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Abstract This study investigates the concurrent evolution of subauroral Storm-Enhanced Density (SED), the
polar Tongue of Ionization (TOI), and the Polar Ionospheric Hole (PIH) during the 10 May 2024 geomagnetic su-
perstorm. Using global GNSS Total Electron Content (TEC) and TIMED/GUVI thermospheric [O]/[N;] ratio mea-
surements, we focus on the interplay between ionized and neutral density structures at polar latitudes. Our observa-
tion exhibited the following scenario that highlights the new understanding of peculiar [O]/[N,] influences on TOI
and plasma patches during this storm. (i) With the arrival of the ICME shock and subsequent Interplanetary Mag-
netic Field (IMF) B, southward turning, Prompt Penetration Electric Field (PPEF) drove Equatorial Ionization
Anomaly (EIA) crests moving poleward, causing a mid-latitude density enhancement. At midlatitude, the pole-
ward Subauroral Polarization Stream (SAPS) provided significantly intensified sunward flow, while PPEF generat-
ed poleward flow, thus the two ion drift components led to the buildup of high electron density, forming the SED
base and plume. (ii) At noon, the SED plume was entrained into the anti-sunward flow channel toward the polar
cap. (iii) An unusual dayside PIH was formed as the neutral gas with a depleted [O]/[N,] ratio began circulating in
the morning sector toward afternoon. This presumed neutral circulation was primarily driven by the increased ion
drag associated with significant storm-time auroral electric fields. (iv) Fresh TOI plasma is moving into the polar
cap and rotating eastward, with some portion continuing antisunward convecting. Successively following the TOI
eastward convection, the PIH also rotates eastward. (v) PIH and TOI continued to be depleted, with TOI being seg-
mented, as the entire polar cap was soaked by the substantially suppressed [O]/[N,] air. The TOI and PIH re-
mained eastward convicting for several hours, including a 2 h interval of larger positive IMF B,..

Key words Tongue of ionization, Storm-enhanced density, Plasma patches, Thermospheric
composition ([O]/[N,]), Magnetosphere-ionosphere-thermosphere coupling, Geomagnetic storms

Classified index

1 Introduction tures serve as critical indicators of coupled Magneto-

sphere-lonosphere-Thermosphere (M-I-T) dynamics.

In the high-latitude ionosphere, large-scale plasma struc-  Among them, the Tongue of Ionization (TOI) is a promi-
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nent feature characterized by a narrow channel of en-
hanced F-region plasma density extending from the day-
side subauroral ionosphere into the polar cap. TOIs are
typically formed during geomagnetic storms when sun-
ward-convecting plasma from Storm-Enhanced Density
(SED) plumes is fed into high-latitude convection path-
ways under sustained southward Interplanetary Magnet-
ic Field (IMF) conditions ™. SED plumes themselves
are robust midlatitude electron density enhancements
driven by storm electric fields and transport processes,
with their evolution and connection to polar cap features,
such as TOI and patches, extensively documented” ™.
These features can span thousands of kilometers and per-
sist for hours, contributing significantly to ionospheric
mass transport across the polar cap and into the night-
side high-latitude region.

The morphology and occurrence of both SED and
TOI are highly variable and influenced by the back-
ground state of the ionosphere, solar wind driving condi-
tions, and likely thermospheric composition variability.
Specifically, SED is tightly connected with storm-time
electric fields inside the polar region and their penetra-
tion into lower latitudes, Subauroral Polarization
Streams (SAPS)[%I], and other related magnetosphere-
ionosphere-thermosphere coupling processes[s]. It is be-
lieved that TOI formation and evolution depend on both
horizontal plasma transport and vertical lifting due to
electric fields and wind surges[4’6]. SED and TOI obser-
vational signatures have been identified across GNSS
Total Electron Content (TEC), incoherent scatter radar,
and satellite in-siru data’™”'"*"'%); first-principal model-
based simulations have reproduced the TOI’s elongation,
density structure, and its coupling with the polar cap
convection pattern’™'" ",

When the elongated stream of plasma, the TOL, is
convected antisunward into the polar cap via E x B drift

