSH, MAL 2, MBEY for 15–19 March, 2015, (c) ADIS, MAL2, MBEY, DODM, MBAR for 6–10 September, 2017, (d) ADIS, MAL2,
MOIU, ARSH, MBEY for 20–24 June, 2015.

In Figure 4a,b, the VTEC profiles exhibited typical
diurnal patterns characterized by low VTEC values at
00:00–06:00 UT (nighttime), gradual VTEC increase at
06:00–08:00 UT (sunrise), pronounced VTEC peaks at
10:00–14:00 UT (local noon) and a decline in VTEC af‑
ter 14:00 UT towards evening period. This observed pat‑
tern is a reflection of the normal ionospheric response
to solar radiation, where photoionization leads to an in‑

crease in electron density during the day while recombi‑
nation of ions and electrons in the absence of solar ra‑
diation at night leads to reduction in electron density.
The diurnal variation of VTEC was in total agreement
with that reported by Fayose et al. [29] on VTEC variation
and their effect on GNSS over Akure in Nigeria in 2010.
MBAR and ARSH showedmoderate daytime VTEC peaks
of 78–80 TECU. DODM and ADIS showed larger daytime
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VTEC peaks of 80–82 TECU as compared to MBEY and
MAL2 which had lower daytime VTEC peaks of 60–80
TECU for both 16–20 February, 2014 and 15–19 March,
2015. These observed differenceswere attributed to the
effect of the Equatorial Ionization Anomaly (EIA) and lo‑
cal electrodynamic variations [30]. ADIS and DODM are
situated at the EIA crest and hence experience stronger
ionization. Dual VTEC peaks were observed over most
stations andwere attributed to the post‑sunset effects or
the EIA crestmovement. In Figure 4c, the daytimeVTEC
peaks for most stations from 6–10 September, 2017
ranged between 20–60 TECU while in Figure 4d, the
daytime VTEC peaks for most stations from 20–24 June,
2015 ranged between 20–50 TECU. In Figure 4c, MAL2,
MBEY and DODM showed noticeable VTEC deviations
and irregular patterns, depicting disturbed ionospheric
conditions. However, MBAR and ADIS exhibited rela‑
tively regular diurnal VTEC variations. The weaker day‑
timeTECpeaks across all the stations from6–10 Septem‑
ber, 2017 might be attributed to seasonal effects associ‑
ated with the September equinox transition period. In
Figure 4d, ADIS recorded the highest VTEC peak of 50
TECU; this was attributed to its proximity to the EIA.
MOIU and MAL2 showed moderate VTEC peaks while
MBEY and ARSH displayed lower VTEC peaks. These
peak TEC variations across the stations highlighted the

latitudinal dependence.
Comparing Figure 4c,d (September, 2017 and

June, 2015 geomagnetic storms) and Figure 4a,b
(February, 2014 and March, 2015 geomagnetic storms),
the VTEC values tended to reduce with the decline in
the phase of solar cycle 24. This was attributed to the
reduction in background ionization levels of VTEC. De‑
spite the GNSS stations displaying lower VTEC values
during the September 2017 and June 2015 geomagnetic
storms, i.e., Figure 4c,d, several stations exhibited irreg‑
ular VTEC structures and short‑lived deviations. These
features indicated the presence of storm‑driven elec‑
trodynamic processes and travelling ionospheric distur‑
bances (TIDs). All the GNSS stations showed spatial
variability, which was an indication of non‑uniform dis‑
tribution of ionospheric disturbances across the region,
which were strongly influenced by latitude and local
time electrodynamic conditions.

3.4. Variation of Percentage Change in
VTEC

Figure 5a–d quantifies storm‑time ionospheric
variability by presenting the percentage VTEC devia‑
tion relative to quiet‑time conditions over ADIS, MAL2,
MBEY, DODM, MBAR, ARSH and MOIU.

Figure 5. Cont.
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Figure 5. % change in VTEC over: (a) ADIS, DODM, MBEY, ARSH, MAL2, MOIU for 16–20 February 2014, (b) ADIS, DODM,
MBAR, ARSH, MAL2, MBEY for 15–19 March 2015, (c) ADIS, MAL2, MOIU, ARSH, MBEY for 16–20 September 2017, (d) ADIS,
MAL2, MBEY, DODM, MBAR for 6–10 September 2017.

