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ABSTRACT 
 

In this paper, we investigated the response of ionospheric Total electron content (TEC) to the 
intense geomagnetic storm of 10th - 11th May 2024 using 6 Global Navigation Satellite System 
(GNSS) stations: BAKE (Geog. Lat.64.33o N; Geog. Lon. 96.02o W), BELE (Geog. Lat. 1.41o S; 
Geog. Lon. 48.46o W), MBAR (Geog. Lat. 0.60o S; Geog. Lon. 30.74o E), SUTH (Geog. Lat. 32.38o 
S; Geog. Lon. 20.81o E), BJFS (Geog. Lat. 39.61o N; Geo. Lon. 115.89o E) and DUND (Geog. Lat. 
45.88o S; Geog. Lon.170.60o E) situated over low, mid and high latitude regions. The GPS-TEC 
data was extracted, processed and used to plot vertical total electron content (VTEC) verses 
universal time (UT) from 8th to 13th May 2024 for each GNSS receiver station. A contour plot of TEC 
variation was also plotted for each station from 8th to 13th May 2024. The results showed TEC 
enhancing significantly at the beginning of the storm, during daytime at the geomagnetic equator, 
with the exception of MBAR, where TEC increased at night. This was attributed to the effect of 
prompt penetration of electric field (PPEF). A reduction in TEC was also noted on 11 th May 2024, 
during the recovery phase over all the GNSS receiver stations. This was attributed to the effect of 
the disturbance dynamo electric field (DDEF) and composition change. The contour plots showed 
diurnal variation in TEC concentration over each GNSS receiver station. The TEC concentration 
however reduced during the storm period.  
 

 
Keywords: Geomagnetic storm; total electron content; prompt penetration electric field; disturbance 

dynamo electric field; global navigation satellite system. 
 

1. INTRODUCTION 
 
“Geomagnetic storms are disturbances of the 
Earth’s magnetic field as a result of perturbations 
in the interplanetary magnetic field (IMF)” [1]. On 
10th May 2024, the National Oceanic and 
Atmospheric Administration (NOAA) scientists 
witnessed a severe (G4) geomagnetic storm 
where several Earth-directed Coronal Mass 
Ejections (CMEs) were in transit towards the 
Earth’s outer atmosphere. The primary source of 
this activity was believed to be a large sunspot of 
NOAA cluster 13664 (AR13664) whose diameter 
had grown to up to 17 times the diameter of the 
Earth. This storm was predicted to rival the 
intensity of the Carrington event of 1859 which 
set telegraph stations on fire and disrupted 
global communication systems. The most recent 
severe (G4) storm occurred on 23rd March 2024 
while the Halloween storms which occurred in 
October 2003 marked the last extreme (G5) 
event. The 10th -11th May 2024 geomagnetic 
storm had a disturbance storm time (Dst) index 
of ~ -412 nT, which makes it the greatest storm 
in over two decades. A geomagnetic storm of 
such a magnitude has various potential effects 
on modern infrastructure which include 
degrading of Global Positioning satellite systems 
(GPS) for hours, blacked out radio propagation 
systems [2], orientation and tracking problems 
on space craft, voltage control problems in 
power grid [3,4] and surface charging and 
increased drag on Low Orbit Satellites (LOS)  
Despite the above mentioned potential risks, this 

storm also triggered magnificent nighttime 
auroras or Northern lights in as low as Florida 
and Texas in the Southern states and down to 
Southern California on the West Coast  and 
Missouri in the Midwest. Studies by various 
researchers have shown that the occurrences of 
geomagnetic storms have a large influence on 
the electrodynamics of the Earth’s ionosphere 
through drastic changes in the ionospheric 
density structures (ionospheric F-region electron 
densities) [5] and total electron content (TEC) 
[6]. TEC is defined as the total number of 
electrons in a column of 1m2 between a GPS 
satellite and a GPS receiver (1 TECU = 1016 
electrons/m2) [7-11]. It is measured in total 
electron content units (TECU). It is a key 
parameter that has been used to depict the 
charge densities of various ionospheric layers 
[12-14]. “It is expressed as an integral of electron 
density along the ray path between the receiver 
and the satellite as follows, 
 

( )dl
l

l
lTEC ne=

2

1

                                          (1) 

 

where l1 and l2 are the position of the receiver 
and the satellite respectively, ne(l) is the variable 
electron density along the path from the satellite 
to the receiver and dl is the change in the 
distance between the receiver and the satellite” 
[15]. 
 

