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Abstract

Space weather events triggered by solar activity impact critical technologies like the Global Navigation
Satellite System (GNSS) by causing atmospheric imbalances that alter ionospheric electron density.
This study investigates the geospace response to the severe geomagnetic storms of October 2024,
focusing on the coupling and compositional exchange between the ionosphere and thermosphere.
Data were analyzed from two near-magnetic conjugate mid-latitude African stations, Rabat (RABT)
and Hermanus (HNUS), using GNSS-TEC measurements alongside thermospheric circulation ob-
servations from NASA GOLD and solar wind indices from OMNIWeb. The October 2024 storm,
which reached a minimum Dst of -333 nT, drove a negative ionospheric storm phase marked by
Total Electron Content (TEC) depletions exceeding 50 TECU. This response was driven by storm-time
thermospheric upwelling of Nj-rich air, which lowered the O/N; ratio and accelerated plasma loss
via charge-exchange reactions. Furthermore, a distinct hemispheric asymmetry was observed, as
the equatorward thermospheric circulation in the Northern Hemisphere arrived before that of the
Southern Hemisphere. Direct post-processing of ECEF coordinates using RTKLIB revealed a "GNSS
Paradox": while positioning accuracy significantly degraded at HNUS with errors increasing by up
to 270%, it counterintuitively improved at RABT, where errors reached their minimum during the
main and early recovery phases of the storm. These findings highlight that the technological impact of
severe space weather is determined not just by storm magnitude, but by the specific sign and spatial
structure of the regional ionospheric response.

Keywords: geomagnetic storm; ionosphere-thermosphere coupling; ionosphere hemispheric asymme-
try; total electron content

1. Introduction

Space weather events are recognised phenomena that impact space technology, including the
Global Navigation Satellite System (GNSS) and high-frequency radio communications, affecting
human activities reliant on these technologies. These events are triggered by solar activity, such as
solar flares (SFs) and coronal mass ejections (CMEs) e.g. [15].

Solar flares are large bursts of electromagnetic energy, often followed by coronal mass ejections
(CMEs). During these CMEs, the increased levels of solar wind particles exert additional pressure on
the magnetosphere, resulting in the significant compression of the magnetopause [35]. A southward-
oriented interplanetary magnetic field (Bz) leads to magnetic reconnection on the day side of the Earth.
This process causes geomagnetic storms and results in particle precipitation from the turbulent solar
wind. The increased charged particle density initiates atmospheric dynamics that create an imbalance
in the thermosphere, affecting the distribution of atmospheric molecules, ions, and atoms on short-
and long-term scales e.g. [9,12,28,30]. Since the thermosphere and the ionosphere are energetically
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coupled through solar irradiance and geomagnetic activity, the ionosphere can be severely affected
during such geomagnetic disturbance e.g. [22,35].

A geomagnetic storm can drive the inflow of energetic particles into the high-latitude upper
atmosphere, initiating a nucleonic electromagnetic cascade that changes atmospheric chemistry e.g.
[11,24,36] and dynamics by the equatorward thermospheric circulation e.g.[26]. High-energy charged
particles,initiate this cascade in the ionosphere. As a result, the ionosphere’s total electron content
(TEC) is altered, resulting in temporal and spatial fluctuations in electron density e.g. [20]. The
sudden changes in the F-region and the ionosphere’s response can increase group delay in Global
Navigation Satellite Systems (GNSS) or a complete blackout of high-frequency radio communication
e.g. [17,21], depending on whether the TEC is enhanced or depleted, respectively. Fluctuations in
TEC have become a significant topic in space weather physics, with various models explaining the
depletion or enhancement of TEC through thermospheric circulation and variations in the O/N, ratio
e.g. [8,10,19,29].