In Figure 5a,b, percentage VTEC deviations were re‑
vealed across different days during the February, 2014
and March, 2015 geomagnetic storms, highlighting the dy‑
namic nature of the ionospheric electron density in re‑
sponse to varying solar and geomagnetic conditions. In
Figure 5c, smaller and smoother variations of percentage
VTEC were observed across all the stations. The percent‑
age deviation of VTEC ranged within ±50% range, with
peaks approaching 80–100%. DODM, MOIU and ADIS dis‑
played moderate percentage VTEC enhancements at local
noon, which corresponded with normal diurnal VTEC in‑
crease resulting from solar ionization. MAL2, ARSH and
MBEY, however showed relatively low percentage VTEC
deviation. The observed troughs and crests corresponded
majorly to solar‑driven diurnal variations. In Figure 5b,
stronger and irregular deviations were observed, espe‑
cially from 16–18 March, 2015 (St. Patrick’s Day Geomag‑
netic storm). DODM and ADIS recorded sharp positive
enhancements exceeding +50%, which were followed by
stronger negative phases (depletions) of 80–140%. MBEY,
MAL2, ARSH and MBAR also displayed irregular varia‑
tionswithmagnitudes ranging between+50%and−130%.
The percentage VTEC deviations observed in Figure 5a,b
were associated with storm‑induced electrodynamic dis‑
turbances, which included DDEFs which caused delayed
depletion, PPEFs which caused rapid ionization enhance‑

ments and also possible thermospheric winds surges and
TIDs which affected VTEC gradients.

In Figure 5a,b, ADIS and DODM experienced
largest percentage VTEC changes whichwere consistent
with strong equatorial electrodynamics and EIA effects.
ARSH, MBEY and MAL2 which are situated at higher lat‑
itudes showed lower percentage VTEC amplitudes. This
was attributed to the damping of the storm effects with
respect to their positions from the EIA crest.

Generally, during the February 2014 geomagnetic
storm Figure 5a, the percentage VTEC deviations re‑
mained within moderate ranges of +20% and −20%,
which was an indication of small perturbations in iono‑
spheric electron density. In contrast, the March, 2015
geomagnetic storm (Figure 5b), the percentage VTEC
showed significantly larger deviations ranging between
+50% and −140%. The large VTEC percentage devia‑
tions were an indication of intense storm‑time electro‑
dynamic forcing.

In Figure 5c, the percentage VTEC deviation dis‑
played moderate and smoother variations as compared
to the percentage VTEC plots in Figure 5d, which
showed larger, highly fluctuating and more irregular
variations. InFigure5c, the percentageVTECdeviations
over ADIS, MAL2, MOIU, ARSH and MBEY ranged within
±100%. Weak percentage TEC enhancements of up to
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+60%were observed over ARSH and MOIU. ADIS, MAL2,
MOIU and ARSH displayed smooth and smaller percent‑
age VTEC variations. MBEY experienced more percent‑
age VTEC deviation, which was attributed to the local‑
ized ionospheric wave activity or minor TIDs.

In Figure 5d, the percentage VTEC plots over ADIS,
MAL2, MBEY, DODM and MBAR showed larger ampli‑
tudes ranging between ±150–±300%. These large per‑
centage VTEC deviations signified presence of strong
ionospheric disturbances associated with geomagnetic
activity. Irregular peaks and troughs signified the in‑
fluence of short‑time electrodynamics such as PPEFs,
DDEFs and TIDs. DODM and ADIS and ASH showed
more pronounced percentage TEC deviations, which
were consistent with their proximity to EIA and mag‑

netic equator—a region sensitive to electrodynamic forc‑
ing. MBAR, MAL2 and MBEY displayed VTEC deviations
but with a low percentage, an indication that the iono‑
spheric disturbances extended to lower latitudes.