TEC undergoes significant changes during 
geomagnetic storms as a result of an influx of 
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energetic particles into the ionosphere by the 
solar wind. This leads to changes in ionospheric 
density structures of TEC. The increases in the 
ionospheric density structures and TEC are 
known as positive storm effects while their 
decreases are known as negative storm effects. 
The occurrence and magnitude of the positive 
and negative storm effects largely depends on 
local time, latitude, the phase of the storm [16, 
17] and the competing effects of prompt 
penetration electric fields (PPEF) and 
disturbance dynamo electric fields (DDEF) [18]. 
Rukundo, [19] “used a daily variation of TEC 
from GNSS stations, ionosonde parameters and 
modeled zonal and meridional wind velocities to 
investigate the ionospheric TEC response over 
the African region. The equatorial GNSS station 
of NKLG recorded initial positive storm effects 
around the time of sudden storm 
commencement (SSC), which spread over the 
whole African region during the main phase with 
positive and negative storm effects during the 
main and recovery phases respectively. The 
ionospheric response was due to the relative 
contributions of prompt penetration electric field 
effects and equatorward traveling disturbances 
which depended on storm onset time, past 
ionospheric state, and storm phase”. Oikonomou 
et al [20] investigated the “negative ionospheric 
response over the European sector during two 
storms that took place on 8th September 2017, 
by exploiting observations over ten European 
locations. The spatial and temporal variations of 
TEC, foF2 and hmF2 ionospheric characteristics 
were examined so as to explain the physical 
mechanisms underlying the strong negative 
ionospheric response. They detected very sharp 
electron density (in terms of foF2 and TEC) 
decrease during the main phases of the two 
storms and attributed it to the large displacement 
of the Mid-latitude Ionospheric Trough (MIT). 
Their study also revealed that the two storms 
showed different features caused by different 
processes. Large Scale Traveling Ionospheric 
Disturbances (LSTIDs) were also observed 
during both storms, followed by enhanced 
Spread F conditions over Digisonde stations. 
The regional dependence of ionospheric storm 
effects was demonstrated by observing the 
behavior of ionospheric effects over the northern 
part of Europe being different from that over the 
southern part”. Mishra et al., [21] studied “TEC 
during three intense geomagnetic storms of the 
year 2015: during 16 - 21 March 2015 (The St. 
Patrick’s Day storm), 21 - 24 June 2015 and 18 - 
22 December 2015. They observed that 
equatorial and low-latitude regions were largely 

affected by the geomagnetic storms. All these 
results suggested that the acute disruption of 
global winds (surging towards the equator from 
higher latitudes) and electric fields commenced 
from magnetosphere-ionosphere interaction 
cause the severe modification in the equatorial, 
low latitude region”. Sharma et al., [22] 
investigated “the ionospheric response to a 
severe geomagnetic storm on St. Patrick’s Day 
(17th March 2015) and a strong geomagnetic 
storm on 7th October 2015 over the low-latitude 
Saudi Arab region. The GNSS-TEC observations 
over low latitude RASH station (28◦29N, 34◦46E) 
in Saudi Arab confirmed that the spatial temporal 
alterations over the region not only depended on 
the low-latitude electrodynamics but also relied 
on the high and mid-latitude electrodynamics. 
During the St. Patrick’s Day storm, the minimum 
Dst reached to -223 nT with AE enhancement up 
to 2215 nT and VTEC values showed maximum 
enhancement of 250.16% with comparison to 
average quiet days VTEC (positive effect of 
geomagnetic storm). The positive response of 
the VTEC was also observed over the region 
due to the coexistence of PPEF with the 
prevailed long duration DDEF. The F2 layer got 
uplifted with the enhanced fountain effect 
through the equatorial E × B drift, which was 
observed with the enhancement in hmF2 and 
enhancement in O/N2 ratio. For the strong 
geomagnetic storm event of 7th October 2015, 
minimum Dst reached -124 nT with AE 
enhancement up to 1209.30 nT and VTEC 
values showed minimum decrement of -72.14% 
as compared to the average quiet days VTEC 
(negative effect of geomagnetic storm). The 
negative response of VTEC was observed 
during the main phase of the storm and was 
attributed to the consequences of suppressed 
EIA over the observatory station. The negative 
response was described by the downward 
movement of F2 layer with apparent reduction in 
hmF2 and depletion in O/N2 ratio over the low 
latitude region. The results during the storm 
period also showed that the intensity of 
amplitude scintillation was enhanced over the 
low latitude region whose magnitude depended 
on the severity of the geomagnetic storm”. Singh 
& Sripathi, [23] studied the “ionospheric 
response of the equatorial and low-latitude 
ionosphere to the 22nd to 23rd June 2015 
geomagnetic storm over India using ground 
based Ionosondes located at Tirunelveli (8.73°N, 
77.70°E; geomagnetic latitude: 0.32°N), 
Hyderabad (17.36°N, 78.47°E; geomagnetic 
latitude: 8.76°N), and Allahabad (25.45°N, 
81.85°E; geomagnetic latitude: 16.5°N) along 
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with a chain of GPS receivers. The uniqueness 
of this storm was that in contrast to the 
equatorial plasma bubbles that were detected in 
the European sector, they observed suppression 
of plasma bubbles in the Indian sector. The 
observations suggested that westward 
penetration electric field during local midnight 
caused abrupt decrease of virtual height (h’F 
(km)) to ~200 km and suppressed plasma 
bubbles due to under-shielding. The layer later 
increased to 500 km simultaneously due to over-
shielding effect. On 23rd June 2015, they 
observed negative storm effects in the Northern 
Hemisphere and positive storm effects in the 
Southern Hemisphere. The absence of 
equatorial Es layers at Tirunelveli and presence 
of F3 layer at Tirunelveli/Hyderabad seemed to 
be associated with equatorial electrojet 
(EEJ)/counter electrojet (CEJ) variations. On 
24th June 2015, they observed strong negative 
storm effects at Allahabad/Hyderabad and 
positive storm effects at Tirunelveli. The 
enhancement of h’F (km) over all three 
Ionosonde stations at 20:30 UT on 23rd June 
2015 during recovery phase suggested the 
presence of eastward DDEF that caused pre-
sunrise spread F at Hyderabad/Allahabad. The 
void of spread F at Tirunelveli suggested its mid-
latitude origin. Periodogram analysis of foF2 and 
h’F (km) in the present analysis suggested the 
presence of shorter periods (~< 2 h) associated 
with PPEF while larger periods (>2 h) associated 
with DDEF”. 
 
