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1 Introduction

Geomagnetic storms and substorms, driven by in-
creased solar wind energy input into the magne-
tosphere associated with coronal mass ejections 

and/or high-speed solar wind streams, produce 
disturbances in the Earth’s ionosphere known as 
ionospheric storms. Depending on the balance 
between storm-time electrodynamic forcing, neu-
tral winds, and thermospheric composition changes, 

Геокосмічні дослідження
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Abstract. The ionospheric response to the weak geomagnetic storm of 1–2 February 2025 was studied within the 
Weddell Sea Anomaly region. The behavior of the key ionospheric parameters (NmF2 and hmF2) was analysed using 
ionosonde observations from the Ukrainian Antarctic Akademik Vernadsky station and vertical total electron con-
tent derived from Global Navigation Satellite System measurements. A pronounced nighttime depletion was observed 
in both ionosonde F2-layer peak electron density (NmF2) and the total electron content values on 1 and 2 February 
2025. This indicates the development of the negative phase of the ionospheric storm and a weakening of the Weddell 
Sea Anomaly under minor geomagnetic disturbances. NmF2 decreased by a factor of ~2 on 1 February and by a factor 
of ~5 on 2 February, while the total electron content was reduced by ~15–20 TECU and ~25 TECU, respectively. The 
negative phase penetrated farther toward the equator on 1 February, whereas on 2 February it remained restricted to 
high- and mid-latitude regions. Notably, such a strong depletion in NmF2 occurred despite a significant uplift of the 
F2-layer peak height (hmF2) by ~60–70 km. No clear signatures of vertical plasma transport driven by the penetration 
electric field of magnetospheric origin were found in the observed hmF2 variations. The likely reason for such a depletion 
in ionospheric plasma density is storm-time changes in neutral composition associated with upwelling, reduction in 
the O/N2 ratio, and transport of the composition disturbance zone by thermospheric winds from high to low latitudes. 
These results demonstrate that even minor geomagnetic storms can substantially modify the ionosphere–thermosphere 
system over Antarctica and significantly impact the Weddell Sea Anomaly.
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ionospheric storms can lead to enhancement or 
depletion of the F2-layer peak electron density 
(NmF2) and total electron content (TEC). These 
ionospheric responses are commonly referred to 
as positive or negative ionospheric storm phases, 
respectively (Gonzalez et al., 1994; Buonsanto, 
1999; Prӧlss, 2004; Mendillo, 2006). In many cas-
es, storm-time perturbations are accompanied by 
significant changes in the F2-layer peak height 
(hmF2), reflecting vertical plasma transport driven by 
storm-induced neutral winds and/or electric fields 
(Prӧlss, 1997). The ionospheric responses depend 
on such factors as storm onset time, season, local 
time, geographic and geomagnetic location (lati-
tude and longitude), and solar cycle conditions 
(Fuller-Rowell et al., 1996; Gao et al., 2008; Fuller- 
Rowell, 2011; Borries et al., 2015).

High-latitude regions play a key role in driving 
ionospheric storm dynamics. Enhanced Joule heat-
ing and particle precipitation in the auroral zones 
lead to thermospheric heating and expansion, in-
creasing the neutral density at the higher altitudes 
and driving the upward transport (“upwelling”) of 
heavier molecular species (N2 and O2) from below, 
as well as to horizontal redistribution of disturbed 
neutral composition toward the lower latitudes. This 
process reduces the atomic oxygen (O) density and 
increases the recombination rate, particularly by 
converting O+ to molecular ions (O2

+, NO+), which 
then rapidly recombine with electrons. As a result, 
the F2-layer peak electron density decreases, pro-
ducing a negative ionospheric storm (Fuller-Row-
ell et al., 1994; Buonsanto, 1999; Prölss, 2004).

