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Abstract

The November 2025 geomagnetic storm generated pronounced perturbations in the equatorial
and low-latitude ionosphere through enhanced magnetosphere–ionosphere–thermosphere cou-
pling. This study quantifies the relative contributions of prompt penetration electric fields
(PPEFs) and disturbance dynamo electric fields (DDEFs) in regulating storm-time electrody-
namics across multiple longitudinal sectors, including Africa, South America, and Southeast
Asia. GNSS-derived total electron content (TEC) data from six IGS stations, ground-based
magnetometer measurements from two stations, and solar wind, thermospheric O/N2 ratio,
and geomagnetic indices (Dst, Kp, Vsw, Ey, IMF) were employed to characterize the iono-
spheric response. Results show that PPEFs dominate the storm main phase, producing rapid
eastward plasma drifts, intensified equatorial electrojet (EEJ), and TEC enhancements up to
∼ 80% above quiet-time levels. Conversely, DDEFs emerge during the recovery phase, generat-
ing westward electric fields that suppress TEC and weaken or reverse EEJ signatures. Spatial
analysis reveals significant longitudinal and latitudinal asymmetries, reflecting regional geomag-
netic configurations, background ionospheric conditions, and storm-driven thermospheric wind
dynamics. These findings highlight the sequential and competing roles of PPEFs and DDEFs
in shaping storm-time equatorial and low-latitude ionospheric variability, emphasizing the ne-
cessity of incorporating both mechanisms into ionospheric forecasting frameworks to improve
GNSS performance and mitigate space weather impacts.