In this paper, we study and present results on 
the ionospheric TEC response to the 10th – 11th 
May 2024 geomagnetic storm over 6 Global 
Navigation Satellite Systems (GNSS) receiver 
stations situated at the high, middle and low 
latitude regions. This storm was quite unique 
since it was accompanied by extreme solar 
flares and also produced aurorae at far more 
equatorial latitudes in both northern and 
southern hemispheres [24]. 
 

2. MATERIALS AND METHODS 
 

2.1 Data Sources 
 

2.1.1 Geomagnetic indices and solar wind 
parameters data  

 

In this study, the variations of Solar wind 
Parameters:  Z-component of Interplanetary 
magnetic field (IMF-Bz), Y component of 
Interplanetary Electric Field (IEF-Ey), solar wind 
speed (SW Speed) , kp and Dst indices for 8th – 

13th May 2024 were obtained from Omniweb 
website: 
https://omniweb.gsfc.nasa.gov/form/dx1.html. 
 
2.1.2 Solar activity data 
 
The solar activity between 1st and 31st May 2024 
was obtained from the NOAA website: 
NOAA/Spaceweatherlive.com.  
 
2.1.3 GPS data 
 
In this study, the GPS-TEC data over 6 stations: 
BAKE, DUND, BELE, MBAR, BJFS and SUTH in 
Fig. 1 were accessed from: http:/gage data. 
earthscope. org/archive/ gnss/rinex. 

 
2.2 Methodology 
 
2.2.1 Processing TEC data 

 
TEC data in the GNSS receivers is saved in the 
zipped Receiver Independent Exchange 
(RINEX) format. The RINEX files are converted 
to observable files with the use of Gopi  software 
[25, 26]. The GNSS measurements in this case 
are either code pseudoranges (P) or carrier 
phases (ϕ). The GNSS receiver receives the 
code time delay and carrier phase difference by 
cross-correlating the f1 and f2 modulated carrier 
signals, which are normally considered to travel 
along the same path through the ionosphere 
[27]. The estimates of GNSS-derived 
ionospheric TEC are obtained using dual 
frequency GNSS measurements [28, 29]. The 
GNSS data from the receiver are critical for 
estimating the electron density along a ray path 
between a satellite and a ground receiver [30, 
31]. Dual-frequency GPS receivers may offer 
integral information on the ionosphere and 
plasmasphere by computing the differential of 
the code and carrier phase measurements, and 
also removing ionospheric inaccuracies in TEC 
estimates [32, 33] As a result, the TEC 
computed by the dual-frequency receivers is 
offered as an input to an ionosphere assimilation 
model [34]. For the present study, GNSS data 
collected in dual-frequency receivers was used, 
and TEC data was obtained using the pseudo-
range and carrier phase measurements. The 
TEC calculated from the pseudo-range 
measurement (slant TEC) is given by                
Equation 2: 

 

( )
122

2

2

1

2

2

2

1

3.40

1
PP

ff

ff
STEC −









−
=                             (2) 

https://omniweb.gsfc.nasa.gov/form/dx1.html
http://unavco.org/data/gps-gnss/data-access%20methods/dai1/dai1.html
http://unavco.org/data/gps-gnss/data-access%20methods/dai1/dai1.html
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Fig. 1. Map showing geographical locations of BAKE, BELE, MBAR, SUTH, BJFS and DUND 
GNSS receiver stations 

 

    
 

Fig. 2. Geometry for converting slant TEC and vertical TEC 
 
Similarly, the TEC from carrier phase 
measurement is calculated as follows using 
Equation 3: 
 

( )
122
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2

1

2

2

2

1

3.40

1
 −









−
=

ff

ff
STEC                      (3) 

 

where  f1 and f2 are GPS satellite                         
frequencies determined from the fundamental 

frequency, fo =10.23MHz as: (f1=154, 
fo=1,575.42MHz, (f2=120, fo=1,227.60 MHz),           
and the differential code and phase 
measurements are (P2 – P1) and (ϕ1 – ϕ2), 
respectively [35]. 

