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Abstract 

Total electron content (TEC) measurements from two International Global Navigation Satellite System (GNSS) 

Service (IGS) stations were utilised to investigate how the equatorial ionosphere responded to the strong 

geomagnetic storm of 1 January, 2025. The stations and their respective geographical coordinates are Libreville, 

Gabon (0.354° N, 9.672° E) and Mbarara, Uganda (0.601° S, 30.738° E), respectively representing the western and 

eastern parts of the African equatorial sector. In the storm’s main phase, no significant ionospheric perturbation 

was observed at either station. However, during the recovery phase, Libreville exhibited exclusively a nighttime 

negative storm phase, while Mbarara exhibited both positive and negative phases, indicating marked longitudinal 

asymmetries in ionospheric response. These differences could be associated with the modulation of F-region 

dynamics by local electrodynamic processes, such as disturbance dynamo and prompt penetration electric fields, 

and storm-induced thermospheric composition changes. 

Keywords: Geomagnetic storm, Ionospheric response, Ionospheric TEC, Equatorial ionosphere, Longitudinal 

asymmetry 

 

1. Introduction 

Prolonged periods of strong southward orientation of the Interplanetary Magnetic Field (IMF-Bz) will 

permit the transfer of energetic particles from the solar wind into the magnetosphere–ionosphere-

thermosphere (M-I-T) coupled system (Gonzalez et al. 1999; Kumar et al. 2005). This injected particles, 

regardless of solar cycle phase (Ljiljana, 2016), perturb the ionosphere by altering the ionospheric 

plasma distribution (Chakraborty et al., 2015) and causing its variation to depart from the quiet-time 

regular diurnal patterns, primarily controlled by solar radiation. These global, large-scale temporal 

disturbances of the M-I-T system are generally called geomagnetic storms (Dungey, 1961; Retterer and 

Kelley, 2010; Schunk and Nagy, 2000). Among several disturbances within M-I-T system, such as 

substorms, sudden storm commencements, and the disturbance polar type 2 (DP2) current systems, 

geomagnetic storms have been observed to constitute the largest-scale and most prolonged global 

perturbations (Nagatsuma, 2002; Ljiljana, 2016). Some geomagnetic storms begin with “a sudden 

commencement (SC)” characterized by an abrupt increment in the geomagnetic field, resulting from 
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the magnetospheric compression by the dynamic pressure of the solar wind, while some commence 

gradually without initial sharp increment in the magnetic field. Geomagnetic storms undergo different 

phases (Kumar et al.,2005). The “main phase” is a period of progressive decrement in the Dst index 

values to the lowest. During this phase, because of the orientation of the Bz, which is predominantly 

southward, energy is efficiently transferred into the magnetosphere by the solar wind (Tsurutani et 

al.,2004). The period when Dst returns to its original values is called the “recovery phase”. It is the 

period of minimum energy input, when geomagnetic activity weakens (Schunk and Nagy, 2000). 

Recovery phase is typically more gradual than the main phase and may last for several hours or even 

days (Trusutani, 2001).   

Coronal mass ejection (CME) and coronal holes (Nagatsuma, 2002; Guo et al., 2011; Lepping et al., 2015; 

Gonzalez et al., 1994; Tsurutani et al., 2011; Abe et al., 2023) are the major sources of geomagnetic 

storms. Prompt penetration electric field (PPEF) (Nishida, 1968; Somayajulu, et al., 1987; Sastri et al., 

1992) and the disturbance dynamo electric field (DDEF) (Blanc and Richmond, 1980; Chakraborty et 

al., 2015) are the principal origins of the perturbation of the ionospheric currents and electric fields, 

during geomagnetic storm. During an abrupt southward turn of IMF-Bz, almost instantly (time scale < 

1h) (Kelley et al., 1979; Kikuchi et al., 1996; Tsurutani et al., 2008), electric field of the solar wind is 

mapped down to the equatorial ionosphere via PPEF to produce a strong dawn-to-dusk electric fields 

and a total increase of the magnetospheric convection. 