[21,22]

driven by high-latitude electric fields , it is often

segmented into discrete polar cap patches, which are lo-
calized islands of enhanced electron density“’z’u’m.
These patches typically form due to temporal and spa-
tial fluctuations in the IMF, particularly under south-
ward B, conditions with varying B,, which distort con-
vection patterns and fragment the TOI** %, Both TOIs
and polar cap patches are key contributors to polar iono-

spheric variability, producing sharp density gradients
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that can drive plasma instabilities and irregularities and
GNSS scintillations!**"*",

A related but distinct phenomenon is the neutral
tongue, a region of altered thermospheric composition,
most notably enhanced [O]/[N,] ratio, that is convected
into the polar cap in parallel with ionized structures like
the TOI. According to Ref. [29], it forms when parcels
of neutral air rich in molecular species (high [O]/[N,])
are transported antisunward across the polar cap by the
thermospheric neutral wind pattern, which follows the
high-latitude convection flow. This neutral transport
mechanism is structurally similar to the ion transport that
convects the TOI. Compared with TOI, the neutral
tongue tends to be weaker, extends a shorter distance
across the polar cap, and requires more time to develop.
Observational evidence provided by Ref. [30] supports
the existence of neutral composition structures near sub-
auroral latitudes.

The development of high [O]/[N,] is totally differ-
ent from the [O]/[N,] depletion that constitutes the com-
position disturbance zone, which occurs initially at auro-
ral latitudes but then expands to mid-and low latitudes,
causing the negative phase of storms® ',

In contrast, Polar Ionospheric Holes (PIHs), the
electron density depletion, are regions of un-usually low
electron density, frequently observed in the polar cap
during geomagnetically quiet periods or polar night.
These holes arise from a combination of weak ioniza-
tion sources (due to the absence of solar EUV radiation)
and elevated recombination rates; meanwhile, slow plas-
ma convection allows sustained ion loss by chemistry,
particularly under conditions of low [O]/[N,] ratios”>],
While often less dynamic than TOIs, polar holes exhibit
sharp horizontal density gradients and can persist for
long durations in the central polar cap. These features
are not passive but interact with surrounding plasma
structures, including TOIs. When TOIs encounter densi-
ty depletion holes, the resulting steep electron density
gradients may drive plasma irregularities or fragmenta-
tion into polar cap patches, with implications for GNSS
(Global Navigation Satellite System) signal integrity and
space weather effects’™**].

SED, TOI, Patches, and PIH are distinctive iono-
spheric density gradient structures that exhibit substan-
tial variability across diverse storm conditions. On
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10 May 2024, it presents another rare opportunity to in-
vestigate the dynamical behaviors of these plasma densi-
ty structures in the polar cap region. As demonstrated in
this study, the simultaneous plasma and neutral distur-
bances significantly shape the stormtime upper atmo-
sphere in the polar region, a coupling aspect that hasn’t
been frequently observed in prior research. The only rel-
evant polar cap research conducted for this event was by
Ref. [36], who provided a comprehensive synoptic, mul-
ti-instrument characterization of the polar ionosphere’s
response throughout the storm’s expansion, main, and
recovery phases using a suite of observations, including
GNSS TEC, Incoherent Scatter Radar, and ionosonde
measurements at high latitudes. Our study focuses on
how the TOI and PIH evolve during the concurrent neu-
tral gas development with depletion of the composition
ratio [O]/[N,].

2 Observation and Data

2.1 GNSS TEC Data Processing

The Massachusetts Institute of Technology (MIT)
Haystack Observatory has continuously produced world-
wide ground-based GNSS vertical TEC data since
2000 using the MAPGPS (MIT Automated Processing
of GPS) software suite””**]. These data are freely acces-
sible to the community through the Madrigal database .
GNSS TEC processing currently utilizes more than
6000 global  receivers, generating approximately
150 million Line-Of-Sight (LOS) data points daily™”.
These data are contributed by international research
communities. For example, the Canadian High Arctic
Ionospheric Network (CHAIN) is a distributed array of
ground-based radio instruments located in the Canadian
High Arctic, including high data-rate GNSS scintillation
and TEC monitors in the cusp, auroral oval, and polar
cap regions[40]. These and other high-latitude GNSS ob-
servations were used in this study.