 
Fig. 2 shows the geometry for converting STEC 
to VTEC. 
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Table 1. Geographic locations of BAKE, DUND, SUTH, BELE, MBAR and BJFS 
 

Station id Country region Geog. Lat Geog. Lon Local Time (LT) 

BAKE Canada High latitude 64.33oN                    96.02oW LT=UT – 6 
DUND New 

Zealand 
Mid- Latitude 45.88oS 170.60oE LT=UT + 11 

SUTH  South 
Africa 

Mid-latitude 32.38oS 20.81oE LT=UT + 1 

BJFS China Mid-latitude 39.61oN 115.89oE LT=UT + 8 
BELE Brazil Low-latitude 1.41oS  48.46oW LT=UT – 3 
MBAR  Uganda Low-latitude  0.60oS 30.74oE LT=UT + 2 

 
The vertical total electron content (VTEC) is 
obtained using Equation 4: 
 

( )'CosSTECVTEC =                            (4) 

 

where the zenith angle 
'

 is given by Equation 

5: 
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 VTEC is therefore given by equation 6: 
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STECVTEC
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E       (6) 

 
Where α is the satellite’s elevation angle, RE is 
the Earth’s mean radius and is considered to be 
approximately 6371 km, and h is the height of 
the ionospheric layer, which is considered to be 
400 km [36 - 38]. 
 

The average daily data of VTEC for all PRNs for 
each selected day and GNSS receiver station 
were obtained by averaging VTEC values for all 
identical pseudo-random numbers (PRNs) within 
a 24 hour period [39]. The data was then used to 
plot VTEC against Universal Time (UT) for each 
day from 8th to 13th May 2024 and for each GPS 
receiver station as indicated in Fig. 5-10. The 
VTEC against UT plots for each day were 
analyzed. 
 

To comprehend how the geomagnetic storm 
affected ionospheric TEC changes on a range 
of scales in low, middle and high latitude 
regions, we employed contour plot of TEC 
variation for each GNSS receiver station as 
indicated in Fig. 11. 
 

Information for the 6 GNSS receiver stations: 
BAKE, DUND, SUTH, BELE, MBAR and BJFS 
were used in this study is given in Table 1: 

3. RESULTS  
 

3.1 The Variation of IMF-Bz, IEF-Ey, SW 
Speed, kp and Dst Indices between 
8th -13th May 2024 

 
The variation of IMF-Bz, IEF-Ey, SW Speed, kp 
and Dst indices between 8th- 13th May 2024 were 
presented using as in Fig. 3. 
 
In Fig. 3(e), it is noted that the Geomagnetic 
storm began at about 18:00 UT on 10th May with 
a sudden commencement which was 
immediately followed by an initial stage. An 
increase in solar wind speed was also observed 
as in Fig. 3(c). According to [40], the sudden 
storm commencement is due to the increase in 
the solar wind dynamic pressure. The main 
phase of the storm which is the defining phase of 
the storm occurred from 18:00 UT on 10th May 
2024 to 03:00 UT on 11th May 2024. The main 
phase which reached its peak with a Dst of ~-
412 nT at 03:00 UT, where IMF-Bz value was -
45nT (Fig. 3(a)) with a corresponding solar wind 
speed of 750km/h. The main phase represents 
the injection of the ring current resulting from the 
southward turning of the Interplanetary Magnetic 
Field (IMF-Bz) of -50.06 nT. The recovery phase 
which is associated with loss of ring current ions 
resulting from charge exchange with the neutral 
exosphere began at 03:00 UT on 11th May and 
progressed up to 15th May 2024. From Fig. 3(e), 
it is noted that the 10th to 11th May 2024 was an 
ideal geomagnetic storm since it had all the four 
phases. The geomagnetic storm was classified 
as an intense storm since the Z-component of 
the interplanetary magnetic field (IMF) turned 
southward reaching to as much as -50nT and a 
solar wind reaching up to 1000km/s between 
11th and 12th May 2024. Figs. 3(c) showed that 
8th and 9th May exhibited Kp Index values below 
2. The kp index exhibited a rise in kp values 
between 12:00 and 24:00 UT on 10th May 2024 
where it rose from 3 and reached a maximum 
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value of 9 at 24:00 UT. The kp values remained 
above 6 for the whole day before dropping to kp 
values below 4 between 06:00 and 18:00 UT 
and rising steadily, reaching a maximum kp 
value of ~ 6.3. The Kp index of 9 during the 10th 
and 11th May 2024 clearly shows that it was an 
intense storm [41]. 
 