Figure 6 summarizes maximum VTEC values for
16–20 February, 2014; 15–19 March, 2015, 20–24 June,
2015 and 6–10 September, 2017 over ADIS, DODM,
MBAR, ARSH, MAL2, MBEY and MOIU. In the figure,
larger maximum VTEC values were observed across all
stations on 16–20 February, 2014 and 15–19 March,
2015. However, 20–24 June, 2015 and 6–10 September,
2017 exhibited smaller maximum VTEC values. This in‑
dicated thatmaximumVTEC values reducedwith the de‑
cline of the solar activity. This was attributed to the re‑
duction in background ionization levels.

Figure 6. MaximumVTEC for 16–20 February 2014, 15–19March 2015, 20–24 June 2015 and 6–10 September 2017 over ADIS,
DODM, MBAR, ARSH, MAL2, MBEY and MOIU.

4. Discussion

In the study, the analysis of solar wind parame‑
ters and geomagnetic indices in Figure 2 gave a strong
indication that the four storms were triggered by the
southward turning of the IMF‑Bz, which was accompa‑
nied by enhanced solar wind speed and IEF‑Ey. Stud‑
ies have shown that prolonged southward turning of the
IMF‑Bz allows for efficient energy transfer from the solar
wind into the magnetosphere through magnetic recon‑
nection, which leads to a reduction in the Dst index [30].
Themagnetospheric disturbanceswere thenpropagated
to the East African low latitude ionosphere. The GNSS‑
TEC observations in Figure 4a–d revealed diurnal typ‑

ical patterns which were characterized by low values
during nighttime, followed by gradual increases after
sunrise, peak values at midday (local noon) and grad‑
ual decreases towards sunset. This observed behavior
was attributed to the effect of solar radiation where pho‑
toionization dominated during the day, while recombi‑
nation processes reduced electron density during night‑
time [29]. Storm‑time periods displayed VTEC profiles
having irregular deviations and enhanced variability as
compared to the quiet periods. The irregular devia‑
tions and enhanced variability of VTEC indicated pres‑
ence of storm‑time induced electrodynamic processes
andTIDs,whichmodified thedistributionof background
ionospheric plasma instabilities [31–34].
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Positive and negative ionospheric storm phases
were observed across the GNSS stations in Figure 5a–
d. The observed rapid VTEC enhancements during
the main phases of the geomagnetic storms, particu‑
larly over stations located near the Equatorial Ioniza‑
tionAnomaly (EIA) crest, togetherwith the strong south‑
ward turning of IMF‑Bz and enhanced IEF‑Ey, strongly
suggest the penetration of eastward PPEFs into the East
African equatorial ionosphere. The occurrence of the
VTECenhancements during daytime andpost‑sunrise lo‑
cal time hours further supports the role of local time–
dependent electrodynamic processes, since eastward
PPEFs are known to intensify the upward E × B plasma
driftmore effectively duringdaytime conditions, thereby
enhancing the equatorial fountain effect and increasing
VTEC over the EIA crest regions. The positive iono‑
spheric enhancements were attributed to the effects
of PPEFs, which rapidly penetrated the magnetosphere
into low‑latitude ionosphere during onset of a geomag‑
netic storm [10]. The eastward directed PPEF intensified
the equatorial fountain by lifting ionospheric plasma up‑
wards at the geomagnetic equator and diffusing it to
higher latitudes alongmagnetic field lines. This led to en‑
hanced ionization near the EIA crests, hence increased
VTEC values [35]. The global O/N2 ratio maps in Figure
3 clearly displayed significant spatial variations in ther‑
mospheric composition during geomagnetic storm pe‑
riods [6,36]. The increased O/N2 ratios at mid and low‑
latitudes indicated increased concentrations of atomic
oxygen relative to molecular nitrogen, which favored
production of ions, leading to enhanced ionospheric
electron densities. In contrast, reduced O/N2 ratios
corresponded to increased molecular species that en‑
hanced recombination processes, which led to depletion
of plasma. Thiswas a clear indication that the short‑time
ionospheric variability was also influenced by electrody‑
namic forcing and thermospheric neutral composition.
Negative ionospheric storm effects were also observed
across the GNSS receiver stations during certain phases,
i.e., Figure 5a–d. These negative phases were charac‑
terized by VTEC depletions and large negative percent‑
age VTEC deviations relative to quiet‑time conditions [9].
The VTEC reductions were attributed to several mecha‑
nisms includingDDEFs [37,38] and storm‑induced thermo‑

spheric circulation. During the geomagnetic storm peri‑
ods, joule heating and particle precipitation at high lati‑
tudes generated PPEFs, which produced westward elec‑
tric fields during the day and suppressed the equatorial
fountain [39]. This led to reduced plasma uplift which
lowered VTEC values after the main phase of some ge‑
omagnetic storms.