In addition to TEC values, this study also demon-
strates the fluctuation component of TEC derived after
detrending the background vertical TEC, following the
widely adopted approach first proposed by Ref. [41] and
later applied in numerous TID studies™ *. Here we uti-

[46]

lized a low-pass Savitzky-Golay filter' " with a linear

* http://openmadrigal.org

basis function and a 30-minute sliding window to deter-
mine the smooth background[g’“’“fso]. This filter applies
a convolution process with least-squares fitting over
time-adjacent data subsets for each satellite-receiver
pair.

2.2 Thermospheric Composition

and TIMED/GUVI
During geomagnetic storms, the thermospheric composi-
tion undergoes significant redistribution, leading to
changes in the column-integrated [O]/[N,] ratio. These
changes are primarily driven by high-latitude heating
and upwelling, which bring molecular-rich (N,-domi-
nant) air into the F region. As a result, the [O]/[N,] ratio
typically decreases in regions affected by this composi-
tion disturbance. A lower [O]/[N,] ratio enhances ion
loss through recombination, contributing to negative
ionospheric storms in which electron density is reduced
despite continued solar EUV input.

The Global Ultraviolet Imager (GUVI) onboard the
TIMED satellite has been essential for detecting these
changes by providing global-scale observations of
storm-time thermospheric composition variations. The
TIMED (Thermosphere-lonosphere-Mesosphere Ener-
getics and Dynamics) satellite, launched by NASA in
2001, is designed to study the dynamics, composition,
and energy inputs of the mesosphere and lower thermo-
sphere. It operates in a low Earth orbit at an altitude of
approximately 625 km with a 97.1° inclination, en-
abling near-global coverage over time. TIMED’s orbital
configuration allows sampling of all local times
(~08:30 during the May storm) over a 60-day period due
to its processing, sun-synchronous-like orbit. One of its
key instruments is GUVI, which measures Far-Ultravio-
let (FUV) emissions to infer thermospheric composition
and structure”!. GUVI observes in the 115-180 nm
wavelength range, capturing emissions from both atom-
ic oxygen and molecular nitrogen. A primary GUVI da-
ta product is the column-integrated [O]/[N,] ratio, which
serves as a proxy for thermospheric composition. This
ratio is derived from measurements of atomic oxygen
emissions at 130.4 nm and 135.6 nm and N, Lyman-
Birge-Hopfield (LBH) band emissions,
through photochemical modeling and inversion algo-

processed

rithms">*. In the auroral region O and N, FUV emis-
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sion retrievals may be affected by intense auroral emis-
sions; however, this study focuses on significant deple-
tion features of the ratio [O]/[N,] that are generally more
robust and less likely to be dominated by such effects.

3 Results and Analysis

3.1 Solar Geophysical Conditions
and Global TEC Responses

The 10 May 2024 superstorm was the most intense geo-
magnetic storm of the past two decades. The solar-geo-
physical conditions, as shown in Figure 1, were charac-
terized by a substantial decrease in the Dst (Sym-H) in-
dex, which plummeted to nearly —500 nT at approxi-
mately 02:00 UT on 11 May. This decrease was preced-
ed by an abrupt positive excursion around 17:00 UT on
10 May, indicating the arrival of the shock front associ-
ated with the Interplanetary Coronal Mass Ejection
(ICME) at the magnetopause. Following the shock ar-
rival, the solar wind dynamic pressure surged to approxi-
mately 50 nPa, and the IMF B, component turned strong-
ly southward, leading to significant magnetospheric
compression. The southward B, excursion reached val-
—35and -39nT at approximately
18:00 UT and again near 22:00 UT, followed by a subse-

quent rotation to strongly northward conditions of up to

ues Dbetween

+50 nT. Notably, during this interval, B, experienced a

dramatic northward enhancement exceeding +75 nT that

Chin. J. Space Sci. =AFFFIR 2026, 46(5)
persisted for nearly three hours.

The ionospheric TEC response was prompt, global,
multiscale, dynamic, and complex. Figure 2 illustrates
TEC variations (Figure 2a, d) along the great meridians
of approximately 70°W in the Western Hemisphere
(eastern American sector) and 110°E in the Eastern
Hemisphere (eastern Asian sector). TEC relative varia-
tions (Figure 2b, e) represent percentage changes rela-
tive to a quiet day, 9 May 2024. dTEC represents iono-
spheric fluctuations (Figure 2c, f). It was evident that the
prompt response spanned both day and night, with TEC,
and more prominently dTEC, being enhanced during
daytime and depleted at night. The response was particu-
larly intense at midlatitudes during the day and at equa-
torial latitudes at night. These features were clear signa-
tures of TEC changes driven by prompt penetration of
the Interplanetary Electric Field (IEF) as demonstrated
in Ref. [54].