3.2 The Variation of Solar Activity for 
May 2024  

 
Fig. 4 shows the number of C, M and X – class 
solar flares produced in May 2024 and its 
corresponding sunspot numbers. The plot brings 
out the solar activity during the month of May 
2024. The solar wind and sporadic interplanetary 
disturbances such as shock waves, CMEs and 
solar flares are strongly affected by changes in 
solar activity [42]. 
 

In Fig. 4, the solar activity was observed to ramp 
up from 9th May 2024 reaching its maximum on 
13th May 2024. This was depicted by the 
increase in sunspot numbers from ~ 140 to ~ 
240. According to NOAA/spaceweatherlive.com, 

the M and X-class solar flares were seen to 
dominate between 8th and 13th May 2024. On 8th 
May 2024, the Sun’s active region of NOAA 
region number 13664 (AR13664) produced 
multiple M-class and a X1.0-class solar flares 
leading to the launching of Coronal Mass 
Ejections (CMEs) towards the Earth. On 9th May 
2024, the AR13664 produced X2.25 and X1.12-
class solar flares. These solar flares were 
associated with full-halo CMEs. On 10th May 
2024, during the commencement of the storm, 
the AR13664 produced a X3.98-class solar flare. 
On 11th May 2024, the AR13664 produced a 
X5.7-class solar flare which was associated with 
another asymmetrical full-halo CME. The NOAA 
space weather prediction center observed that 
the AR13664 also caused an S1 solar radiation 
storm which rose up to S2. Solar flares leads to 
an increase in the ionization density in the 
ionosphere [43]. They largely affect the sub-
solar and low latitude regions [44, 45]. It is 
noted in Fig. 4 that there was a slight drop in 
sunspot numbers from 8th to 11th May 2024 
before a steady rise from 11th to 13th May 
2024. 

 

 
 

Fig. 3. Plot of (a) IMF-Bz (b) SW speed (c) IEF-Ey (d) kp index (e) Dst index for 8th–13th May 
2024 (https://omniweb.gsfc.nasa.gov/form/dx1.html, accessed on 26th June 2024) 

https://omniweb.gsfc.nasa.gov/form/dx1.html
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Fig. 4. Variation of solar activity between 1st and 31st May 2024 (NOAA/Spaceweatherlive.com, 

accessed on 1st June 2024) 
 

 
 

Fig. 5. Plots of VTEC against UT over BAKE for: (a)08.05.2024 (b)09.05.2024 (c)10.05.2024 
(d)11.05.2024 (e)12.05.2024 and (f)13.05.2024 
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3.3 The variation of the TEC over 
BAKE, DUND, SUTH, BJFS; BELE 
and MBAR on 8th, 9th, 10th, 11th, 12th 
and 13th May 2024 

 

Figs. 5-10 shows the variation of VTEC against 
universal time (UT) over BAKE, DUND, SUTH, 
BJFS, BELE and MBAR on 8th, 9th, 10th, 11th, 
12th and 13th May 2024.  
 

3.3.1 Variation of TEC against Universal time 
(UT) over BAKE 

 

The variation of TEC against UT over BAKE is 
shown by Fig. 5. On 8th May 2024, the GNSS 
receiver station, showed a gradual decrease in 
TEC from 00:00UT to 06:00UT, before rising 
gradually, reaching maximum TEC of 20 TECU 
at 22:00UT before dropping drastically up to 
24:00 UT as indicated in Fig. 5(a). On 9th May 
2024, the TEC values over the GNSS receiver 
station dropped drastically to about 3 TECU 
between 06:00 and 08:00UT. The TEC values 
however began to rise, with attaining maximum 
TEC value of 17 at 22:00 UT. The TEC values 
were seen to decrease up to 24:00 UT as 
indicated in Fig. 5(b). Fig. 5(c) shows TEC 
variation on 10th May 2024. Here, the TEC 
values over the GNSS receiver station fluctuated 
by about 12 TECU at 05:00 UT, before rising up 
to 18:00 UT where it attained maximum values 
of about 20 TECU. It should be noted that this is 
the time the storm commenced. Large TEC 
fluctuations were observed from 18:00 UT on 
10th May to about 03:00 UT on 11th May, which 
was the main phase of the storm. From 03:00 
UT, the TEC values for the two GNSS receiver 
began to rise accompanied by small TEC 
perturbations as indicated by Fig. 5(d). The rise 
in TEC corresponded well with the recovery 
phase of the storm phase. In Fig. 5(e) 12th May 
2024, the GNSS receiver station exhibited the 
same behavior of TEC like the one observed on 
8th and 9th in Fig. 5(a) and 5(b). 
 

It is noted in Fig. 5(c) and 5(d) that during the 
main phase, TEC over the GNSS receiver 
station exhibited positive storm effects while the 
recovery phase exhibited negative storm effects. 
TEC perturbations were observed during the 
storm period. The initial stage of the storm 
exhibited the highest TEC value (30 TECU) for 
the 6 days studied. 
 