The ionosphere-thermosphere (IT) system responds dramatically to geomagnetic disturbances.
Energy deposition at high latitudes through Joule heating and particle precipitation drives to ther-
mospheric expansion and circulation divergence, leading to upwelling. This upwelling transports
air rich in molecular nitrogen (N) from lower altitudes to the F-region, lowering the crucial O/N
ratio [4,6,26]. Accurate representation of the ionospheric state during the main phase of geomagnetic
storms remains a significant challenge, as the system is strongly influenced by localised processes
such as neutral winds and electric field that are difficult to capture. While studies have demonstrated
that assimilating thermospheric mass density (TMD) from satellites into physics-based models like
the Coupled Thermosphere Ionosphere Plasmasphere electrodynamics (CTIPe) can enhance global
upper atmospheric representations [5], these models are often not fully constrained by TMD alone.
Consequently, global models may overlook regional dynamics, such as the specific inter-hemispheric
timing of wind surges e.g. [5,33]. This highlights the critical need for direct, high-resolution observa-
tions of thermospheric circulation and compositional exchange provided in this study through NASA
GOLD and ground-based GNSS-TEC measurements to resolve the complex, localised IT coupling over
mid-latitude sectors.

A decreased O/Nj ratio is the signature of a negative ionospheric storm because molecular ions
(NO* and O;r ) resulting from charge exchange reactions (O + N, — NO™ + N) recombine with
electrons much faster than atomic oxygen ions (O™) do e.g. [7,34], depleting the total electron content
(TEC). Conversely, equatorward neutral winds driven by storm-time heating can push plasma upward
along magnetic field lines, reducing the ion recombination rate and causing positive storms (TEC
enhancement) e.g. [8,26].

The thermospheric and ionospheric responses over the European sector during the G3-level
extreme geomagnetic storm of November 3—4, 2021 was reported in [14], in which they identified two
antithetical ionospheric storm phases. At high latitudes, negative ionospheric storms occurred due to
thermospheric heating and upwelling, which reduced the O/Nj ratio and accelerated plasma loss. In
contrast, middle and low latitudes experienced positive ionospheric storms driven by equatorward
and westward neutral winds that transported plasma to higher altitudes along magnetic field lines
where recombination rates are lower, effectively prolonging the plasma lifetime. The findings suggest
that negative and positive ionospheric storms are not isolated events but are interconnected through
simultaneous regional changes in thermospheric composition and wind dynamics e.g. [14,16].

Storm-time TEC fluctuation is linked to the changes in the molecular nitrogen (N3), where an
increase in N3 due to faster ion recombination led to a depletion in the upper atmosphere TEC e.g.
[6,18,26] During a severe geomagnetic storm, particle precipitation from solar wind charged particles
occurs, particularly in the high-latitude ionosphere e.g. [11,36], and sometimes reaches low latitudes
e.g. [31]. This particle precipitation often led to sudden fluctuation of atmospheric constituents at
lower altitude [11].
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In this study, we analyze the October 2024 storm using conjugate mid-latitude stations to resolve
the inter-hemispheric timing of thermospheric surges. This study is crucial for understanding sudden
changes in the upper atmosphere, which drive either depletion or enhancement of TEC that affects
GNSS signals and high-frequency radio communication e.g. [9,13].

2. Materials and Methods
2.1. Observations and Data Analysis

This study utilises GNSS data obtained from two stations in the mid-latitude African sector: one
in Rabat, Morocco, with station ID RABT, and the other in Hermanus, South Africa, with station ID
HNUS. Both stations are located in the Northern and Southern Hemispheres, respectively, and are near
magnetic conjugates in latitude (see Figure 1).
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Figure 1. The Map of Africa showing the locations of the two IGS stations. The map illustrates the relationship of
the stations to both the geomagnetic and geographic equators.

2.2. October 2024 Events

The October severe storm was associated with multiple CMEs and an eruption from AR 13848 on
9 October, distinguished by its strong X-ray brightness'. This event unfolded as a two-step storm: first,
a moderate sudden storm commencement (SSC) with a minimum Dst of -148 nT on October 8 (DOY
282), followed by a more intense SSC that produced a minimum Dst of -333 nT on October 11 (DOY
285) (see Figure 2).