These dawn-to-dusk electric fields significantly influence the electrodynamics of the equatorial 

ionosphere. PPEF is eastwardly oriented during the day and westwardly oriented at nighttime, hence 

strengthening the eastward dynamo electric field during the day. PPEF enhances the dayside 

equatorial ionosphere, particularly during the storm main phase, therefore, contributing to positive 

ionospheric response. (Maruyama et al., 2004; Tsurutani et al., 2004; Zhao et al., 2005). DDEF arises 

more gradually (time scale, from ~ 2 h to ~30 h) (Blanc and Richmond 1980; Fejer and Scherliess, 1997) 

from storm-time thermosspheric wind-driven dynamo processes. It is westward during the day, but 

turns eastward at night, thereby opposing and weakening the eastward dynamo electric field during 

daytime, therefore, more often, leading to TEC depletion in the dayside ionosphere (Tsurutani et al., 

2004; Galav et al., 2011; Paul et al., 2018), particularly in the recovery phase. Nevertheless, Huang et al., 

(2005) reported that steady southward (or northward) IMF Bz (several hours) can produce enhanced 

dayside eastward (or westward) electric field at low latitudes.  The phenomenon they referred to as 

“long-period enhancement of the electric field of the ionospheric”.  At the equator, neutral winds could 

raise the F-region plasma along magnetic field lines to higher heights where ion-electron   

recombination rate is slower, thereby altering the neutral composition, contributing to positive 

ionospheric storm effects (Fuller-Rowell et al., 1994). However, the same neutral winds transport 

molecular-rich air towards the equator, which can cause O/N₂ ratio to reduce and contributing to 

negative ionospheric storm effect. Additionally, the joule heating can transport the atmospheric gravity 

waves in the direction of the equator as travelling atmospheric disturbances (TADs). The interaction of 

the TADs with the ionosphere produces travelling ionospheric disturbances (TIDs) (Fagundes et al., 

2016; de Abreu et al., 2010). TIDs typically produce wave-like perturbation in TEC.   

One of the most common measurable and globally available ionospheric parameters is TEC (Buonsanto 

1999; Danilov 2001; Akala et al., 2013). TEC serves as a proxy for the ionosphere because, by definition, 

it is the quantity of free electrons integrated along the path of a signal, from a satellite to a receiver on 

the ground (Davies and Hartman, 1997). Since ionospheric plasma density and distribution are 

significantly modified during geomagnetic storms (Fejer & Scherliess 1997), TEC is therefore an 

effective tool for monitoring and quantifying storm-time ionospheric responses. Global Positioning 

System (GPS) signals experience delay from ionospheric electrons as they travel to the ground receiver 

(Laboratories, 2017). This propagation delay is directly proportional to TEC (Olwendo et al., 2016; Noja 

et al., 2013), therefore, any variation in TEC raises great concerns (Galav et al., 2010). 

Despite the significant electrodynamic variability of the African equatorial ionosphere and the 

consequent threats to navigation and communications systems (Akala et al., 2010), ionospheric study 

in this longitude sector has so far received comparatively less attention than other sectors such as North 
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America, Europe, and East Asia. This disparity is largely due to a dearth of data owing to the relatively 

sparse distribution of ionospheric observatories (Mendillo and Klobuchar, 2006). Consequently, to 

deepen our understanding of the dynamic nature of the ionosphere over the region and its implications 

for GNSS applications, continuous investigations of storm-time TEC response become necessary. Past 

studies on this subject abound in the literature. For instance, Joshua et al., (2018) studied the storm time 

response during the storm of April, 2010. They observed abrupt daytime enhancement in both TEC 

and peak electron density, which were attributed to the PPEFs. Namgaladze et al., (2000) investigated 

how the ionosphere responded to the geomagnetic storm of 25 January, 1974. They proposed large-

scale neutral wind circulation and the TIDs passage as the cause of a positive ionospheric storm phase. 

de Abreu, et al., (2010) attributed the daytime positive ionospheric response of the recovery phase of 

the storm of April, 2000 to the meridional wind. Amabayo and Cilliers, (2013) studied response of the 

ionosphere over South Africa to the storms of March and April, 2001 and September, 2002. The 

observed positive and negative responses were largely attributed to TIDs which were identified as the 

driving mechanism that caused the perturbations. Paul et al., (2020) studied ionospheric response to 

the geomagnetic storm of 20 December, 2015. The observed large TEC enhancement   in the course of 

the main phase of the storm for low-latitude and mid-latitude stations alike, was linked to the PPEF. 

In a study by Aol et al., (2023), the ionospheric response to the geomagnetic storm of 02–06 November 

2021 was investigated using a combination of ground-based and satellite observations across selected 

low-latitude stations. The findings indicated a consistent positive ionospheric storm response across 

all the longitudinal sectors considered. The observed enhancements were interpreted as being 

influenced by prompt penetration electric fields storm-time neutral wind uplift processes, and 

disturbance dynamo electric fields. 