The Antarctic ionosphere is particularly sensitive 
to high-latitude forcing due to its proximity to the 
auroral oval. During the Antarctic summer, the 
thermosphere is characterised by increased ex-
ospheric temperatures and scale heights, and by 
pronounced seasonal changes in neutral compo-
sition associated with summer-to-winter circula-
tion (Fuller-Rowell et al., 1994; Qian et al., 2009; 
Emmert, 2015).  Storm-time energy input can fur-
ther enhance neutral wind circulation and compo-
sition disturbances, which in turn affect both the 
vertical ionospheric structure and plasma density 
variations. A prominent feature of the Antarctic 

ionosphere is the Weddell Sea Anomaly (WSA), 
a persistent summer phenomenon characterised 
by enhanced nighttime electron density compared 
to daytime values. The WSA is generally caused 
by the combined effects of photoionisation, ther-
mospheric winds, and associated wind-driven field-
aligned plasma transport. It is also highly sensitive 
to changes in neutral dynamics and composition 
(Bellchambers & Piggott, 1958; Dudeney & Piggott, 
1978; Horvath & Essex, 2003). Geomagnetic dis-
turbances can therefore modify or disrupt the typi-
cal WSA pattern by affecting thermospheric cir-
culation and composition.

Despite numerous studies of ionospheric storms, 
many investigations have predominantly focused 
on strong geomagnetic events and on the Northern 
Hemisphere (Correia et al., 2017; Mansilla, 2017; 
de Abreu et al., 2023; Melendi et al., 2025; Chak
raborty & Seemala, 2026), while the effects of 
weak to moderate disturbances, particularly over 
Antarctica, remain less explored. Chen et al. (2022) 
suggested that frequent weak geomagnetic activities 
modulate the ionosphere from high to low latitudes 
primarily through disturbances in high-latitude 
thermospheric composition, associated with polar 
thermospheric upwelling and altered background 
thermospheric circulation.

In this study, we investigate the ionospheric re-
sponse over Antarctica to a weak geomagnetic storm 
that occurred during February 1–2, 2025. The 
analysis is based on ionosonde measurements at 
the Ukrainian Antarctic Akademik Vernadsky sta-
tion (hereinafter – Vernadsky Station) (geographic 
coordinates: 65.25°S 295.75°E; geomagnetic co-
ordinates: 55.8°S 6.3°E) and GNSS-based products. 
We examine storm-time variations in the F2-layer 
peak electron density and height, as well as verti-
cal total electron content (VTEC). These results 
provide new insight into the WSA response to 
minor geomagnetic disturbances over Antarctica.

2 Data and methods

The data used in the paper were obtained by two 
software-defined radio (SDR)-based ionosondes 
operating at Vernadsky Station (Koloskov et al., 
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2023). Ionograms were obtained every 15 minutes. 
The ionosonde operated in the 1–16 MHz fre-
quency range with 320 discrete frequencies, cov-
ering a virtual height range of 92–655 km with 
750 sampling points, and using a transmitter pulse 
width of 600 µs (16 sub-pulses of 37.5 µs).

Ionograms were manually scaled using the Iono-
gramViewer2 program version 1.7.1 (https://github.
com/Albom/IonogramViewer2/releases/download/ 
v.1.7.1/IonogramViewer2-1.7.1.zip). The obtained 
critical frequencies of F2, F1, and E layers and 
traces were used for electron density profile in-
version using the NHPC program version 4.30 
(Huang & Reinisch, 1996) and further calcula-
tion of the F2-layer peak height. The F2-layer 
peak electron density NmF2 was calculated from 
the critical frequency of the F2-layer foF2 using 
the relation (Piggott & Rawer, 1972):

	 NmF2 = 1.24 ⋅ 1010 ⋅ foF2
2,	 (1)

where foF2 is expressed in MHz.
The vertical TEC data were provided from Glob-

al Positioning System (GPS) measurements by 
UPC-IonSAT with a tomographic-kriging tech-
nique (UQRG GIM) (Hernández-Pajares et 
al., 2009; 2011; 2017). The VTEC is measured 
in TEC units (TECU), with 1 TECU equal to 
1016 electrons ⋅ m–2.