The IEF sudden imposition on the magnetospheric
and ionospheric current systems caused deep penetra-
tion of the electric field into low latitudes, leading to up-
ward perpendicular-to-B (PerpB) plasma drift on day-
side and downward PerpB drift on nightside. TEC in-
creased on dayside as a result of this upward drift, com-
bined with continuous replenishment of bottomside ion-
ization by photochemical production. In contrast, TEC
decreased at night due to sustained downward drift,

which facilitated efficient chemical recombination loss.
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Solar geophysical conditions for 10-12 May 2024. IMF B, and B. (a), interplanetary electric field (b),

SYM-H index (c), solar wind dynamic pressure (d), auroral AU and AL index (e)
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Fig. 2 Latitudinal and UT variations in TEC (TECU, a and d), TEC relative changes (percentage fraction) from the reference
on 10 May 2024 (b and e), and dTEC (TECU, c and f) in American (left panels) and Asian (right panels) sectors which have

12-hour local time offset. Dashed lines mark the ICME arrival induced simultaneous ionospheric variations

This prompt-penetration electric field (PPEF) effect on
TEC during shock arrival has been a commonly ob-
served ionospheric phenomenon. The PPEF was mea-
sured directly by the incoherent scatter radar at Sanya[SS].

Immediately following the shock arrival, Traveling
Ionospheric Disturbances (TIDs) were generated (Fig-
ure 2c, f), accompanied by TEC depletion that initiated
at high latitudes and propagated toward lower latitudes.
The TIDs appeared to emanate from a source region lo-
cated near ~60°N in the eastern American sector. Equa-
torward propagation was particularly prominent during
daytime in the eastern American sector, with phase
speeds of approximately 600 m-s . In the eastern Asian
sector (nightside), simultaneous TID propagation was al-
so observed, exhibiting smaller absolute amplitudes but
comparable relative amplitudes when compared with
those in the eastern American sector. TIDs also propa-
gated across equatorial latitudes into the opposite hemi-
sphere.

TEC depletion exceeded 100% in the southern
hemisphere on the nightside in the eastern American sec-
tor (Figure 2b), where the negative phase persisted for
several days. In contrast, the negative phase was less

pronounced in the eastern Asian sector relative to the
quiet-day reference, but intensified during nighttime on
11 May (Figure 2e), consistent with the findings of Ref.
[56]. In addition, a notable TEC enhancement island was
observed over eastern Asian midlatitudes between
18:00 and 21:00 UT""*, exhibiting slow zonal propa-
gation.

3.2 Storm Enhanced Density

SED began to occur at ~18:00 UT soon after the ICME
arrival and moved out of GNSS data coverage over the
contiguous United States (CONUS) by the end of the UT
day on 10 May. Figure 3 illustrates the development of
the SED in terms of both absolute and relative TEC dif-
ferences with respect to the reference day, May 9. These
quantities are denoted as ATEC and ATEC %, respec-
tively. The SED initially appeared as a highly localized
enhancement in the midlatitude region (~60° apex lati-
tude) near the noon sector (Figure 3a”). During the sub-
sequent four hours, the enhancement zone expanded
both zonally and meridionally, while the main body of
the structure migrated westward/sunward and poleward
(see also Figure 4). The westward migration speed was
approximately 95 m's ', which was slower than the
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Fig.3 A sequence of global TEC maps to demonstrate the SED development. TEC variations are shown as absolute difference

from the reference day 10 May 2024 (left) and relative percentage (fractional) change (right)

Earth’s rotation speed, indicating sub-rotational motion.
The SED enhancement structure was tilted in a north-
west—southeast orientation, with the plume extending to-
ward the noon sector at higher latitudes into the auroral
and cusp regions. The SED plume became pronounced
by 20:30 UT and was significantly enhanced by
22:30 UT, reaching amplitudes of approximately
60 TECU, or ~80% above the background level. Along
this tilted structure, density depletion developed toward
the duskside and gradually intensified, suggesting the
formation and motion of the midlatitude trough.