The overall TEC enhancements over three equatorial stations during the main phase of the storm of 25 

October as observed by Akinyemi et al., (2021) were attributed to enhancements in the electric field, 

which in turn produced prompt penetration effect. 

This study aims to investigate the longitudinal variations in the ionospheric response to geomagnetic 

storm activity over the African sector. It presents a comparative analysis across equatorial stations, 

with particular emphasis on the differences in ionospheric response between the eastern and western 

regions.  

2. Data and Methods 

Two different datasets were utilized to carry out this study. The first comprises ionospheric total 

electron content (TEC) measurements obtained from two International GNSS Service stations. These 

stations are NKLG00GAB located in Libreville, Gabon (0.354° N, 9.672° E) and MBAR00UGA in 

Mbarara, Uganda (0.601° S, 30.738° E), representing the western and eastern extents of the African 

equatorial longitude sector examined. 

The second dataset consists of solar wind and geomagnetic parameters obtained from the OMNIWeb 

Data Explorer. The parameters considered include the interplanetary magnetic field Bz component 

(IMF-Bz, nT), interplanetary electric field (IEFy, mV/m), solar wind speed (Vp, km/s), plasma 

temperature (K), plasma pressure (nPa), disturbance storm time index (Dst, nT), and planetary K index 

(Kp). 

TEC variations are presented in universal time (UT) to aid comparison with geomagnetic indices. 

However, interpretation of ionospheric response is carried out in local solar time (LT), computed as LT 

= UT + (longitude/15). Accordingly, NKLG00GAB corresponds to UT + 0 h 39 min, while MBAR00UGA 

corresponds to UT + 2 h 03 min. Therefore, for instance, if UT is 02:00, it will be 02:39 LT and 04:03 LT 

in Libreville, Gabon and Mbarara, Uganda respectively. 

Dual-frequency GPS observables in Receiver Independent Exchange (RINEX) format were obtained 

from the NASA Crustal Dynamics Data Information System (CDDIS) for the years 2024 and 2025. 
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Figure 1. Map of Africa showing the locations of the GPS stations NKLG00GAB (Gabon; 0.354°N, 

9.672°E) and MBAR00UGA (Uganda; 0.601°S, 30.738°E), which were used in the present analysis. 

The estimation of TEC is based on the ionosphere the dispersive nature of the ionosphere, which causes 

radio signals to experience a frequency-dependent delay in group propagation and an advance in 

carrier phase (Adebiyi et al., 2014; Adebiyi et al., 2016). 

By using this principle, TEC can be derived from dual-frequency GPS measurements, particularly the 

L1 (1575.42 MHz) and L2 (1227.60 MHz) carrier signals. 

The resulting quantity, known as slant TEC (TECₛ), represents the integrated electron density along the 

signal path between the satellite and the ground receiver. It is determined through the combination of 

carrier phase and pseudorange (code) observations. 

To eliminate the influence of satellite geometry and signal path length, TECₛ is converted to vertical 

TEC (TECᵥ). This conversion requires correction for instrumental biases as well as the application of a 

mapping function which accounts for the satellite elevation angle. The vertical TEC is expressed as: 

 

                  TECv =
TECs−(bR+bS)

S(E)
   1 

where 𝑏𝑅 and 𝑏𝑆 represent the receiver and satellite Differential Code Biases (DCB), respectively. S(E) 

is the obliquity factor (or slant factor), which is a function of the zenith angle (z) at the Ionospheric 

Pierce Point (IPP). 
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The obliquity factor is modeled as: 

S(E) =
1

cos z
= − (

RE cos E

RE+hs
)

2−1/2

            2 

 

In this equation,𝑅𝐸 is the Earth’s radius, 𝐸 represents the satellite’s elevation angle in degrees, while  

ℎ𝑠 stands for the ionosphere’s effective height. 

The raw GPS RINEX files were processed using the GPS-TEC application software developed by Gopi 

Krishna Seemala at the Institute of Scientific Research, Boston College, USA (Gopi, 2023), following 

established protocols that included applying a 30° elevation mask to reduce multipath and troposcatter 

errors, assuming an effective ionospheric pierce point height (ℎ𝑠) of 350 km, correcting satellite biases 

(𝑏𝑆) with data from the Center for Orbit Determination in Europe (CODE), estimating receiver bias (𝑏𝑅) 

through a 2σ iterated average of diurnal minimum values, and deriving quiet-time monthly averages 

from the five internationally quietest days identified by the GFZ German Research Centre for 

Geosciences. 