1 https:/ /solarmonitor.org/data/
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Figure 2. The space weather characteristics during the event in October 2024. |B| is the interplanetary magnetic
field, N is the proton density, while Vg, is the solar wind speed, and the disturbed storm time index, Dst, on
October 5 - 15, 2024.

2.3. Data Sources and Analysis

The space weather parameters were obtained from the OMNIWeb data service’. The GNSS-TEC
data were obtained from the International GNSS Stations (IGS®) and IONOLAB* [1,2,32] for the two
stations This data was used to estimate the storm-time temporal fluctuations in TEC. While the TEC
is the integrated electron density along the ray path between the GNSS satellite in space and the
receiver on the ground, which is usually expressed in TEC units (TECU), where 1ITECU =1 x 10
electrons/m?.

Data from NASA Global-Scale Observations of the Limb and Disk (NASA-GOLD”) were analysed
for the storm-time thermospheric circulation and fluctuations.

In a single-point positioning technique, we utilised RTKLIB® for post-processing with a 15°
elevation mask angle, ensuring that at least five GNSS satellites were visible (data quality factor)
to assess the positioning accuracy of the station following the methodologies outlined in [25,26].
Additionally, we determine the storm-time positioning error on the Earth Centred Earth Fixed (ECEF)
coordinates using the differences between the coordinates obtained during the post-processing of the
stations’ observations and navigational files and the station position given by International Terrestrial
Reference Frame (ITRF) coordinates’.

https://omniweb.gsfc.nasa.gov/form/dx1.html
https://cddis.nasa.gov/archive/gnss/data/daily/

http:/ /ionolab.org/index.php?page=webtec&language=en
https://gold.cs.ucf.edu/data/

https:/ /www.rtklib.com

https:/ /network.igs.org

N U o= N
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3. Results
3.1. October 2024 Geomagnetic Storm Events

The October 2024 severe geomagnetic storm developed as a distinct two-step event. The first step
was triggered by a moderate Sudden Storm Commencement (SSC) at 08:00 UT on October 6 (DOY
280), characterised by an immediate rise in solar wind speed to approximately 452 km/s (see Figure 2).
This initial disturbance led to the onset of the main phase at 04:00 UT on October 7 as proton density

peaked at 33 cm ™33

, eventually reaching a minimum Dst of -148 nT by the morning of October 8. After
a short recovery period, a second and significantly more severe phase commenced at 16:00 UT on
October 10 (DOY 284), with the interplanetary magnetic field (| B|) intensifying to 32 nT and solar wind
speeds (V) surging to 740 km/s. This second step drove the storm to its absolute peak, reaching a
severe minimum Dst of -333 nT at 01:00 UT on October 11 (DOY 285).

The thermospheric circulation patterns shown in Figures 3-5 for the main phase of the October 11
(DOY 285) storm indicate that Np-dominated winds are transported equatorward in both hemispheres.
Unlike the extreme May storm where the equatorward thermospheric wind advected from the Southern
Hemisphere arrive earlier than that of the Northern Hemisphere [26], however, the equatorward
thermospheric flow during the October event from the Northern Hemisphere reached earlier than the

Southern Hemisphere (see Figure 4).
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Figure 3. Thermospheric circulations during the October 2024 geomagnetic storm at 10.15 UT. The plot from
NASA-GOLD illustrates the thermospheric circulation patterns observed from October 5 to October 13 (DOY 279 -
287).
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Figure 4. Thermospheric circulations during the October 2024 geomagnetic storm at 14.15 UT. The plot from
NASA-GOLD illustrates the thermospheric circulation patterns observed from October 5 to October 13 (DOY 279 -
287).
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Figure 5. Thermospheric circulations during the October 2024 geomagnetic storm at 18.15 UT. The plot from
NASA-GOLD illustrates the thermospheric circulation patterns observed from October 5 to October 13 (DOY 279 -
287).