3.3.2 Variation of TEC over DUND  
 

The variation of TEC against UT over DUND is 
shown by Fig. 6. On 8th and 9th May 2024, the 

GNSS receiver station, showed a gradual 
increase in TEC from 00:00UT to 04:00UT 
where it attained maximum TEC of 27 TECU, 
before dropping gradually, reaching a minimum 
TEC of 2 TECU at 19:00UT, before rising again 
up to 24:00 UT as indicated in Fig. 6(a) and 6(b). 
On 10th May 2024, the TEC values rose from 
00:00 to 04:00 UT before dropping drastically up 
to 10:00 UT. TEC fluctuations were observed 
between 10:00 and 18:00 UT. However, TEC 
began to rise from 18:00 UT on 10th May 2024, 
attaining a maximum TEC value of 36 TECU at 
03:00 UT on 11th May 2024 as indicated in Fig. 
6(c) and 6(d). This rise in TEC corresponded 
well with the main phase of the storm. From 
03:00 UT on 11th May 2024, the TEC values 
began fluctuating with increased perturbations 
up to about 18:00 UT. This TEC fluctuation also 
corresponded well with the recovery phase of 
the storm. 
 
Fig. 6(e) and 6(f) showed TEC rising steadily 
from 00:00 UT to 03:00 UT, attaining a maximum 
TEC value of 40 TECU before dropping steadily, 
reaching its minimum at 18:00 UT. From 19:00 
UT, the TEC value and reached its maximum 
TEC value of 40 TECU. 
 
It is noted in Fig. 6(c) and 6(d) that during the 
main phase, TEC over the DUND exhibited a 
negative storm effect while the recovery phase 
exhibited a positive storm effect. The peak of the 
storm exhibited the high TEC values. However 
the TEC value was lower than the one attained 
on 13th May 2024 for the same station. TEC 
perturbations were observed during the storm 
period as shown by Fig. 6(c) and 6(d). 
 
3.3.3 Variation of TEC over SUTH and BJFS 
 
The variation of TEC against UT over SUTH is 
shown by Fig. 7. On 8th and 9th May 2024, SUTH 
exhibited constant TEC of 4 TECU from 00:00UT 
to 05:00UT, before it began rising gradually, 
reaching maximum TEC of 47 TECU at 
13:00UT. TEC values then dropped drastically 
up to 18:00 UT where it remained constant at 4 
TECU for the rest of the day as indicated in Fig. 
7(a) and 7(b). On 10th May 2024, SUTH 
exhibited constant TEC of 4 TECU from 00:00UT 
to 05:00UT, before it began rising gradually, 
reaching maximum TEC of 48 TECU at 
13:00UT. TEC values then dropped drastically 
up to 18:00 UT when it began rising again and 
reached a maximum of 38 TECU on 14:00 UT 
on 11th May 2024 as indicated in Fig. 7(c) and 
7(d). Small TEC perturbations were also 
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exhibited during the storm period. In Fig. 7(e) 
and 7(f), 12th and 13th May 2024 exhibited a 
similar trend where TEC remained constant at 3 
TECU from 00:00 to 04:00 UT, before it 
increased steadily up to 12:00 UT where it 

attained maximum TEC of 45 TECU on 12th and 
52 TECU on 13th TECU. After 12:00 UT, both 
days exhibited a steady drop in TEC up to 18:00 
when it remained constant at 3 TECU up to 
24:00 UT. 

 

 
 

Fig. 6. Plots of VTEC against UT over DUND for: (a)08.05.2024 (b)09.05.2024 (c)10.05.2024 
(d)11.05.2024 (e)12.05.2024 and (f)13.05.2024 

 

 
 

Fig. 7. Plots of VTEC against UT over SUTH for: (a)08.05.2024 (b)09.05.2024 (c)10.05.2024 
(d)11.05.2024 (e)12.05.2024 and (f)13.05.2024 
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Fig. 8. Plots of VTEC against UT over BJFS for: (a)08.05.2024 (b)09.05.2024 (c)10.05.2024 
(d)11.05.2024 (e)12.05.2024 and (f)13.05.2024 

 

 
 

Fig. 9. Plots of VTEC against UT over BELE for: (a)08.05.2024 (b)09.05.2024 (c)10.05.2024 
(d)11.05.2024 (e)12.05.2024 and (f)13.05.2024 
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Fig. 10. Plots of VTEC against UT over MBAR for: (a)08.05.2024 (b)09.05.2024 (c)10.05.2024 
(d)11.05.2024 (e)12.05.2024 and (f)13.05.2024 

 

 
 
Fig. 11. Contour plots of TEC variations for: (a) BAKE (b) DUND (c) SUTH (d) BJFS (e) MBAR (f) 