Keywords: Geomagnetic storm, TEC, EEJ, GNSS, disturbance dynamo electric field

1 Introduction

Geomagnetic storms are among the most profound drivers of space weather disturbances in the
near-Earth environment (Mannucci and Tsurutani, 2017; Malik et al., 2010). These storms origi-
nate from enhanced energy and momentum injection into the Earth’s magnetosphere following solar
eruptive events such as coronal mass ejections (CMEs) and high-speed solar wind streams (Pierrard
et al., 2025; Burton et al., 1975). A sustained southward turning of the interplanetary magnetic field
(IMF) facilitates magnetic reconnection at the dayside magnetopause, enhancing magnetospheric
convection and driving substantial geomagnetic disturbances at Earth (Daglis et al., 1999; Gonzalez
et al., 1994). This process leads to a dramatic reconfiguration of current systems, including the ring
current, field-aligned currents, and auroral electrojets, manifesting as the characteristic depression
in the Dst (disturbance storm time) index during storm main phases (Dungey, 1961; Luo et al.,
2026). Among these, storm-time electric fields play a central role in modulating plasma dynamics
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in the ionosphere, particularly at low and equatorial latitudes where background electric fields and
neutral winds dominate quiet-time behavior (Sulungu, 2024; Seba and Nigussie, 2016). The iono-
sphere responds to storm-induced perturbations primarily through PPEFs and DDEFs, which have
contrasting physical origins and temporal characteristics but collectively govern storm-time electro-
dynamics (Tsurutani, 2008; Fejer et al., 2024). Prompt penetration electric fields arise directly from
changes in magnetospheric convection electric fields following enhanced solar wind forcing. During
the onset and main phase of geomagnetic storms, intensified magnetospheric convection rapidly
penetrates to low and equatorial latitudes due to weakened shielding by region-2 field-aligned cur-
rents (Dungey, 1961; Kikuchi and Hashimoto, 2016). This process leads to PPEFs that persist for
tens of minutes to several hours and are driven by enhanced day-side re-connection and large-scale
current systems (Tsurutani, 2008). PPEFs are typically eastward during storm main phases under
southward IMF conditions, resulting in enhanced upward E×B plasma drift near the magnetic
equator (Lu et al., 2012; Zhang et al., 2025). Conversely, during IMF northward turnings or over
shielding intervals, PPEFs may become westward, suppressing or reversing vertical plasma drifts
(Kikuchi and Hashimoto, 2016; Tulasi Ram et al., 2019). The immediate consequence of PPEFs is
the rapid modification of the EEJ and vertical plasma drifts, which directly regulate the equatorial
fountain process and equatorial ionization anomaly (EIA) development (Archana et al., 2023a; Bai,
2025). Eastward PPEFs enhance upward E×B drift, lifting the F-region plasma to higher altitudes
where recombination rates are reduced, producing positive ionospheric storm effects characterized
by increased TEC (Venugopal et al., 2025; Zhang et al., 2025; Paul, 2025). In contrast, westward
PPEFs suppress vertical transport and often result in negative storm effects, marked by TEC de-
pletion (Chen, 2025). These storm-time TEC variations significantly affect radio wave propagation,
satellite communication systems, and GNSS positioning accuracy (Sulungu, 2024; Dow et al., 2009).
In contrast to the rapid PPEF response, DDEFs develop gradually and persist longer into storm
recovery phases. DDEFs originate from storm-induced modifications of thermospheric circulation
caused by enhanced auroral Joule heating and particle precipitation (Han et al., 2011; Meier et al.,
2005). The resulting equator-ward neutral winds interact with ionospheric plasma in the E-region
dynamo layer ( 90–140 km), generating global-scale electric fields that propagate to low latitudes
(Fejer et al., 2024; Lu et al., 2012). Unlike PPEFs, which are externally driven by magnetospheric
convection, DDEFs reflect the delayed atmospheric response to geomagnetic forcing and typically
emerge 3–6 hours after storm onset (Lu et al., 2012; Zhang et al., 2025). Despite their different
physical origins, PPEFs and DDEFs frequently coexist during geomagnetic storms and can act
in competing ways. PPEFs often dominate the storm main phase, producing rapid ionospheric
uplift and TEC enhancement, whereas DDEFs become increasingly important during late main
and recovery phases, driving westward electric fields that suppress the equatorial fountain effect
and contribute to negative storm phases (Tsurutani, 2008; Paul, 2025). The relative dominance
of these mechanisms determines the overall ionospheric response, producing strong spatial and
temporal variability in TEC, vertical drift patterns, and E-region current systems (Bojilova and
Mukhtarov, 2024; Yizengaw, 2021). The persistence of DDEFs, which may last more than 24 hours
after storm onset, plays a crucial role in altering low-latitude electrodynamics. These fields have
been associated with prolonged westward electric fields that counteract quiet-time eastward drifts
and suppress the equatorial PRE (Fejer et al., 2024; Pierrard et al., 2025). As a result, DDEFs
can inhibit equatorial plasma instability growth and reduce the occurrence of equatorial spread-F
and ionospheric scintillation (Tsurutani, 2008; Dow et al., 2009). Such storm-time dynamo effects
have been widely documented through magnetometer observations and ionosonde measurements
that reveal altered EEJ behavior and sustained TEC depletion during recovery phases (Seba and
Nigussie, 2016; Moraes-Santos, 2024). A substantial body of literature has documented global iono-
spheric responses to PPEFs and DDEFs during major geomagnetic storms. Both observational and
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modeling studies have demonstrated that storm-driven electric fields modulate TEC far from au-
roral source regions, emphasizing the global coupling of magnetospheric forcing and low-latitude
electrodynamics (Mannucci and Tsurutani, 2017; Data, 2025). GNSS-derived TEC observations
provide high temporal resolution and global coverage, enabling detection of both rapid storm-time
TEC enhancements associated with PPEFs and long-duration TEC suppressions related to DDEFs
and thermospheric composition changes (Dow et al., 2009; Tulasi Ram et al., 2019). These studies
further indicate that storm-time TEC responses depend strongly on local time, season, background
ionospheric conditions, and longitudinal sector (Fejer et al., 2024; Seba and Nigussie, 2016). Be-
yond TEC magnitude variations, PPEFs and DDEFs significantly influence ionospheric irregularity
formation. Enhanced PPEFs can intensify post-sunset vertical drifts, triggering Rayleigh–Taylor
instabilities that lead to equatorial spread-F and scintillation activity (Sulungu, 2024; Tulasi Ram
et al., 2019). Conversely, DDEF-driven westward electric fields and altered thermospheric winds
can suppress instability growth, modifying the spatial distribution and occurrence rate of scintil-
lation events (Fejer et al., 2024; Dow et al., 2009). This complex interaction highlights the critical
role of storm-time electric fields in shaping ionospheric structure and radio propagation conditions.
Although extensive storm-time electrodynamic studies exist for American and Pacific longitude sec-
tors, comparatively fewer investigations have focused on African and Indian equatorial regions due
to limited ground-based instrumentation (Seba and Nigussie, 2016; Yizengaw, 2021). Nevertheless,
available case studies over Africa confirm that PPEFs and DDEFs produce similar electrodynamic
signatures, including modified EEJ intensity and storm-phase-dependent TEC responses (Seba and
Nigussie, 2016; Sulungu, 2024). These findings emphasize the importance of regional investiga-
tions and motivate further analysis of major events such as the November 2025 geomagnetic storm
within the Africa, South America, and Southeast Asian sectors (Pulinets, 2026). The November
2025 geomagnetic storm therefore provides a valuable opportunity to examine the competing roles
of PPEFs and DDEFs over East Africa. This study aims to quantify the relative contributions of
penetration electric fields and disturbance dynamo effects to ionospheric electrodynamics during
this event. Using combined GNSS TEC observations and ground-based magnetometer measure-
ments, this work seeks to clarify how storm-time electric fields regulate plasma transport, TEC
enhancement or depletion, and equatorial current systems within an underrepresented longitudinal
sector.