The impact of PPEFs on SED initiation was evi-
dently accompanied by sudden changes in the equatorial
region. By 19:30 UT, the southern crest of the Equatori-
al Ionization Anomaly (EIA) in South America had al-

ready moved beyond the 15° S apex latitude, registering
TEC enhancements of approximately 30 TECU, or
~80% above the background level (Figures 3b and 3b’).
In contrast, equatorial TEC depletion was present but of
smaller magnitude. On nightside, however, TEC reduc-
tion was much more pronounced, particularly in relative
changes (Figures 3a’ and 3b’). These equatorial TEC
variations were driven by PPEFs, which were eastward
on dayside and westward on nightside, thereby produc-
ing upward and downward vertical ion drifts, respective-
ly.

The dayside PPEF over the American sector drove
upward ion drift at the magnetic equator, and poleward
(PerpB) and upward plasma drifts at midlatitudes. As a
combined consequence of the enhanced fountain effect
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and local PPEF forcing, plasma was transported pole-
ward into midlatitudes and upward to higher altitudes.
This uplifted plasma formed the lower latitude base of
the SED plume. The westward-tilted TEC enhancement
structure was likely related to westward plasma flow that
varied with latitude. This flow was driven either by Sub-
auroral Polarization Streams (SAPS) or by the penetra-
tion and expansion of the two-cell convection electric
field, which is poleward in the afternoon-dusk sector and
drives westward ion drift. Consistent with this interpreta-
tion, SAPS was indeed observed by the DMSP drift me-
ter!',

3.3 Polar Tongue of Ionization and Ionization Hole
As illustrated in Figure 4, the SED plume plasma, to-
gether with auroral plasma in the cusp, was eventually
entrained into the antisunward convection channel with-
in the polar cap. A sequence of polar-view TEC maps,
spanning from 17:00 UT on 10 May prior to the ICME
arrival (Figure 5) to 08:55 UT on the following day (Fig-
ure 6), during the deep recovery phase of the storm, was
used to demonstrate the evolution of Tongue of Ioniza-
tion (TOI) structures and their interaction with the Polar
Ionospheric Hole (PIH), as well as the influence of neu-
tral composition changes.

SED signatures in the polar-view maps first be-
came evident at 18:00 UT, and the plume reached apex
latitudes exceeding 65°N by 18:45 UT. Prior to this,
however, localized density depletion was identified at
approximately 18:15 UT near 08:00 LT within the >65°
N apex latitude region. More widespread depletion had
begun even earlier, around 18:00 UT, coincident with
[O)/[N;] depletion measured by TIMED/GUVI. Concur-
rent TOI and PIH structures were observed at 19:00 UT.
By 19:30 UT, TEC depletion associated with the PIH ap-
peared to segment the TOI; at this time, the PIH was
well correlated with measured [O]/[N,] depletion. No-
tably, the PIH rotated anticlockwise (eastward) across
the noon sector into the afternoon sector throughout the
interval from 18:15 to 21:30 UT shown in Figure 5. Ow-
ing to the influence of the low-density PIH, the TOI oc-
cupied only a limited region of the polar cap and be-
haved more like discrete patches. An isolated patch was
observed between 20:00 and 21:00 UT in the afternoon
sector. At 21:15 UT and 21:30 UT, TOI plasma contin-
ued to enter the polar cap on the dayside, where PIH-re-
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Fig. 4 SED plume temporal evolution in latitude
for a broad longitude bin —115°E to —90°E degrees (a), and in
longitude at 60°N—65°N Apex latitude (b), and at 65°N-70°N
Apex latitude (c) on 10 May 2024

lated depletion was less severe than on the nightside,
consistent with the measured [O]/[N,] depletion. The
TOI reached the magnetic pole by 21:30 UT.