BELE 
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The variation of TEC against UT over BJFS 
which is situated in the mid-latitude is shown by 
Figs. 8. On 8th and 9th May 2024, BJFS exhibited 
a steady rise in TEC from 00:00UT reaching 
maximum TEC of 30 TECU at 05:00UT. TEC 
values then dropped drastically up to 0 TECU at 
20:00 UT, before rising again and attaining a 
maximum TEC value of 20 TECU at 24:00 UT. 
On 10th May 2024, BJFS exhibited a steady rise 
in TEC, reaching maximum TEC of 35 TECU at 
04:00UT. TEC values then dropped drastically 
up to 18:00 UT when it began rising again and 
reached a maximum of 28 TECU on 10:00 UT 
on 11th May 2024 as indicated in Fig. 8(c) and 
8(d). TEC perturbations were also exhibited 
during the storm period. In Fig. 8(e) very low 
TEC values were exhibited during the whole day. 
In Fig. 8(f), there was a steady rise TEC from 
00:00 UT, reaching maximum TEC of 30 TECU 
at 06:00UT. TEC then dropped up to 20:00 UT 
before rising again and attaining a maximum 
value of 30 TEC at 24:00 UT. 
 
3.3.4 Variation of TEC over BELE and MBAR  
 
The variation of TEC against UT over BELE and 
MBAR are shown by Figs. 9 and 10 respectively. 
In Fig. 9(a) and 9(b), TEC exhibited a similar 
trend on 8th and 9th May 2024 over BELE.  This 
was noted by both days having a decrease in 
TEC from 00:00 to 08:00 UT before rising 
steadily and attaining maximum TEC values of 
70 TECU at 18:00 UT. It then dropped and 
attained a TEC value of 10 TEC at 24:00 UT. In 
Fig. 10(a) and 10(b), TEC exhibited a similar 
trend over MBAR too.  This was noted by both 
days having a decrease in TEC from 00:00 to 
04:00 UT before rising steadily and attaining 
maximum TEC value of 78 TECU at 12:00 UT. 
On 10th and 11th May 2024, the TEC values over 
BELE and MBAR dropped slightly before rising 
steadily, reaching maximum TEC values of 78 
TEC before dropping again. TEC depletions of 
depth 8 TEC followed by TEC enhancements 
were observed before the beginning of the main 
phase of the storm as indicated in Fig. 9(c) and 
10(c). There was a reduction in TEC over the 
two GNSS receiver stations during the main 
phase of the storm which was followed by an 
increase in TEC combined with perturbations 
during the recovery phase on 13th May 2024 as 
indicated in in Fig. 9(d) and 10(d). 
 
In Figs. 10(e) and 10(f), TEC exhibited a steady 
rise from 03:00 UT, reaching maximum of 100 
TECU on 12th May and 85 TECU on 13th May 
2024 at 12:00 UT. A decline in TEC was noted 

from 12:00 UT to 18:00 UT where TEC 
depletions of about 15 TECU and 5 TECU were 
noted on 12th and 13th respectively, followed by 
TEC enhancements. 
 
In Figs. 9 and 10, it is noted that there were 
notable TEC depletions followed by TEC 
enhancement just before the commencement of 
the storm. TEC was seen to drop during the 
main phase of the storm. TEC over BELE and 
MBAR exhibited a positive storm effect during 
the main phase while the recovery phase 
exhibited a negative storm effect. 
 

3.4 Contour plots of TEC variations 
between 8th and 13th May 2024 over 
BAKE, DUND, SUTH, BELE, BJFS 
and MBAR 

 
Fig. 11 shows contour plots of TEC variations 
between 8th and 13th May 2024 over BAKE, 
DUND, SUTH, BJFS, MBAR and BELE. In Fig. 
11(a), BAKE had a TEC concentration of up to 
20 TECU. However the TEC concentration 
reduced to values below 10 TECU during the 
storm. DUND had a TEC concentration of up to 
30 TECU as shown in Fig. 11(b). The TEC 
concentrations however reduced to between 20 
and 25 TECU during the storm period. SUTH 
had TEC concentrations of up to 70 TECU as 
shown in Fig. 11(c). During the storm, the TEC 
concentration reduced to 35 – 50 TECU. BJFS 
had a TEC concentration of up to 30 TECU as 
indicated by Fig. 11(d). However, the TEC 
concentration dropped to between 0 and 30 
TECU during the storm. At MBAR, TEC 
concentration reached a highest value of 70 
TECU as indicated by Fig. 11(e). However, the 
TEC concentration reduced to between 40 and 
50 TECU during the storm period. BELE had a 
TEC concentration of up to 70 TECU as shown 
by Fig. 11(f). However TEC concentration 
dropped to between 35 and 45 TECU. 