The diurnal TEC peaks over HNUS at noon (at 12:00 UT), while that of RABT peaks in the post-
noon period. The TEC observation over HNUS and RABT shows a similar pattern of TEC depletion of
about > 30 TECU and > 50 TECU during the main phases of both the moderate and severe storms in
October (see Figures 6 and 7), respectively. The TEC depletion is consistent with faster recombination
of atmospheric atomic species and the N>-dominated thermospheric advection [26], reducing the
electron density in the ionosphere over the two stations.
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Dst Index and TEC Variations at HNUS Station (Oct 6-13, 2024)
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Figure 6. Two panel plots of the TEC and the Dst. The upper panel shows Dst, while the lower panel shows TEC
over HNUS, plotted as the relative difference from the October 6 used as the baseline.

Dst Index and TEC Variations over RABT Station (Oct 6-13, 2024)
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Figure 7. Two panel plots of the TEC and the Dst. The upper panel shows Dst, while the lower panel shows TEC
over RABT, plotted relative to October 6, as the baseline.

This increase in N, at F-region altitudes (450 km) introduces a more rapid loss mechanism
for ionospheric plasma. The dominant O™ ions undergo a fast charge-exchange reaction with the
upswelling N, molecules (O + N, — NO™ + N), and the resulting molecular ions (NO™) then
recombine with electrons much more quickly than O™ ions do, leading to a net depletion of TEC
(Figure 8) in the F-region resulting in the negative ionospheric storm observed.

Distributed under a Creative Commons CC BY license.



https://doi.org/10.20944/preprints202603.2324.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 30 March 2026 d0i:10.20944/preprints202603.2324.v1

8 of 14

0% is dominant TEC depletion
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Decreasing O/N, ratio
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thermospheric wind

200 — 250 km

Figure 8. IT geomagnetic storm induced upswelling model. Induced thermospheric compositional changes and
charge exchange reactions resulting in TEC depletion.

.induced thermospheric compositional changes and charge exchange

3.2. Storm-Time GNSS Positioning Accuracy

Figures 9 and 10 present the ECEF coordinate positioning errors (X, Y, Z components) at HNUS
and RABT over Day of Year (DOY) 280-289, encompassing the storm commencement, the storm main
phase, and the recovery phase of the October 2024 geomagnetic storm. At HNUS, a pronounced
and coherent spike is observed simultaneously across all three ECEF components at DOY 285 during
the main phase and early recovery phase, with the X-component reaching a maximum error of
approximately 5.85 m, the Z-component 4.0 m, and the Y-component 2.45 m representing increases
of roughly 270%, 150%, and 220%, respectively, relative to the October 6 (DOY 280) baseline values.
This simultaneous degradation across all coordinate components at DOY 285 is consistent with a
severe storm-time ionospheric negative phase over the Southern Hemisphere mid-latitudes, wherein
TEC depletion to as low as 2.37 TECU, as observed in the TEC analysis, produces large unmodelled
ionospheric residuals that project onto all three coordinate directions through the satellite geometry.

The SAMA-influenced irregular ionospheric structures over HNUS further prevent standard
single-frequency ionospheric corrections from adequately absorbing the rapidly varying delay, am-
plifying positioning errors beyond what would be expected at a magnetically normal mid-latitude
site. At RABT, in contrast, the positioning behaviour during DOY 285 is strikingly opposite; all three
components reach their minimum errors for the entire observation window, with X reducing to 1.4 m, Y
t0 0.97 m, and Z to 3.1 m, compared to pre-main phase values of 6.7 m, 1.5 m, and 11.0 m, respectively,
for DOY 280. This counter-intuitive improvement at the time of geomagnetic disturbance is consistent
with a storm-time positive ionospheric phase over the Northern Hemisphere mid-latitudes driven
by prompt penetration electric fields and the early-arriving equatorward thermospheric wind surge,
which elevates plasma along field lines through the F-region wind dynamo, producing a smooth and
spatially coherent TEC enhancement over the EIA crest that is readily corrected by the receiver. It is
further noteworthy that RABT exhibits persistently large Z-component errors ( 8-11 m) throughout
the period before storm’s main phase, likely reflecting the station’s proximity to the EIA crest, where
elevated and structured background TEC inflates the vertical delay component even under geomag-