To determine the solar-wind energy input into 
Earth’s magnetosphere, the Akasofu ε function was 
calculated according to formula (Perreault & Aka
sofu, 1978; Akasofu, 1981):

	 ε =
Vsw ⋅ B

2
total ⋅ sin

4 (θ/2) ⋅ l 0
2

µ0

,	 (2) 

where Vsw is the solar wind speed (km ⋅ s–1), and 
Btotal is the magnitude of the interplanetary mag-
netic field (IMF). The parameter θ is the IMF 
clock angle, θ = arctan(By/Bz), with By and Bz in 
geocentric solar magnetospheric coordinates. The 
scale length l0 is a length related to the radius of 
cross-section of the magnetosphere, estimated to 
be l0 = 7 ⋅ Re, where Re = 6371 km is Earth’s 
radius. The constant µ0 = 4π ⋅ 10–7 H ⋅ m–1 is the 
permeability of free space.

3 Results and discussion
3.1 Solar and geomagnetic conditions

Figure 1 shows variations in solar, geomagnetic, 
and auroral activity indices and the Akasofu func-
tion from 30 January to 4 February 2025. The 
analysed interval coincides with local summer con-
ditions in Antarctica. The solar activity during the 
investigated period was high (solar radio flux index 
F10.7 ranged from 184 to 220 sfu). Geomagnetic ac-
tivity was quiet from 30 to 31 January (Kp was most-
ly less than 2+ and did not exceed 3–) and from 
3 to 4 February (Kp < 2–), while during 1 and 2 
February 2025, an increase in geomagnetic activity 
was observed (Kpmax = 4+). According to the National 
Oceanic and Atmospheric Administration (NOAA) 
Geomagnetic Storm Scale, this was classified as a 
boundary between active conditions and a minor geo-
magnetic storm (G1), which begins at Kp = 5 (https://
www.swpc.noaa.gov/noaa-scales-explanation).

It can be seen that a rapid increase in energy 
input (ε reaching ~80 GW) began around noon by 
UT on 31 January 2025, with a maximum of ap-
proximately 120 GW near 18:00 UT. This enhanced 
energy injection is consistent with a magnetopause 
compression and the associated sudden storm 
commencement (SSC), followed by the develop-
ment of the storm’s main phase at ~01:00 UT on 
1 February 2025, during which SYM-H gradually 
decreased to about –30 nT. After the passage of 
the magnetic cloud, the ε value dropped signifi-
cantly around midnight on 1 February and auro-
ral activity began to increase. From 1 February 
to the end of 2 February, a series of AE (“auroral 
electrojet”) index bursts were observed in auroral 
latitudes with values reaching AEmax ≈ 1200 nT, 
indicating strong substorm activity. The inter-
planetary electric field component (Ey) fluctuated 
significantly from –6 to +6 mV ⋅ m–1.

3.2 Results of ionosonde observations 
over the Vernadsky Station

Figure 2 shows diurnal variations of the key iono-
spheric parameters (foF2, NmF2, and hmF2) obtained 
using the ionosonde located at Vernadsky Station 
during January 30 – February 4, 2025.
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Figure 1. Variations of parameters describing space weather during 30 January – 4 February, 2025. From top to bottom, 
the panels show the Akasofu function (ε), the solar wind speed (VSW), the total magnitude of the IMF (Btotal) (orange 
line), the IMF Bz (black line) and By (green line) components, the interplanetary electric field component (Ey), the 
auroral electrojet index (AE), the 3-hour planetary Kp index (gray bars), the SYM-H index (blue line), and the daily 
solar radio flux (F10.7). The time is in Coordinated Universal Time (UT)
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A prominent feature of the Antarctic ionosphere 
in summer is the WSA, which is clearly evident over 
Vernadsky Station during the investigated period. 
Under quiet geomagnetic conditions, both prior 
to the storm (30–31 January) and after it (3–4 
February), the observed NmF2 at local midnight 
was about a factor of 2 higher than at local noon.