In order to quantify the storm-time ionospheric response, the background TEC was estimated as mean 

of the five geomagnetically quietest days of January 2025. The percentage deviation of TEC was then 

computed following Abe et al., (2013, 2017) 

%ΔTEC =
TECstorm−TECquiet

TECquiet
× 100          3  

 

and evaluated for the actual day of storm as well as two days before and two days after the storm. 

where: 

%𝛥𝑇𝐸𝐶 = Percentage deviation in TEC during storm conditions relative to quiet-time conditions.  

𝑇𝐸𝐶𝑠𝑡𝑜𝑟𝑚  = Total Electron Content measured during the geomagnetic storm period.  
𝑇𝐸𝐶𝑞𝑢𝑖𝑒𝑡  = Background Total Electron Content measured during geomagnetically quiet conditions. 

From equation 3, positive values of % ΔTEC represent positive ionospheric storm while negative values 

represent negative ionospheric storm (Buonsanto, 1999). According to Cander, (2016), an ionospheric 

storm is said to be geomagnetic storm-driven if % ΔTEC of ±25% is exceeded for more than three hours 

consecutively. Whereas, moderate deviations in TEC (on the order of ±25%) may indicate the 

ionospheric natural day-to-day variability. The natural day-to-day variability of the ionosphere may 

arise from a combination of dynamical and external processes, including thermospheric neutral winds 

(both zonal and meridional), atmospheric tides, and gravity waves propagating from the lower 

atmosphere. These gravity waves are often generated by tropospheric convection and localized 

heating.  (Kumar et al., 2005). 

3. Results 

Figure 2a-e presents the temporal variations in interplanetary parameters and geomagnetic indices 

associated with the storm of 1 January, 2025.  

From the Figure 2, on 31 December 2024, the Dst index exhibited a sudden positive excursion from -3 

nT at 16 UT to 14 nT and 17 nT at 16 and 17 UT, respectively, indicating a sudden storm commencement 

(SSC) (the green arrow in panel b). Thereafter, Dst began to decrease, reaching -30 nT at 01–02 UT on 1 

January 2025, indicating the onset of the main phase. Following small fluctuations (−29 nT at 03 UT and 

−22 nT at 04 UT; see blue arrow in panel b), the Dst index decreased progressively, reaching a minimum 

of −212 nT at 16 UT on 1 January. This marks the end of a prolonged main phase lasting approximately 

21 hours and characterizes the event as an intense geomagnetic storm. 
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This development is consistent with the pronounced southward turning of the IMF Bz commencing 

around 19 UT on 31 December, which later attained a minimum value of −21.5 nT. The timing also 

coincides with the peak of the interplanetary electric field along y-axis (IEFy), which reached about 

10.36 mV/m at 16 UT on 1 January. Moreover, the Kp index reached a maximum value of 8 at minimum 

Dst, while the solar wind speed increased to a peak value of about 520 km/s at about 17 UT while the 

dynamic pressure fluctuated between positive values and reached a minimum near the Dst minimum. 

This observation is typical of CME-driven storms where the ring current enhancement is primarily 

controlled by prolonged southward IMF Bz within the magnetic cloud, and not by dynamic pressure. 

The recovery phase commenced around 17 UT, roughly one hour after the main phase ended, and was 

marked by a gradual increase in Dst accompanied by a decline in the Kp index. The Figure shows that 

despite the fact that Dst reached a minimum, the solar wind speed did not show a corresponding 

decline, but rather remained elevated, indicating that the storm recovery phase was majorly controlled 

by ring current decay processes rather than by an immediate reduction in solar wind speed. It could 

also be noted from the Figure that the wind temperature rose sharply at SSC and fluctuated thereafter, 

reaching a relatively lower value at Dst minimum than at SSC or during the recovery phase. It was 

noted that the IMF Bz and IEFy exhibited frequent polarity reversals throughout the interval under 

investigation. 

 
Figure 2: Time series of interplanetary parameters and geomagnetic indices during the intense storm 

of 1 January 2025. Panels show: (a) IMF Bz (nT) and IEFy (mV/m), (b) Dst (nT), (c) Kp index, (d) solar 

wind speed, V (km/s), (e) solar wind temperature (K), and (f) solar wind dynamic pressure, FP (nPa). 