© 2026 by the author(s). Distributed under a Creative Commons CC BY license.
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netically quiet conditions, whereas the storm-time plasma uplift temporarily homogenises the spatial
TEC structure, paradoxically improving the differential correction geometry. Figures 9 and 10 provide
compelling observational evidence that storm-time GNSS positioning impact is not determined by the
magnitude of geomagnetic disturbance alone, but critically by the sign and spatial structure of the
ionospheric response at each station’s magnetic and geographic location, degrading positioning where
the ionosphere depletes and becomes irregular, while transiently improving it where the storm drives
a coherent plasma enhancement.
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Figure 9. GNSS positioning accuracy over HNUS during the October storm. The absolute mean error in positioning
on the ECEF coordinates over HNUS during the storm period, calculated using the same scheme as in [25,26].
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Figure 10. GNSS positioning accuracy during the October storm. The absolute mean error in positioning on the
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4. Discussion
4.1. Dynamics and Energetics of the October 2024 Severe Storm

The severe geomagnetic storm of October 2024 was a complex two-step event initiated by the
eruption of AR 13848 and multiple Coronal Mass Ejections (CMEs). The first step involved a moderate
sudden storm commencement (SSC) on October 6 (DOY 280), reaching a minimum Dst of -148 nT on
October 8 (DOY 282), while the subsequent severe SSC reached an extreme minimum Dst of -333 nT
on October 11 (DOY 285). This extreme energy deposition from the solar wind exerted significant
pressure on the magnetosphere, triggering intense Joule heating and particle precipitation at high
latitudes e.g. [12,24]. Such heating leads to thermospheric expansion and circulation divergence, which
fundamentally reshapes the composition of the upper atmosphere.

4.2. Physical Mechanisms of Ionosphere-Thermosphere (IT) Coupling

The primary physical mechanism driving the observed ionospheric response is the storm-time
thermospheric upwelling. As heating occurs, air rich in molecular nitrogen (Ny) is transported from
lower altitudes to the F-region (approximately 450 km). This upwelling significantly alters the neutral
composition by lowering the O/Nj ratio, which serves as the signature of a negative ionospheric storm
e.g. [5,6,26]. In this enriched N; environment, the dominant O ions undergo a rapid charge-exchange
reaction. The resulting molecular ions (NO™) recombine with electrons much faster than atomic oxygen
ions do e.g. [16,33,34], leading to a net depletion of the Total Electron Content (TEC). Observations at
the conjugate mid-latitude stations RABT and HNUS confirmed this consistent depletion, with TEC
losses exceeding 30 TECU and 50 TECU during the moderate and severe phases, respectively.
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4.3. Hemispheric Asymmetry in Atmospheric Dynamics

This study highlights a critical hemispheric asymmetry in the propagation of thermospheric
disturbances. NASA GOLD observations during the October 2024 storm main phase showed that
N>-dominated wind was advected equatorward in both hemispheres. However, a distinct difference
was noted compared to the extreme storm of May 2024 [4,26]: in the October event, the equatorward
thermospheric circulation in the Northern Hemisphere arrived before that of the Southern Hemisphere,
the opposite is the case during the May 2024 events. This variability underscores the complexity of the
geospace response and suggests that seasonal or Universal Time (UT) dependencies heavily influence
how circulation patterns advect composition bulges toward lower latitudes.