The onset of the main phase of the magnetic 
storm, around midnight by UT (~20:00 LT) on 
31 January – 1 February, 2025, caused an inter-
ruption in the evening increase of NmF2 and a sub-
sequent decrease to a value typical of the daytime 

quiet period (~6 · 1011 m–3) on January 30. A clear-
ly pronounced negative phase of the ionospheric 
storm was observed, manifested as a dip in the 
variations of foF2 and NmF2, reaching a local min-
imum at ~04:00 LT. At the same time, hmF2 in-
creased by ~60 km relative to the quiet reference 
day on 30 January 2025. During the daytime 
hours (11:00–14:00 LT) on 1 February, a mod-
erate increase in NmF2 (by ~13%) was observed. 
At the same time, hmF2 increased by ~35 km, 
indicating a weak positive phase of the iono-
spheric storm.

Figure 2. Diurnal variations of critical frequency (foF2), F2-layer peak electron density (NmF2), and height (hmF2) over 
Vernadsky Station during 30 January – 4 February, 2025. The open circles show observations. The solid blue lines show 
the foF2, NmF2, and hmF2 variations from the quiet reference day (30 January 2025), repeated for other days. The time 
is in UT and Local Solar Time (LST = UT – 4.28 h)
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During the night of 1–2 February 2025, a grad-
ual decrease in NmF2 was observed beginning at 
~22:00 LT on 1 February, reaching a local min-
imum at ~02:45 LT. Compared with the geomag-
netically quiet day on 30 January 2025, NmF2 was 
approximately five times smaller. During this inter-
val (around 22:00–02:45 LT), hmF2 increased by 
~70 km. After this, the ionosphere began to return 
to its pre-storm conditions, and by ~08:00 LT on 
2 February 2025, NmF2 reached the quiet-time 
values (~1.2 ⋅ 1012 m–3). The nighttime uplift of 
the ionosphere by ~35 km on 2–3 February 
(00:00–04:00 LT) was accompanied by a slight 
decrease in NmF2 (by ~13%).

3.3 Results of TEC observations

Figure 3 shows the diurnal distribution of differ-
ential ∆TEC at 295.75°E in the Southern Hemi-
sphere (80°S – 0°), derived by subtracting the 
TEC values on a geomagnetically quiet reference 
day (30 January 2025) from those obtained from 
31 January to 4 February 2025. A pronounced 

depletion in VTEC is observed on 1 and 2 Febru-
ary at the latitude of the Vernadsky Station, rep-
resenting a clear signature of the negative phase 
of the ionospheric storm. As can be seen, on 1 Feb-
ruary, TEC values decreased by ~15–20 TECU 
from ~02:00 UT to 13:00 UT, while on 2 February 
the depletion reached ~25–30 TECU between 
~04:00 – 10:00 UT. Notably, on 1 February the 
intensity of the negative phase expanded toward 
lower latitudes to ~30°S, whereas on 2 February 
it was mostly confined to high- to mid-latitudes, 
extending to ~55°S.

3.4 Discussion

Given that the austral summer occurs over Antarc-
tica during the boreal winter months, the back-
ground thermospheric circulation is directed from 
the Southern Hemisphere toward the Northern 
Hemisphere. Additional heating associated with the 
substorm activity could further enhance this cir-
culation by strengthening equatorward meridi-
onal neutral winds, thereby lifting the ionosphere 