2 Data and Methods

This study investigates the dominant electrodynamic drivers controlling ionospheric variability
during the November 2025 geomagnetic storm by integrating geomagnetic indices, solar wind and
IMF parameters, ionospheric TEC, and ground-based magnetometer measurements. Such multi-
instrument approaches are widely adopted to characterize storm-time magnetosphere–ionosphere
coupling and to distinguish prompt penetration electric field (PPEF) signatures from disturbance
dynamo electric field (DDEF) effects (Gonzalez et al., 1994; Fejer et al., 2024; Fuller-Rowell et al.,
1994). Standardized data repositories and established processing techniques were employed to
ensure reproducibility and consistency with prior storm-time ionospheric investigations.

2.1 Geomagnetic and Solar Wind Parameters

To characterize magnetospheric forcing and derive storm-time electrodynamic drivers, the following
parameters were used:

Dst Index: The Dst index was used as a proxy for ring current intensity and storm main-phase
development. Hourly Dst data were obtained from theWorld Data Center for Geomagnetism, Kyoto
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University. The Dst index quantitatively reflects the globally averaged depression of the horizontal
magnetic field at low latitudes due to enhancement of the ring current. Physically, a negative Dst
corresponds to increased magnetospheric energy storage in trapped particle populations (Burton
et al., 1975; Sckopke, 1966).

Planetary Kp Index: The 3-hour planetary Kp index was used to classify storm phases
and assess global geomagnetic disturbance levels (Menvielle, 2013). Kp represents mid-latitude
magnetic activity and provides a global indicator of geomagnetic variability.