During the subsequent interval from 21:45 UT to
23:00 UT (Figure 6), the TOI remained intense. This pe-
riod coincided with the northward turning of IMF B, and
a strongly positive IMF B,. The eastward convection of
both TOI and PIH in the dusk sector remains steady. Af-
ter this interval, no additional TOI structures or patches
were discernible within the polar cap, even though SED
activity persisted until approximately 02:00 UT. From
00:00 UT onward, the entire polar cap was dominated by
TEC suppression associated with [O]/[N,] depletion for
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Fig. 5 A polar view of TEC snapshots between 17:00-21:30 UT on 10 May 2024 to demonstrate the plasma density gradients
TOI or the patch (see red arrows) and Polar Ionization Hole (back arrows). Corresponding GUVI [O]/[N;] variations along
the trajectory of the TIMED are also shown at approximate times of TEC snapshots. Note that the depletion of [O]/[N,] inside

the polar cap does not align with the region of enhanced TEC, which would suggest auroral precipitation

several hours, as shown in Figure 6. Nevertheless, TEC
enhancements were observed over auroral latitudes
(~60°N apex latitude) at 02:06 UT, 07:00 UT, and
08:55 UT on the nightside (see yellow arrows); these au-

roral precipitation features”™” were not associated with

TOI nor polar cap patches.
To summarize the TOI and PIH variations, Figure 7

traces their temporal evolution at two apex latitude
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Fig. 6 Same as Figure 5 but for snapshots at 21:45-08:55 UT (10-11 May 2024). Yellow arrows mark

the area of enhanced TEC due to auroral particle precipitation

bands, 70°N—75° N and 75°N-80° N. The TOI propagat-
ed eastward in the dusk sector at a speed of approximate-
ly 700 m's ' and westward in the dawn sector (Figures
7a, b). These propagation directions were largely consis-
tent with the antisunward plasma flow in the polar cap.

While the TOI generally convected eastward and anti-

sunward into the polar cap, the PIH appeared to have
followed the TOI dynamics, with a much deeper deple-
tion at higher apex latitudes (75°N—80°N) than at 70°
N—75°N where some plasma cloud remained (Figures
7a,b).

The PIH convected eastward on the duskside at ap-
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Fig. 7 Longitudinal propagation inside the polar cap of density structures in TOI and patches (a and b), and dTEC fluctuations
(c and d) over two apex latitude bins of 70°N-75°N (left) and 75°N—80°N (right) on 10 May 2024

proximately the same speed as the TOI. This may imply
that the high latitude ExB-driven convection was so
strong that neutrals were also convicting at the similar
speed such that the [O]/[N,] depletion gas has sustained
chemical impact on O" reduction, causing PIH which
was convecting along with TOI. The differential TEC
(dTEC), representing the fluctuation component of TEC,
propagated together with the bulk TOI flow (Figures 7c,
d). The slopes of the dTEC fronts consistently corre-
sponded to a convection speed of ~700 ms ' within the
polar cap. In addition, dTEC exhibited clear small struc-
tures superposed on the PIH region, particularly at high-
er latitudes (Figure 7d).

In the preceding discussion, it was observed that
PIH is associated with the depletion of [O]/[N,]. The
variations in [O]/[N,] for each orbit are presented in Fig-
ure 8 over the two days. The [O]/[N;] depletion became
severe at the 21:24 UT orbit (Figure 8a) and subsequent
orbits (Figure 8b). This depletion of neutral gas can lead
to a reduction in O" due to enhanced recombination with
N, and a decrease in O photoionization on the sunlit
ionosphere as O decreases. The impact is particularly
pronounced on the dayside due to the combination of re-

duced O and the increase in N,. The O plasma entering

this throat region as TOI is subject to this chemical ef-
fect, resulting in segmentation of TOI and the develop-
ment of patches. While the neutral gas with depleted
[O]/[N,] convects at a similar speed to the O ions, the
sustained chemical influence can be effective in reduc-
ing O". This [O]/[N,] influence extends beyond PIH and
affects TOI as well. The exact consequences on plasma
density depend on the convection and circulation of plas-
ma and neutrals, as well as their time history, particular-
ly when the IMF B; and B, are subject to dynamic devel-
opment. In conclusion, additional consideration of the
influences of [O]/[N,] depletion can contribute to the
TOI segmentation and patch formation.

3.4 Highlights of Observational Features

The observations presented here underscore the extreme
nature of the May 2024 superstorm and its profound im-
pact on the M-I-T system. The prompt global TEC re-
sponse, characterized by dayside enhancements and
nightside depletions, confirms the dominance of PPEF
mechanisms during the initial phases of such intense
events. The subsequent development of TIDs propagat-
ing from high to mid-latitudes demonstrates the efficient
transfer of energy from the auroral regions into the glob-

al ionosphere. Main observational features are summa-
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Fig. 8 A polar view of the GUVI [O]/[N;] measurements at ~08:30 LT on 10—11 May 2024. Orbit-by-orbit variations

is shown in the left panels; a smoothed version to fill the gaps is provided merely to show a big and

rough picture of [O]/[N,] distribution in the polar region

rized as follows.