 
4. DISCUSSION 
 
The geomagnetic storm of 10th -11th May 2024 
began on 10th May 2024 at 18:00 UT. An 
increase in VTEC was observed at BAKE and 
BELE (Figs. 5(c) and 9(c)), which were on the 
dayside at the beginning of the storm (LT = 
11:00 for BAKE, and LT=14:00 for BELE), and 
no change in VTEC at the other stations, which 
were on the nightside (LT=01:00 at BJFS, 
LT=04:00 at DUND, LT= 18:00 at SUTH) except 
the equatorial station: MBAR (LT=19:00), where 
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an increase in TEC was observed despite the 
nightside at the beginning of the storm. These 
observations highlight the importance of the 
latitude and the local time of the location when 
the storm starts [46, 47]. The local time 
dependence of geomagnetic storms has been 
investigated by [48] using numerical simulation. 
According to the authors, the excessive heating 
of the thermosphere at high latitudes during 
magnetic storms drives global wind surge in the 
polar region. This wind then propagates to low 
latitudes with a bias for the night sector and 
dependence on the universal start time of the 
magnetic storm. Additionally, TEC was found to 
decrease during the recovery phase for all 
GNSS receiver stations as a result of 
composition change and movement [49-52] 
during the day, according to their simulation. A 
few hours (around 19:30 UT) after the shock, 
during the main phase, it was observed that the 
geomagnetic storm caused a positive increase in 
VTEC at the equatorial stations: MBAR and 
BELE, respectively. This can be associated with 
the signature of PPEF. A study by Klimenko & 
Klimenko, [53] on the DDEF, PPEF and 
overshielding in the Earth’s ionosphere during 
geomagnetic storm showed that the PPEF 
dominates at the early stages of geomagnetic 
storm during daytime. A decrease in TEC was 
observed in almost all stations the day following 
the geomagnetic storm. This was attributed to 
the DDEF signature [18]. In fact, PPEF and 
DDEF disturbances on the low-latitude 
ionosphere can result from geomagnetic storms, 
changing the variations in TEC across low-
latitudes. During the day, the PPEF that arises 
during the main phase of a geomagnetic storm 
when the IM-Bz is moving southward enhances 
the eastward field and the E x B plasma drift at 
the equator [54-58]. The DDEF arising during 
recovery phase of storm when IMF-Bz is turned 
northward from its southerly course, is westward 
during the day and eastward during the night. 
Meridional winds can change during a 
geomagnetic storm and impact on the low-
latitude TEC changes. In addition, positive as 
well as negative ionospheric storms (through 
global compositional changes) can also 
contribute to TEC variations at low-latitudes [19]. 
According to Singh et al., [46], the daytime 
eastward dawn-to-dusk prompt penetration 
electric field (PPEF) results in EXB plasma drift 
at equatorial latitudes during a positive 
geomagnetic storm. The upward E×B drift 
increases, results in increases in maximum 
height of F region and TEC that can last for 
several hours. Moreover, an impulsive energy 

deposition at high latitudes drives equatorward 
meridional winds and generates traveling 
atmospheric disturbances. These meridional 
winds have been shown to drag the ionospheric 
plasma to higher altitudes to the region where 
loss rates are lower, resulting in density 
enhancement. 
 
It is important to note that the daytime electric 
field at the equator is eastward. This field, in 
conjunction with the Earth’s magnetic field which 
is horizontal at the equator, gives rise to the 
vertical E×B drift of the ionospheric plasma. 
During magnetic storms, Joule energy 
dissipation in the auroral zone generates 
perturbations of thermospheric winds that, in 
turn, generate disturbed ionospheric electric 
fields and currents [59]. These disturbances 
propagate from the auroral zone toward low 
latitudes in few hours [60]. According to Fejer et 
al. [61] at the equator, an upward/downward 
vertical drift corresponds to an 
eastward/westward electric field. The effect of 
the PPEF process depends on the local time 
sector. This process produces an eastward 
electric field in the afternoon and evening and a 
westward electric field in the morning sectors. 
PPEF often produces an eastward/westward 
electric field during the day/night [62, 63]. The 
electric field in turn can enhance/reduce the E×B 
plasma drift in the dayside/nightside, thus 
increasing/decreasing TEC. 
 

5. CONCLUSION 
 
We have studied and presented results on the 
ionospheric TEC response to the intense 
geomagnetic storm of 10th – 11th May 2024 over 
six GNSS receiver stations situated over low, 
mid and high latitude regions.  The results 
showed an increase in VTEC at the daytime 
stations. A positive TEC variation was observed 
at the equatorial MBAR station even though it 
was during the nighttime period. A decrease in 
TEC was observed at practically all GNSS 
receiver stations on 11th May, during the 
recovery phase of the storm. This was attributed 
to the composition change and movement during 
the day according to their simulation. During the 
main phase, the geomagnetic storm caused a 
positive increase in VTEC at the equatorial 
stations: MBAR and BELE. This was attributed 
to the effect of PPEF. This study revealed a 
difference in the response according to the local 
time during this storm. A particular TEC 
enhancement appeared at an equatorial station, 
MBAR which was on night side. 
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