Solar Wind and IMF Parameters: High-resolution (1-min and 5-min) solar wind plasma
parameters and IMF components (Bx, By, Bz), solar wind speed (Vsw), and interplanetary electric
field (IEF) were obtained from the NASA OMNIWeb database. The dawn-dusk electric field
component was computed as

Ey = −VswBz, (1)

where Vsw (km s−1) is the solar wind speed and Bz (nT) is the north–south IMF component in
GSM coordinates.
Physically, Ey represents the convection electric field imposed at the magnetopause. A sustained
southward Bz enhances magnetic reconnection, increasing magnetospheric convection and enabling
penetration of electric fields to low latitudes. For consistency with ionospheric electrodynamic units,
Ey was converted to mVm−1. Placeholder values were excluded prior to computation. Solar wind
coupling functions and sustained southward IMF intervals were used to identify periods of enhanced
magnetosphere–ionosphere energy transfer that typically precede PPEF signatures (Gonzalez et al.,
1994; Fejer et al., 2010).

2.2 Thermospheric Composition Data (O/N2 Ratio)

Thermospheric composition was examined using the atomic oxygen to molecular nitrogen ratio
(O/N2) derived from the Global Ultraviolet Imager (GUVI) instrument onboard the TIMED satel-
lite mission. GUVI measures far-ultraviolet (FUV) airglow emissions, from which column O/N2

ratios are retrieved as proxies for thermospheric neutral composition variability. The O/N2 dataset
covering 10-12 November 2025 was obtained from the NASA GUVI archive, corresponding to pre-
storm, storm, and recovery phases. The data have a spatial resolution of approximately 1◦ × 1◦

in latitude and longitude. Storm-time O/N2 variations were analyzed relative to quiet-day refer-
ence conditions. Physically, depletion in O/N2 indicates thermospheric upwelling caused by auroral
Joule heating, which increases molecular nitrogen abundance at F-region heights. Since N2 enhances
recombination through

O+ +N2 → NO+ +N,

reduced O/N2 leads to plasma density depletion and negative TEC responses during recovery
phases. Thus, this dataset provides critical context for interpreting DDEF-related composition-
driven effects.

2.3 Ionospheric TEC Data

To quantify ionospheric storm responses, dual-frequency GNSS observations from selected stations
(Table 1) were used to estimate TEC variations associated with PPEF- and DDEF-driven plasma
transport. RINEX files were obtained from the International GNSS Service (IGS) and UNAVCO
archives. Slant TEC (STEC) was estimated from dual-frequency carrier phase and pseudo-range
measurements using the dispersive nature of the ionosphere:

STEC =
f2
1 f

2
2

40.3(f2
1 − f2

2 )
(L1 − L2), (2)
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Table 1: Geographic details of GNSS stations used in the study.

Country Station Name IGS Code Latitude Longitude

Brazil Belem BELE 1.408◦S 48.46◦W
Ecuador Quito QUI4 0.18◦S 78.47◦W
Brazil Boa Vista BOAV 2.82◦N 60.67◦W
Indonesia Cibubur BAKO 6.38◦S 106.91◦E
Papua New Guinea Lae1 LAE1 6.67◦S 146.67◦E
Nauru Nauru NAU2 0.523◦S 166.916◦E

where f1 and f2 are GNSS frequencies and L1, L2 are phase measurements (Archana et al., 2023b).
The physical meaning is straightforward: the ionosphere introduces a frequency-dependent delay
proportional to integrated electron density along the ray path. Vertical TEC (VTEC) was derived
using a single-layer mapping function:

VTEC = STEC× cos z′, (3)

where z′ is the zenith angle at the assumed ionospheric shell height of 350 km. This thin-shell
approximation represents the effective altitude of maximum electron density in the F2 region. Only
satellite elevation angles above 30◦ were used to minimize multipath errors. Cycle-slip detection
and receiver bias corrections followed standard GNSS processing techniques. Storm perturbations
were defined as

∆TEC = TECstorm − TECquiet, (4)

where the quiet reference is the mean of adjacent geomagnetically quiet days.