(1) A well-defined SED plume formed in the mid-
latitude noon sector, expanded northwestward, and prop-
agated sunward and poleward at a subrotational speed.

(2) The SED plume fed into the polar convection
pathway, contributing the formation of TOI that initially
convected antisunward through the throat region and
then eastward into afternoon and dusk sectors inside the
polar cap.

(3) Almost simultaneously, a PTH emerged at polar
latitudes and rotated and propagated eastward along with
the TOI which was effectively segmented into patch-like
structures.

(4) The PIH was observed accompanying the neu-
tral air with depletion of the [O]/[N,] ratio, implying the
significance of composition-driven contribution to elec-
tron density reduction. The presumed neutral circulation
under the influence of ion convection has a sustained
chemical impact on the convecting ionospheric density,
including TOI. This PIH observation appears substan-
tially different from what has often been observed on the
nightside without solar photoionization during magnetic
quiet time with slow plasma convection®”,

(5) dTEC observations captured fine-scale irregu-
larities within the TOI and PIH, demonstrating multi-
scale plasma density structures.

(6) The suppression of TOI after 23:00 UT, despite
ongoing SED activity, emphasizes the impact of sus-
tained [O]/[N,] depletion on plasma structure sustain-

ability.

Based on these observations, we will outline a gen-
eral scenario in the subsequent Summary section that
provides an overview of the processes occurring at sub-

auroral and high latitudes during this extreme storm.

4  Summary

This study comprehensively analyzes the dynamic inter-
play among the Storm-Enhanced Den-Sity (SED), the
Tongue Of Ionization (TOI), and the Polar Ionospheric
Hole (PIH) during the 10 May 2024 geomagnetic super-
storm which produced the strongest geomagnetic distur-
bance in two decades, with Dst reaching ~ —500 nT.
Global ionosphere experienced rapid, large-scale re-
sponses, including prompt penetration electric field
(PPEF) effects on dayside and nightside. By utilizing
global GNSS TEC and TIMED/GUVI [O]/[N,] observa-
tions, we investigate how storm-time plasma structures
at high altitudes evolved in response to thermospheric
composition changes and polar cap convection. This
event provides novel insights into the modulation and
segmentation of TOI by coexisting PIH structures which
signifies the presence of [O]/[N;] depletion. Based on
these observations, we outline the following scenario of
processes at subauroral and high latitudes during the
10 May 2024 superstorm.

(1) With the arrival of ICME shock and subsequent
B, southward turning, PPEF generated a highly intense
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fountain effect. This effect drove EIA crests moving
poleward, causing a midlatitude density enhancement.
At midlatitude, the poleward SAPS electric field provid-
ed significantly intensified sunward flow, while PPEF
generated poleward flow, thus the two ion drift compo-
nents led to the buildup of high electron density, form-
ing the SED base and plume.

(2) At noon, the SED plume was entrained into the
anti-sunward flow channel. This resulted in the TOI
crossing the throat region and entering the polar cap.

(3) The PIH was formed, unusually on dayside at
the beginning, as the neutral air with depleted [O]/[N»]
ratio began circulating in the morning sector toward
noon. This presumed neutral circulation was primarily
driven by the increased ion drag associated with signifi-
cant auroral electric fields.

(4) Fresh TOI plasma is moving into the polar cap
and rotating eastward, with some portion continuing
moving in the antisunward direction. Following the TOI
eastward convection, the PIH also rotates eastward.

(5) The PIH and TOI continued to be depleted, with
TOI being segmented, as the entire polar cap was soaked
by the neutral gas with substantially suppressed [O]/[N,]
ratio. The TOI and PIH remained eastward convicting
for several hours, including a 2 h interval of larger posi-
tive IMF B,

Overall, this event underscores how neutral compo-
sition variability, especially with [O]/[N;] de-pletion,
can disrupt polar plasma transport and reshape TOI mor-
phology and patches formation.
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