A clear latitudinal dependence of storm‑time iono‑
spheric variability was also displayed across the GNSS
receiver stations. GNSS stations located closer to the
geomagnetic equator and EIA crest (DODM and ADIS)
exhibited stronger VTEC enhancements and larger per‑
centage of VTEC deviations as compared to GNSS sta‑
tions that were situated farther away (MBEY, MAL2 and
ARSH), i.e., Figures 4a–d and 5a–d. The observed spa‑
tial variability, with higher VTEC values at stations near
the Equatorial Ionization Anomaly (EIA) crest, revealed
the important role played by the equatorial electrody‑
namics in modulating ionospheric response to geomag‑
netic storms. ThePPEF‑driven enhancement of the equa‑
torial fountain effect led to redistribution of plasma from
the magnetic equator to low latitudes, intensifying ion‑
ization at the anomaly crests [40]. The latitudinal gra‑
dients observed in this study were consistent with the
expected behavior of the EIA during disturbed geomag‑
netic conditions. The influence of solar cycle phase on
VTEC variability was also observed. The storms occur‑
ring during solar maximum of solar cycle 24 exhibited
higher maximum VTEC values compared to storms oc‑
curring during the declining phase of the solar cycle.
This was attributed to the declining solar activity during
the declining phase of solar cycle 24. These results were
consistent with previous studies, showing the effect of
solar cycle phases on ionospheric ionization levels and
storm‑time responses of VTEC [5,41–44].

The behavior of VTEC over MAL2, ADIS, MBAR,
DODM, MOIU ARSH and MBEY was strongly controlled
by local time. The diurnal variation of VTEC with time
over these stations showed characteristics typical to low
latitude ionosphere where VTEC was low during pre‑
dawn, then increased gradually reaching maximum in
the afternoon and then gradually decreased after sun‑
set [29,45]. Between 03:00–09:00 UT (06:00–12:00 LT),
there was a steady rise of VTEC in all stations. Maxi‑

86



Earth and Planetary Science | Volume 05 | Issue 01 | April 2026

mumTECwas attained at 09:00–12:00UT (12:00–15:00
LT). This was attributed to solar extreme Ultra Violet
(SEUV) radiation which ionized the ionosphere leading
to increase in VTEC (photoionization). Huang et al. [10]
attributed these enhancements of VTEC at local noon
to strong neutral winds blowing equatorward from the
high latitude region that pushed plasma away from the
earth and its neutral atmosphere along the magnetic
field lines. This led to a reduction in recombination of
O+, which interacts with a neutral molecule for efficient
recombination, thereby increasing the plasma density.
He also attributed VTEC reductions to changes in the
composition of the neutral atmosphere at ionosphere
heights due to heating and upwelling of the lower atmo‑
sphere with its molecular‑rich composition, resulting in
a decrease in the O/N2 ratio and enhancing of the re‑
combination of the O+ plasma. Between 15:00–19:00
UT (18:00–22:00 LT), most stations displayed VTEC de‑
pletions which were closely followed by TEC enhance‑
ments, with February 2014 geomagnetic storm exhibit‑
ing the largest TECdepletions. Thiswas attributed to the
pre‑reversal enhancement (PRE) and the upward E × B
drift. Olwendo et al. [42] observed that the PRE in VTEC
effect was an outcome of the interaction of the E and F
region dynamos which resulted into an enhancement of
the eastward electric field before it turns westward at
dusk. The PRE increases the vertical drift which makes
the ionosphere to be lifted to higher altitude where the
ratio of production to loss of electrons is greater and the
transport of ions is dominant. Between 19:00–02:00 UT
(22:00–05:00 LT), VTEC values decreased due to domi‑
nation of recombination, resulting from absence of solar
radiation.