2.4 Magnetometer Observations

Ground-based magnetometer data were used to investigate storm-time current systems and equato-
rial electrodynamic responses. High-resolution magnetic field data from INTERMAGNET stations
in South America and Africa were analyzed. The horizontal magnetic field (H-component) varia-
tions served as a proxy for EEJ intensity. Physically, the EEJ is an eastward current flowing in the
daytime E-region, producing an enhancement in the horizontal magnetic field near the magnetic
equator. Differential analysis between equatorial and off-equatorial stations isolates EEJ strength:

∆HEEJ = Heq −Hoff , (5)

where Heq and Hoff are the horizontal components at equatorial and reference stations, respectively.
Stations included:

• Tatuoca (TTB), Brazil (1.20◦S, 48.50◦W), near the magnetic equator.

• Vassouras (VSS), Brazil (22.40◦S, 43.70◦W), off-equatorial reference.

These measurements enabled precise characterization of both the prompt and delayed responses of
the equatorial ionosphere to geomagnetic storm forcing.
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2.5 Derivation of Electric Field Drivers

Rapid southward IMF Bz turnings were identified as triggers of PPEFs. The interplanetary electric
field was computed using

Ey = −VswBz. (6)

Cross-correlation analysis between Ey, ∆TEC, and ∆HEEJ was performed to evaluate temporal
coupling. PPEFs were identified by near-simultaneous enhancements in Ey, upward plasma drift
signatures (TEC uplift), and intensified EEJ within minutes to hours of IMF southward turnings.
DDEFs were diagnosed from delayed, long-duration signatures characterized by:

• Sustained westward electric field signatures inferred from EEJ weakening,

• Suppression of the equatorial prereversal enhancement (PRE),

• Prolonged negative ∆TEC during recovery phase,

• Temporal delay of 3–6 hours relative to IMF variations.

Physically, PPEFs represent direct magnetospheric forcing transmitted rapidly to low latitudes,
whereas DDEFs reflect the slower thermospheric wind-driven dynamo response. The contrasting
time scales and polarity signatures allow separation of these two electrodynamic mechanisms.

3 Results and Discussion

3.1 Ionospheric TEC Response

Figure 1 shows the ionospheric response to the November 2025 geomagnetic storm over Africa,
South America, and Southeast Asia, assessed using GNSS-derived vertical total electron content
(VTEC) from six stations: BAKO, BELE, BOAV, LAE1, NAU2, and QUI4. The observations
reveal a classical two-phase storm-time behavior characterized by positive ionospheric storm effects
during the main phase and negative effects during recovery. Such storm-time dual behavior has been
widely reported in equatorial and low-latitude studies (Mannucci and Tsurutani, 2017; Fejer et al.,
2024). Thus significant day-to-day variability was observed between 10–12 November 2025. During
the storm main phase (11 November), pronounced TEC enhancements were observed, particularly
during daytime hours at equatorial stations, and around the pre-reversal enhancement (PRE)
interval in the evening sector. Positive ∆TEC indicates significant plasma uplift consistent with
eastward PPEF forcing. The eastward electric field produces an upward E×B drift given by

Vd =
E×B

B2
, (7)

which lifts the F-region plasma to higher altitudes where neutral density is lower and recombination
rates decrease. This upward transport enhances electron density and intensifies the equatorial foun-
tain effect, redistributing plasma toward the low-latitude crests of the equatorial ionization anomaly
(EIA). In contrast, the post-storm recovery phase exhibits sustained TEC reductions relative to
quiet-time baselines. These negative storm-phase signatures reflect westward-directed DDEFs gen-
erated by thermospheric wind modifications following high-latitude Joule heating and enhanced
energy deposition. The depletion is most pronounced during nighttime and early morning hours,
consistent with reduced upward plasma transport and enhanced chemical recombination (Zhang,
2025).
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The spatial coherence of TEC enhancement across longitudinal sectors confirms large-scale mag-
netosphere–ionosphere coupling. However, the magnitude of enhancement differs by longitude,
consistent with earlier findings that storm-time ionospheric responses exhibit strong longitudinal
dependence due to background electrodynamics, magnetic declination, and thermospheric wind
structures (Bojilova and Mukhtarov, 2024; Nair et al., 2026). The QUI4 station did not record
storm-time TEC, highlighting observational gaps in certain longitude sectors. In contrast, the