Figure 3. Latitude-time distribution of differential ∆TEC relative to the reference day (30 January 2025) at 295.75°E 
during 31 January – 4 February 2025. The dashed black line shows the latitude of Vernadsky Station (65.25°S)
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along geomagnetic field lines during nighttime or 
significantly reducing its descent during daytime. 
The resulting upward motion of hmF2 during lo-
cal nighttime to higher altitudes, where recombi-
nation rates are lower, allows the ionospheric 
plasma to persist longer. Such an uplift of the 
F2-layer is clearly evident over Vernadsky Sta-
tion during the disturbed nights of 1 and 2 Febru-
ary 2025. During daytime, enhanced auroral 
heating may have modified the background me-
ridional neutral wind circulation, thereby reducing 
the downward transport of plasma for approxi-
mately three hours (11:00–14:00 LT) on 1 Febru-
ary 2025. Also, a contribution from the penetra-
tion electric fields associated with substorm ac-
tivity cannot be ruled out (Wei et al., 2015). The 
location of Vernadsky Station in a region with a 
magnetic dip angle of ~57.5° (https://geomag.
bgs.ac.uk/data_service/models_compass/wmm_
calc.html) also contributes to the sustained influ-
ence of neutral winds within the WSA region. 
Although the maximum efficiency of plasma lift-
ing occurs at dip angles near 45° (Dudeney  & 
Piggott, 1978), at ~60°, this mechanism remains 
quite effective for maintaining the evening en-
hancement of N

mF2. Extended daylight condi-
tions in polar regions during summer addition-
ally maintain photoionisation, further supporting 
the persistence of the ionosphere.

Despite the pronounced uplift of hmF2 (by ~60–
70 km) on 1 and 2 February 2025, nighttime 
NmF2 and VTEC values decreased significantly, 
indicating a weakening of the WSA under geo-
magnetically disturbed conditions. The observed 
depletion was likely associated with storm-time 
changes in neutral composition propagating from 
high to lower latitudes, as well as enhanced re-
combination processes during the negative iono-
spheric storms, as discussed above.

Equatorward neutral winds superimposed on the 
background thermospheric summer-to-winter cir-
culation produced the observed uplift of the iono-
sphere. At the same time, there are no clear sig-
natures of vertical plasma transport driven by the 
penetration electric field of high-latitude origin 

in the observed hmF2 variations. In particular, the 
absence of hmF2 fluctuations associated with elec-
trodynamic forcing (Buonsanto et al., 1999; Rich-
mond & Lu, 2000; Sojka et al., 2002; Goncharen-
ko et al., 2005), despite significant variations in 
the interplanetary electric field (Ey) (e.g., after 
00:00 LT on 1 February), suggests that this mech-
anism was not the dominant driver of the observed 
uplift. Another example is the period after 00:00 LT 
on 2 February, when a pronounced uplift of 
the ionosphere occurred without corresponding 
enhancements or rapid changes in the electric 
field, while NmF2 showed a strong depletion.

Thus, the observed ionospheric response to the 
1–2 February 2025 storm likely reflects a compe-
tition between plasma enhancement due to neu-
tral wind-induced uplift and composition-driven 
plasma loss. Liu & Yamamoto (2011), in their 
study of the mid-latitude summer nighttime anoma
ly, suggested that as the O/N2 composition distur-
bance zone, transported by neutral winds, propa-
gates from high to low latitudes with decreasing 
magnitude, its effect is stronger at the poleward 
edge of the anomaly. A similar mechanism likely 
contributed to the observed ionospheric response 
in the WSA region, where the Vernadsky Station 
is located close to the poleward edge.

These results demonstrate convincingly that even 
minor geomagnetic disturbances can significant-
ly affect the WSA.

4 Conclusions

This study investigated the ionospheric WSA re-
sponse to weak geomagnetic disturbances that oc-
curred on 1–2 February 2025 using ionosondes 
of the Ukrainian Antarctic Akademik Vernadsky 
station and the GNSS-based data. The main find-
ings are summarised as follows. 