The shape of VTEC peaks during geomagnetic
storms in Figures 4 and5 gave a reflection of the compe‑
tition between storm‑time electrodynamics (DDEF and
PPEF) and changes in ionospheric composition (O/N2
ratio). The February 2014, March 2015, June 2015 and
September 2017 geomagnetic storms exhibited both sin‑
gle peak and double peak behavior over all the 7 GNSS
receiver stations. Single VTECpeaks across the GNSS sta‑
tions were exhibited during the February 2014 (Figure
4a). This signified presence ofweak electric fieldswhich
limited uplift of plasma. Double VTEC peaks were ex‑

hibited by most GNSS stations during the March 2015
geomagnetic storms (Figure 4b). This was indication
of presence of strong E × B drift due to PPEFs. Dur‑
ing the June 2015 and September 2017 geomagnetic
storms, the GNSS stations displayed double VTEC peaks
(Figure 4c) which were attributed to the interaction of
plasma uplift (due to the presence of PPEFs) and the
westward directed DDEF [46]. Studies describing various
VTEC curve shapes in the Equatorial Ionization Anomaly
(EIA) region of Africa have been conducted and shown
that the shapes of the peak VTEC curves are recorded
at the presence (or absence) of strength of electric cur‑
rents at the equator in reference to the daily variation
of electric currents over time [47]. Studies by Ouattara
and Amory‑Mazaudier [48] on diurnal behavior of NmF2
at Ouagadougou (Burkina Faso) near the geomagnetic
equator and by PhamThi et al. [49] at PhuThuy (Vietnam)
at the northern crest of the equatorial fountain in Viet‑
nam have shown that VTEC curves with two maximum
peaks are dominant near themagnetic equatorwhile the
VTEC curves with single peaks are dominant at the crest.
Geomagnetic activity modifies the diurnal behavior of
the ionosphere manifested through variation in VTEC or
NmF2.

The significant VTEC enhancements observed dur‑
ing the main phases of all analyzed storms were at‑
tributed to PPEFs. These eastward electric fields orig‑
inated from enhanced magnetospheric convection and
rapidly penetrated to equatorial latitudes. The result‑
ing increase in the upward E × B drift elevated plasma
to higher altitudes (where recombination rates are re‑
duced) and led to enhanced electron density. This mech‑
anism explains the pronounced daytime VTEC increases
observed during the main phases, particularly during
the March, 2015 and June, 2015 geomagnetic storms,
where peak values exceeded 90 TECU. The stronger re‑
sponse during these events was consistent with their
larger geomagnetic intensity, as indicated by more nega‑
tive Dst values in Figure 2.

The VTEC depletion observed during the recov‑
ery phases of the storms was associated with DDEFs.
These westward electric fields which are generated by
thermospheric wind circulation driven by Joule heat‑
ing and particle precipitation at high latitudes dur‑
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ing the disturbance drives meridional winds which in
turn travel down to the equatorial region, generating
DDEF. Blanc and Richmond [39] reported that DDEF takes
about 4–5 h to reach the low‑latitude depending on
their speed [50] while their ensuing effects are known
to last longer during the recovery phase of geomag‑
netic storms [51]. Unlike PPEFs, gradual and longer per‑
sistence of DDEF, leads to suppression of the equato‑
rial fountain effect [40,52,53]. The resulting downward
plasma drift enhances recombination rates, contribut‑
ing to the observed VTEC depletion during the recov‑
ery phase as shown in Figure 4a–d. The magnitude of
VTEC reduction, particularly during the June 2015 storm
where values decreased to 30–40 TECU, highlighted the
strong influence of disturbance dynamo processes on
low‑latitude ionospheric dynamics. At low latitudes,
during the main phase of a geomagnetic storm (symbol‑
ized by the southward turning of IMF‑Bz), PPEF may oc‑
cur and may affect the vertical plasma drift over the re‑
gion. In the evening or post‑evening period, PPEF as‑
sumes eastward (or westward) configuration leading to
the strengthening (or weakening) of the vertical plasma
drift [13,40]. During the recovery phase, DDEF (which has
opposite configuration to PPEF) occurs in the evening
hours, hence suppressing the pre‑reversal enhancement
(PRE) drift.