Figure 3 presents the diurnal TEC variations (red curves) from 30 December 2024 to 03 January 2025 

(covering two days before, the storm day, and two days after), together with the average TEC of the 

five quietest days in January 2025 (black curves). Results are shown for (a) Libreville (NKLG) and (b) 

Mbarara (MBAR), while (c) and (d) show the corresponding hourly percentage deviations from quiet-

time TEC at NKLG and MBAR, respectively. 

From the Figure, during the main phase of the storm (20:00 UT on 31 December to 16:00 UT on 1 

January), Δ%TEC at NKLG remained within ±25%, indicating the absence of an ionospheric 

disturbance associated with the activity of geomagnetic storm, according to the criterion of Cander 

https://doi.org/10.56534/acjpas.v5i2.204
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(2016). Whereas, at MBAR, brief excursions beyond the ±25% threshold were observed during the night 

period (+27% at 22 LT and −31% at 02–03 LT); however, these disturbances were not sustained for more 

than two consecutive hours and therefore do not meet the Cander (2016) definition of an ionospheric 

storm. During the recovery phase, at NKLG, Δ%TEC fell well below -25% for six consecutive hours, 

indicating a significant negative phase. The depletion in TEC became evident from 22:39 LT on 1 

January to 03:39 LT on 2 January, with depletion ranging from ~-37% at 02:39 LT on 2 January to ~-70% 

at 23:39 LT on 1January. Thereafter, Δ%TEC varied within ±25% for the remaining period considered 

in this study. At MBAR, the TEC response during the recovery phase showed a multi-phase pattern 

marked by an intense four-hour positive phase between 19:00 LT and 22:00 LT on 1 January, with a 

maximum enhancement of ~67% at 21:00 LT, followed by a sudden transition into a seven-hour 

negative phase from 23:00 on 1 January to 04:00 LT on 2 January, with peak depletion of −70% at 01:00 

LT. Thereafter, TEC recovered and entered a second positive phase which lasted almost to the end of 

2 January, with maximum enhancement reaching ~70% at 06:00 LT. Interestingly, even on the second 

day of the minimum Dst, (3 January), a six-hour significant TEC depletion was still observed (from 01–

06 LT), with the Δ%TEC values ranging between  -29% and -44%, exceeding the ±25% storm threshold 

for more than three consecutive hours. 

 
Figure 3: Variations of the mean TEC of the five quietest days of January 2025 (black curve) and TEC 

variations from 30 December, 2024 to 03, January, 2025 at (a) NKLG, (b) MBAR as well as ΔTEC at (c) 

NKLG and (d) MBAR. 

4. Discussion 

At equatorial latitudes, the background electric field is typically eastward during daytime and reverses 

to a weak westward direction at night. The daytime eastward field produces an upward E×B drift 

which lifts F-region plasma to higher altitudes, where reduced neutral density lowers recombination 

rates, leading to enhanced daytime electron density and TEC. On the other hand, the nighttime 

westward field produces a downward vertical plasma drift, which lowers the F-region plasma to 

regions where recombination rates are enhanced due to higher neutral particles, leading to a gradual 

decay of nighttime electron density and TEC. Since DDEF is typically westward during the day, it 

suppresses the quiet-time eastward ionospheric dynamo and reduces upward E×B plasma drift, forcing 

the plasma to remain at altitudes where recombination is strong, thereby contributing to daytime TEC 

depletion. During the night, DDEF reverses polarity and becomes eastward, opposing the weak quiet-

https://doi.org/10.56534/acjpas.v5i2.204
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time westward field and promoting upward plasma drift leading to nighttime TEC enhancement. The 

observed negative phase between 22:39 LT and 03:39 LT at Libreville suggests that storm-time 

thermospheric composition changes and other factors must have played contributory roles. The prior 

daytime westward disturbance dynamo likely reduced the plasma reservoir before sunset, while 

reduced O/N₂ ratio enhanced nighttime recombination. Under such conditions, chemical loss exceeded 

transport effects, leading to sustained negative ionospheric storm phase. Storm-time auroral heating 

and global circulation drive thermospheric upwelling, which transports molecular-rich air to F-region 

altitudes, thereby reducing the O/N₂ ratio and enhancing ion–electron recombination, which reduces 

electron density and TEC at lower latitudes. Additionally, storm-time thermospheric winds can move 

plasma along geomagnetic field lines, pushing the F-region to lower altitudes where recombination 

rate is higher, reducing the electron density and TEC (Prölss, 1995; Danilov and Lastovicka, 2001; 

Danilov, 2013; Gordiyenko et al., 2025). 