Figure 1: vTEC variations at six GNSS stations (BAKO, BELE, BOAV, LAE1, NAU2, QUI4)
during November 10 -12, 2025. Storm-day (Nov 11, red) is compared with pre-storm (Nov 10,
blue) and post-storm (Nov 12, green) reference days to highlight ionospheric perturbations.

recovery phase (12 November) shows sustained TEC depletion relative to quiet-time conditions.
These negative storm signatures are characteristic of disturbance dynamo electric field (DDEF)
dominance. DDEFs arise from storm-driven thermospheric circulation changes caused by auroral
Joule heating and enhanced energy deposition (Fuller-Rowell et al., 1994). The delayed onset and
longer persistence of TEC depletion align with previously documented thermospheric wind dynamo
response timescales of several hours. The ionospheric response varied across longitudinal sectors.
The Asian sector stations (BAKO, LAE1) showed stronger storm-time TEC enhancement compared
to some American and Pacific sector stations. This longitudinal dependence can be attributed to,
local time of storm onset, background ionospheric conditions, magnetic declination differences, and
Sector-dependent thermospheric wind patterns. Such variability highlights the coupling between
magnetospheric forcing and regional electrodynamics.
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3.2 TEC Perturbations (∆TEC)

Storm-induced ionospheric variability was quantified using

∆TEC = TECstorm − TECquiet, (8)

where the quiet-time reference is defined as the average TEC of November 10 and 12. Figure 2
presents ∆TEC for all six stations. Positive ∆TEC peaks align temporally with sudden southward
IMF Bz turnings and enhanced interplanetary electric field Ey, confirming the rapid penetration of
PPEFs to low latitudes. Peak values occurred during local daytime and evening hours, correspond-

Figure 2: ∆TEC observed at six low-latitude GNSS stations at geomagnetic storm, highlights
storm-induced ionospheric variability, with positive values refers TEC enhancements and negative
values refers TEC depletions. QUI4 station shows no storm-time data.

ing to enhanced vertical drifts and strengthening of the plasma fountain mechanism. Negative
∆TEC during the recovery phase reflects DDEF-dominated processes. Westward electric field forc-
ing reduces upward drift, while increased molecular nitrogen concentration enhances recombination
in the F-region. The characteristic 3-6 hour delay between the storm main phase and TEC de-
pletion corresponds to thermospheric wind propagation and dynamo response timescales. Thus,
∆TEC provides a clear temporal diagnostic separating prompt magnetospheric forcing (PPEF)
from delayed thermospheric dynamo effects (DDEF).
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3.3 Geomagnetic Field Variations

Ground-based magnetometer observations provide complementary insight into storm-time elec-
trodynamics. Figure 3 and Figure 4 display variations of the X (northward), Y (eastward), Z
(vertical), and total field F components at VSS and TTB stations respectively. Prior to the storm,
the Z-component was largely sable, but during the storm, it exhibited significant variations (Data
et al., 2026). Therefore, an abrupt excursions in the X and Y components were observed, reflecting
EEJ intensification and PPEF penetration as shown in figure 3. Rapid EEJ enhancement indicates
strengthened eastward electric fields in the E-region, directly linked to the near-instantaneous
plasma uplift observed in ∆TEC. A pronounced decrease in the horizontal component X is ob-

Figure 3: Geomagnetic field variations at the VSS station, Components X (northward), Y (east-
ward), Z (vertical), and total field F (nT) are shown to illustrate storm-time geomagnetic pertur-
bations.