Variations in the thermospheric O/N2 ratio play a
significant role in modulating ionospheric electron den‑
sity during geomagnetic storms. Increased O/N2 ratios
(shown in Figure 3) during the main phase enhanced
ion production, contributing to the observed VTEC en‑
hancements in Figure 4a–d. Conversely, reduced O/N2
ratios during the recovery phase promoted recombina‑
tion, leading to electron density depletion [54,55]. A sig‑
nificant enhancement in the O/N2 ratio was observed
in the lower latitudes and equatorial regions. It was
mainly controlled by the thermospheric neutral winds
which are related to the Joule heating in high latitudes.
The correspondence between reduced O/N2 ratios and
VTEC depletion observed in this study supported the
role of thermospheric composition changes in driving
negative ionospheric storm effects. These findings high‑
light the coupled nature of ionospheric and thermo‑
spheric processes during geomagnetic disturbances and

are in agreement with a study by Li et al. [35].
The observed storm‑time ionospheric responses

in this study were consistent with findings from stud‑
ies done in other equatorial regions [12–15,17–19,35], where
similar VTEC enhancement and depletion patterns were
reported. However, the magnitude and spatial distri‑
bution of VTEC variations observed in this study indi‑
cated regional differences that may be attributed to lon‑
gitudinal variations in geomagnetic field configuration
and thermospheric dynamics. The multi‑station analy‑
sis presented here provided amore comprehensive char‑
acterization of the East African sector compared to pre‑
vious studies that relied on single storm, limited spatial
coverage or single‑station observations.

The results demonstrated that geomagnetic storms
produce significant and spatially variable ionospheric
disturbances over East Africa. These variations have
important implications for GNSS‑based navigation and
communication systems, which are sensitive to iono‑
spheric delays. The strong VTEC enhancements during
storm main phases may introduce significant position‑
ing errors, while recovery phase depletions can affect
signal reliability. The findings underscore the impor‑
tance of continuous GNSS monitoring and regional iono‑
spheric modeling for improved space weather forecast‑
ing in this sector.

In summary, the result obtained from this study
indicates that storm‑time ionospheric variability was
largely controlled by equatorial dynamics and thermo‑
spheric processes. Furthermore, the study provides in‑
sights into spatial characteristics of storm‑time iono‑
spheric responses over the GNSS stations in East Africa.

5. Conclusions
This study investigated the ionospheric response

to four major geomagnetic storms during solar cycle 24
over East Africa using GNSS‑derived VTEC. The analysis
revealed pronounced storm‑time ionospheric variability
characterized by both positive and negative phases. Sig‑
nificant VTEC enhancements were observed during the
main phases of the storms, with peak values exceeding
90 TECU at stations near the EIA crest. These enhance‑
ments were associated with PPEFs, which intensify the
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equatorial fountain and increase plasma density at low
latitudes.

In contrast, the recovery phases were character‑
ized by substantial VTEC depletion, with values decreas‑
ing to 30–40 TECU in some cases. This behavior is at‑
tributed to DDEFs, which suppressed upward plasma
drift and enhanced recombination processes. Variations
in the thermospheric O/N2 ratio furthermodulated iono‑
spheric electron density, reinforcing both positive and
negative storm effects. The competition between storm‑
time electrodynamics (DDEF and PPEF) and changes in
ionospheric composition (O/N2 ratio) was also revealed
by the shape of VTEC peaks during geomagnetic storms.

The results also demonstrated clear spatial vari‑
ability in ionospheric response across East Africa, with
stronger effects observed near the EIA crest. This high‑
lights the dominant role of equatorial electrodynamics
in controlling regional ionospheric dynamics.

Overall, this study provides a comprehensive
multi‑event, multi‑station characterization of storm‑
time ionospheric variability over the East African sec‑
tor, a region that has remained relatively underexplored.
The findings contribute to improved understanding of
ionosphere–thermosphere coupling processes and have
important implications for GNSS‑based navigation and
space weather monitoring in equatorial regions.
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