1. A pronounced nighttime depletion was ob-
served in both ionosonde F2-layer peak electron 
density and GNSS-derived VTEC measurements 
on 1 and 2 February 2025, indicating the develop-
ment of the negative phase of the ionospheric storm. 
NmF2 decreased by a factor of ~2 on 1 February and 
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by a factor of ~5 on 2 February, despite a strong 
uplift of hmF2 by 60–70 km. The VTEC was reduced 
by ~15–20 TECU and 25 TECU, respectively.

2. The simultaneous decrease in nighttime NmF2 
and VTEC indicates a weakening of the WSA dur-
ing a minor geomagnetic storm. This depletion was 
likely associated with storm-time neutral compo-
sitional changes.

3. The observations demonstrate that significant 
plasma uplift at the WSA region does not guaran-
tee enhanced NmF2.

Data availability. The IonogramViewer2 program 
can be downloaded from the GitHub repository 
(retrieved on 23 December 2025, from https://
github.com/Albom/IonogramViewer2). The ion-
osonde data are available  at the Zenodo data 
repository (Reznychenko et al., 2026). The NHPC 
program can be downloaded from the UMass 
Lowell Space Science Lab website (retrieved on 
23 December 2025, from https://ulcar.uml.edu/
SoftwareUtilities/NHPC/NHPC430.ZIP). The 
Vertical TEC data are provided by UPC Global 
Ionospheric Maps (retrieved on 23 December 2025, 
from the https://cddis.nasa.gov/archive/gnss/
products/ionex/). The Kp index was obtained from 
the World Data Center for Geomagnetism (https://
wdc.kugi.kyoto-u.ac.jp/aedir/), the F10.7 solar flux 
index from https://www.spaceweather.gc.ca/
solar_flux_data/daily_flux_values/fluxtable.txt, 
and the SYM-H index and solar wind parameters 
to calculate the Akasofu function were taken from 
the OMNIWeb database (retrieved on 23 Decem-
ber 2025, from https://omniweb.gsfc.nasa.gov/
form/omni_min.html).
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Реферат. Досліджено реакцію іоносфери на слабку геомагнітну бурю 1–2 лютого 2025 року в регіоні анома-
лії моря Ведделла. Проаналізовано поведінку ключових параметрів іоносфери (NmF2 та hmF2) за даними 
іонозондових спостережень на Українській антарктичній станції «Академік Вернадський», а також повного 
електронного вмісту у вертикальному стовпі, отриманого за допомогою вимірювань глобальної навігаційної 
супутникової системи. Значне зменшення концентрації електронів шару F2 іоносфери (NmF2) та повного 
електронного вмісту спостерігалося в нічні години 1-го та 2-го лютого 2025 року. Це свідчить про розвиток 
негативної фази іоносферної бурі та послаблення аномалії моря Ведделла під час слабких геомагнітних збурень. 
NmF2 зменшилася приблизно в 2 рази 1 лютого та приблизно в 5 разів 2 лютого, тоді як повний електронний 
вміст зменшився на ~15–20 TECU та ~25 TECU, відповідно. Негативна фаза поширювалася значно далі в 
напрямку екватора 1 лютого, тоді як 2 лютого вона залишалася обмеженою високими та середніми широтами. 
Примітно, що настільки суттєве зменшення NmF2 відбулося попри значне підняття висоти максимуму шару 
F2 іоносфери (hmF2) на ~60–70 км. Чітких ознак вертикального переносу плазми, зумовленого проникнен-
ням електричного поля, у варіаціях hmF2 не виявлено. Ймовірною причиною такого зменшення концентрації 
іоносферної плазми є зміни нейтрального складу під час бурі, пов’язані з апвелінгом, зменшенням відношення 
O/N2 та перенесенням зони збуреного нейтрального складу термосферними вітрами від високих до нижчих 
широт. Отримані результати демонструють, що навіть слабкі геомагнітні бурі можуть суттєво модифікувати 
систему іоносфера–термосфера над Антарктикою та значно впливати на аномалію моря Ведделла.

Ключові слова: іонозонд, іоносфера, іоносферна буря, концентрація електронів, негативна фаза, шар F2
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