served during the storm main phase, accompanied by significant perturbations in Y and Z, while
the total magnetic field F exhibits a marked negative excursion. The reduction in X reflects the
intensification of the storm-time ring current, as the disturbance field ∆H (approximated by ∆X

at low latitudes) is directly proportional to ring current strength and closely related to the Dst in-
dex. Concurrent fluctuations in Y indicate enhanced ionospheric and asymmetric magnetospheric
current systems, whereas strong deviations in Z suggest variability in the equatorial electrojet, pen-
etration electric fields, and intensified magnetosphere–ionosphere coupling. The depression in F
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represents the integrated effect of these disturbed current systems, and its gradual recovery signifies
ring current decay and magnetospheric relaxation during the recovery phase. During the recovery
phase, a gradual decrease in EEJ intensity was observed, accompanied by weaker variations in Z

and F components. These signatures are consistent with westward DDEF-driven electric fields.
The delayed geomagnetic response parallels TEC depletion, reinforcing the coupled behavior of
geomagnetic currents and ionospheric plasma transport.

The geomagnetic field variations recorded at the TTB station show a relatively quiet interval
on 11–11 with smooth diurnal trends in all components, followed by a pronounced disturbance
beginning around 11–12 00 UT as shown in figure 4. The northward component X exhibits a sud-
den positive excursion immediately followed by a sharp decrease of nearly 300 nT, indicating the
onset of a geomagnetic disturbance. Similarly, the eastward component Y shows a rapid negative
deflection exceeding 100 nT, while the vertical component Z undergoes strong fluctuations with a
marked decrease, reflecting significant perturbations in the magnetospheric and ionospheric current
systems. The total field F correspondingly drops by more than 100 nT, confirming an overall weak-

Figure 4: Geomagnetic field variations at the TTB station, Components X (northward), Y (east-
ward), Z (vertical), and total field F (nT) are shown to illustrate storm-time geomagnetic pertur-
bations.

ening of the magnetic field intensity during the main phase of the disturbance. After the sudden
impulse and main phase, enhanced irregular fluctuations persist through 11–12 and into 11–13,
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suggesting continuing substorm activity and recovery processes. By late 11–13, the components
gradually return toward their pre-disturbance levels, indicating the recovery phase of the geomag-
netic event (Seba and Nigussie, 2016). Overall, the simultaneous and coherent variations in X, Y ,
Z, and F are characteristic of a moderate geomagnetic storm with a clear sudden commencement,
main phase depression, and gradual recovery.

3.4 Solar Wind and Geomagnetic Indices

Solar wind and interplanetary conditions act as primary drivers of low-latitude ionospheric re-
sponses. Figure 5 illustrates variations in IMF components (Bx, By, Bz), solar wind speed (Vsw),
interplanetary electric field (Ey), and geomagnetic indices (Dst and Kp) over November 11–13.
Storm onset is marked by sustained southward IMF Bz and elevated Ey, driving eastward PPEFs

Figure 5: Variations of IMF components (Bx, By, Bz), solar wind speed (Vsw), interplanetary
electric field (Ey), and geomagnetic indices (Dst and Kp) during geomagnetic storm, highlighting
solar wind forcing and corresponding geomagnetic activity.
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and consequent TEC enhancement. Increased Vsw amplifies magnetospheric energy transfer, re-
flected in a sharp Dst depression and elevated Kp values. The temporal alignment between south-
ward Bz, peak Ey, and maximum ∆TEC confirms direct solar wind–ionosphere coupling. During
the recovery phase, gradual Dst and Kp recovery and declining Ey correspond to westward DDEF
forcing and TEC depletion. This transition reflects the shift from direct magnetospheric control to
thermospheric dynamo dominance.