4.4. Technological Implications for GNSS Positioning

During the October 2024 geomagnetic storm, the TEC observations at HNUS and RABT reveal
a striking inter-hemispheric asymmetry in both ionospheric response and its consequence for GNSS
positioning, one that cannot be fully explained by storm-time chemistry alone but requires considera-
tion of storm-time thermospheric wind dynamics. At high latitudes, Joule heating and auroral particle
precipitation deposit large amounts of energy into the thermosphere, launching equatorward neutral
wind surges in both hemispheres. Critically however, the Northern Hemisphere wind surge arrives
at mid-latitudes earlier than its Southern Hemisphere counterpart, a well-documented asymmetry
attributable to the fact that during October, the Northern Hemisphere auroral oval is tilted toward
the sun-lit dayside, where background thermospheric pressure gradients already favour equatorward
flow, whereas the Southern Hemisphere surge must propagate through a relatively denser, more resis-
tive nightside thermosphere e.g. [4,7]. This timing asymmetry has profoundly different ionospheric
consequences at the two stations. Over RABT, the early-arriving northward-to-equatorward wind
pushes ionospheric plasma upward along magnetic field lines through the F-region wind dynamo
mechanism through the fountain effect enhancement, thereby elevating the F-layer to higher altitudes
where recombination rates are lower, temporarily sustaining or even enhancing TEC and reinforcing
the EIA crest e.g. [3].

This produces the elevated TEC observed at RABT during the storm onset, which, despite its
higher absolute magnitude, remains tractable for dual-frequency GNSS receivers and spatially coherent
enough for differential corrections to remain valid even during the TEC depletion that follows. Over
HNUS, the delayed Southern Hemisphere equatorward wind surge arrives in an ionosphere already
depleted by the negative storm-phase composition changes; the decrease in the O/N, ratio suppresses
electron production that propagates from the auroral zone e.g. [6,28]. Rather than elevating plasma,
the equatorward wind over the Southern Hemisphere mid-latitudes drives plasma downward along
the steeper southern magnetic field lines into regions of higher recombination, accelerating the TEC
depletion already underway and driving TEC as low as 2.37 TECU over the station. This downward
plasma transport is particularly severe at HNUS owing to its location within the South Atlantic
Magnetic Anomaly (SAMA) e.g. [27], where the anomalously shallow magnetic field inclination
alters the effective projection of the neutral wind onto the field-aligned direction, amplifying the
downward drift component relative to what would occur at a magnetically normal mid-latitude site.
The consequence for GNSS is decisive: while RABT benefits from a wind-driven plasma uplift that
produces high but smooth and correctable TEC, HNUS suffers a wind-accelerated plasma drainage that
creates severe depletions, spatially incoherent structures, and large residual errors after ionospheric
model correction e.g. [23], creating the observed GNSS positioning degradation.

5. Conclusions

This study analysed the upper atmospheric response over mid-latitude African stations to the
severe geomagnetic storm of October 2024. We identified a consistent chain of cause and effect where
storm-time thermospheric heating drove the upward transport of Nj-rich air, significantly increasing
N, density at F-region altitudes (450 km) and lowering the O/Nj ratio. This enrichment created an
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efficient pathway for the loss of ionospheric plasma through rapid charge-exchange reactions, leading
to the significant TEC depletions characteristic of a negative ionospheric storm.

The study further reveals a critical inter-hemispheric timing asymmetry; the Northern Hemisphere
wind surge arrived earlier than its Southern Hemisphere counterpart due to the October auroral oval
tilt and background pressure gradients favouring equatorward flow in the north. The technological
consequences of this asymmetry were decisive and contrasting. At RABT, the early wind surge drove
a smooth plasma uplift that temporarily enhanced positioning geometry. Conversely, at HNUS, the
delayed surge arrived in an already depleted ionosphere and, exacerbated by the South Atlantic
Magnetic Anomaly (SAMA), drove plasma downward into regions of high recombination, resulting in
severe positioning degradation. These outcomes highlight that under specific storm conditions, the
geospace response can counterintuitively enhance positioning performance in one hemisphere while
severely compromising it in another, reinforcing the complexity of the upper atmospheric response to
geomagnetic storms.
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