The ionosphere over Mbarara during the recovery phase of the geomagnetic storm exhibited a complex 

response, consisting of an initial short-lived positive phase between 19:00 and 22:00 LT on 1 January, 

followed by a pronounced negative phase between 23:00 LT and 04:00 LT, and finally a second positive 

phase that persisted almost into the morning of 2 January. 

The marked enhancement (~67%) observed during the early recovery phase may be attributed to 

residual PPEFs driving upward E × B plasma drift at low latitudes; however, contributions from 

thermospheric composition changes and disturbance dynamo electric fields cannot be ruled out. Lei et 

al., (2018) explained that the observed prominent TEC enhancements which persisted during the storm 

recovery phase may be likely due to multiple mechanisms such as PPEF, neutral winds and 

thermospheric effects. 

The sudden transition to a strong negative phase between 23:00 and 04:00 LT with a depletion of 

approximately −70%, suggests that thermospheric compositional disturbances and disturbance 

dynamo electric fields possibly became dominant following the initial electrodynamic forcing. Storm-

time enhanced Joule heating at high latitudes generates strong pressure gradients that drives global 

thermospheric circulation and equatorward neutral winds (Fuller-Rowell et al., 1994). This can 

transport molecular-rich air toward low latitudes, reducing the thermospheric O/N₂ ratio, thereby 

increasing recombination rates in the F region and producing negative ionospheric storm effects 

(Fagundes et al., 2016; Prölss, 1995; Buonsanto, 1999). Also, storm-time neutral wind circulation can 

produce disturbance dynamo electric fields, which typically produce westward electric fields during 

the recovery phase. These fields usually reduce the upward E × B drift, thereby moving the F-region 

plasma to lower altitudes altitudes of higher recombination rates, further contributing to TEC depletion 

(Blanc and Richmond, 1980; Fejer and Scherliess, 1997).  

The recovery of TEC followed by a second positive phase (~70% enhancement at 06:00 LT) suggests 

that the ionosphere gradually transitioned from an initial storm-time depletion phase dominated by 

disturbed thermospheric composition effects to a later phase influenced by plasma redistribution, 

vertical E × B drifts, and photochemical ionization processes. Storm-time winds can redistribute 

neutral composition globally. At equatorial and low-latitude regions, the convergence and 

downwelling of oxygen-rich air may increase the O/N₂ ratio and reduces ion recombination rates, 

thereby favoring enhanced electron density and TEC. 

The observed recovery-phase prominence and the longitudinal contrast between Libreville and 

Mbarara indicate that ionospheric responses to geomagnetic storms in the African equatorial region 

are governed governed by the combined effects of disturbance dynamo electric fields and storm-

induced thermospheric composition changes. The more persistent negative phase at Libreville suggests 

a more effective coupling between westward DDEF forcing and reduced O/N₂ ratio in the western 

sector, whereas the eastern sector reflects a more complex superposition of electrodynamic and 

compositional drivers. 
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5. Conclusion 

The present work has investigated the response of the equatorial ionosphere to the strong geomagnetic 

storm of 1 January 2025. The following conclusions can be drawn from the results: 

1. During the storm main phase, both stations exhibited relatively weak TEC disturbances despite 

the strong geomagnetic activity, implying that severe magnetospheric forcing does not always 

produce immediate strong ionospheric storm effects at equatorial latitudes.  

2. Libreville experienced a prolonged negative ionospheric storm phase during the recovery 

period, with TEC depletion reaching ~−70%, suggesting strong thermospheric composition 

disturbances and enhanced recombination effects. 

3. Mbarara exhibited a complex multi-phase ionospheric response consisting of alternating 

positive and negative storm phases, suggesting that several competing mechanisms operated 

simultaneously during the recovery phase.  

4. The initial positive phase at Mbarara was likely associated with PPEFs and enhanced upward 

E×B plasma drifts, which temporarily increased TEC during the early recovery phase.  

5. The subsequent strong negative phase at Mbarara suggests that thermospheric compositional 

disturbances and westward DDEFs later became dominant, reducing upward plasma transport 

and increasing recombination rates.  

6. The persistence of TEC depletion into 3 January shows that ionospheric recovery can continue 

long after geomagnetic indices such as Dst begin to recover, indicating delayed thermosphere–

ionosphere coupling effects.  

7. The results confirm that recovery phase ionospheric disturbances can be more pronounced and 

complex than those occurring during the storm main phase, especially at equatorial and low-

latitude regions. . 
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