3.5 Thermospheric Composition: O/N2 Ratio

Thermospheric composition variations derived from GUVI O/N2 observations provide critical in-
sight into the role of neutral atmosphere dynamics in regulating storm-time ionospheric responses.
Figure 6 presents O/N2 ratio variations for November 10-12. During the storm day (November
11), a reduction in O/N2 is observed relative to quiet days, indicating enhanced molecular nitro-
gen abundance due to thermospheric upwelling. Reduced O/N2 accelerates F-region recombination,

Figure 6: Variation of the O/N2 ratio during November, 2025 storm. The plot highlights the
storm-induced enhancements and depletions in thermospheric composition, isolating storm-time
ionospheric responses from background diurnal variations.

contributing to negative ∆TEC during the recovery phase. The combined analysis of O/N2, ∆TEC,
and EEJ variations demonstrates the coupled roles of electrodynamic forcing and thermospheric
composition changes in controlling low-latitude storm-time ionospheric responses. Enhanced plasma
structuring and TEC gradients observed in the post-sunset sector suggest favorable conditions for
equatorial plasma bubble generation and scintillation development. Overall, the combined TEC,
magnetometer, solar wind, and thermospheric observations confirm the sequential and competing
roles of PPEFs and DDEFs during the November 2025 storm. The results align with established
theoretical and observational frameworks of storm-time electrodynamics (Tsurutani, 2008), while
extending understanding to underrepresented African and multi-longitude sectors, and thus the
maps offer an understanding of how storms alter the neutral composition of the thermosphere,
which is a key element affecting fluctuations in ionospheric electron density (Data et al., 2026).
Overall, the thermospheric composition analysis demonstrates that storm-time ionospheric vari-
ability cannot be explained solely by electrodynamic forcing. Instead, it results from the coupled
interaction between magnetospheric drivers, thermospheric wind circulation, and chemical recom-
bination processes. The November 2025 storm clearly illustrates how composition-driven plasma
loss reinforces dynamo-induced electric field effects, producing prolonged negative storm phases
across low-latitude regions.
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4 Conclusion

The November 2025 geomagnetic storm produced pronounced ionospheric disturbances across equa-
torial and low-latitude regions of Africa, South America, and Southeast Asia. Storm-time responses
were governed by the combined action of PPEFs and DDEFs. Rapid TEC enhancement and EEJ
intensification during the main phase are consistent with eastward PPEF-driven upward plasma
drift and strengthening of the EIA crests. The close temporal correspondence between southward
IMF Bz, enhanced Ey, and abrupt TEC increases confirms direct solar wind control of low-latitude
electrodynamics. During the recovery phase, delayed TEC depletion, weakened EEJ signatures, and
suppression of the PRE indicate dominance of westward DDEFs generated by storm-driven ther-
mospheric circulation. These delayed responses reflect the time required for high-latitude energy
deposition and Joule heating to modify global neutral wind systems, reducing equatorial fountain
efficiency. Regional longitudinal variability was evident and influenced by magnetic declination,
background ionospheric conditions, and electrodynamic coupling efficiency. Despite observational
limitations in parts of Africa, the integration of GNSS TEC and magnetometer data demonstrates
the effectiveness of multi-instrument diagnostics for resolving storm-time electrodynamic processes.
The observed TEC perturbations have direct implications for GNSS navigation accuracy, satellite
communications, and space-based infrastructure reliability in equatorial regions. Integrating so-
lar wind, geomagnetic, thermospheric, and ionospheric observations is essential for disentangling
PPEF and DDEF contributions and improving storm-time forecasting capability. Overall, this
study confirms that storm-time equatorial ionospheric variability is governed by the competing and
time-dependent interplay between rapid penetration electric fields and delayed disturbance dynamo
processes. The findings contribute to improved understanding of low-latitude space weather dynam-
ics and have direct implications for GNSS positioning accuracy, satellite communication reliability,
and forecasting of equatorial ionospheric disturbances. Future studies incorporating ionosonde
data, incoherent scatter radar measurements, and physics-based modeling would further enhance
the quantitative separation of penetration and dynamo contributions during intense geomagnetic
events.
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