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Key Points:

e Assimilated Special Sensor Ultraviolet Spectrographic Imager (SSUSI) auroral inputs and Super Dual Auroral Radar Network
(SuperDARN)-derived convection drivers using the Thomas and Shepherd (2018) model (TS18) allow the
Thermosphere-lonosphere-Electrodynamics General Circulation Model (TIEGCM) to realistically reproduce the May 10-11, 2024,
superstorm.

e Data-driven simulation successfully captures the rapid formation of storm-enhanced density and tongue of ionization, yielding
improved agreement with the Global Navigation Satellite System (GNSS) total electron content (TEC) relative to empirical drivers.

e Above the F;, peak, fine-scale E x B uplift and polar-cap transport dominate, whereas below the peak, auroral precipitation and neutral
winds control the development of storm-enhanced density and tongue of ionization.
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Abstract: Storm-enhanced density (SED) and the tongue of ionization (TOI) are key ionospheric storm-time structures whose rapid
evolution and fine-scale variability remain challenging to capture with conventional empirical high-latitude drivers. In this study, we
examine the May 10-11, 2024, superstorm using the Thermosphere-lonosphere-Electrodynamics General Circulation Model (TIEGCM)
with observation-constrained high-latitude forcing. Auroral precipitation parameters (energy flux and mean energy) are assimilated from
a Defense Meteorological Satellite Program (DMSP) Special Sensor Ultraviolet Spectrographic Imager (SSUSI) using a multi-resolution
Gaussian process (Lattice Kriging) approach, whereas high-latitude convection potentials are derived by assimilating Super Dual Auroral
Radar Network (SuperDARN) observations with the Thomas and Shepherd (2018) model (TS18). For comparison, an additional simulation
is performed using empirical models for both convection and auroral forcing. The results show that during the main phase of the May 10
storm, the data-driven simulation provides a more realistic depiction of the SED source region than does the empirical model run by
capturing its rapid intensification more clearly and reproducing its spatial location and structural features with higher fidelity. These
improvements lead to a more accurate representation of its poleward extension into the polar cap that develops into the TOI. Above the
ionospheric F, peak over the SED source region, SuperDARN-constrained potentials generate stronger and more localized E x B drifts that
dominate plasma uplift and drive its transport into the polar cap, although neutral winds and downward ambipolar diffusion partially
offset these effects. Below the F; peak, neutral winds and photochemical processes play a major role in shaping the spatial extent and
intensity of the SED and TOI. These results highlight the role of observation-constrained high-latitude drivers in representing
ionosphere-thermosphere responses during extreme storms and suggest their relevance for improving physical interpretation and
model performance.
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tudes to subauroral regions as a high-density plume that extends
poleward and across the dayside; the TOl is the continuation of
that plume inside the polar cap, forming a narrow band with
sharp edges (Foster, 1993; Kelley et al., 2003; Thomas et al,, 2013;
Dang T et al,, 2019). Observations from Global Navigation Satellite
System (GNSS) total electron content (TEC), incoherent scatter
radars, and the Defense Meteorological Satellite Program (DMSP)
Special Sensor Ultraviolet Spectrographic Imager (SSUSI) show
that the SED and TOI are often accompanied by strong variabilities
and irregularities that degrade navigation and communication
(van der Meeren et al., 2014; Cherniak et al., 2015; Cherniak and
Zakharenkova, 2016; Zhang KD et al., 2023). Observations also
indicate that SED intensifies rapidly in the afternoon-evening
sector, expands poleward, and then threads the polar cap along
convection pathways; this continuous track matches transport
through the convection throat and is widely regarded as the
primary source of the TOI (Foster et al., 2007; Heelis et al., 2009; Liu
J et al,, 2015, 2016, Liu LB and Wan WX, 2020). The May 10-11,
2024, superstorm was exceptionally intense and displayed SED in
two hemispheres with long-lived midlatitude density peaks, so we
use it as the representative case in this study (Aa et al.,, 2024a; Jin
YQetal., 2025).

Observations and models have clarified key aspects of the SED
and TOl: GNSS TEC maps, incoherent scatter radars, and in situ
DMSP plasma together document their onset, rapid growth, and
interhemispheric differences (Foster and Rideout, 2007; Yuan ZG
et al., 2008). Physics-based coupled ionosphere-thermosphere
models, such as SAMI3 and the Thermosphere-lonosphere-Elec-
trodynamics General Circulation Model (TIEGCM), are used to
identify the controlling processes (Huba and Drob, 2017;
Pokhotelov et al., 2021). Upward E X B drifts together with equa-
torward winds lift plasma to altitudes of reduced recombination
rate, favoring SED enhancement (Horvath and Lovell, 2010; Foster
et al,, 2021). The enhanced midlatitude plasma is subsequently
carried poleward by large-scale polar cap convection, developing
into the TOI that extends across the polar cap into the nightside
high latitudes (Foster et al, 2007; Thomas et al.,, 2013). These
results indicate that storm-time electrodynamic forcing organizes
the overall SED and TOI morphology, whereas thermospheric
responses modulate its amplitude and persistence (Heelis et al.,
1982; Burns et al., 1995).

Despite these advances, standard high-latitude drivers in global
models often underestimate or smooth out key storm-time struc-
tures (Heelis et al., 1982; Lu X et al., 2023). Empirical auroral inputs
underestimate energy deposition and carry little mesoscale or
small-scale structure compared with SSUSI observations, thereby
weakening heating and the modeled TEC response (Newell et al.,
2015; Wu HN and Lu X, 2022). Empirical high-latitude convection
potentials are also too smooth, often constrained to tidy two-cell
patterns with quasi-fixed boundaries, so they suppress sharp
gradients and narrow flow channels documented by the Super
Dual Auroral Radar Network (SuperDARN) and incoherent scatter
radars (Weimer, 2005; Cousins and Shepherd, 2012; Walach et al.,
2022). Consequently, empirically driven runs tend to understate
plume strength and TOI penetration, and they capture less of the
event-time variability.
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Data assimilation mitigates these gaps by blending observations
with empirical models in constructing high-latitude drivers that
resemble the real system. A multiresolution Gaussian-process
framework (Lattice Kriging [LK]) assimilates SuperDARN and Poker
Flat Incoherent Scatter Radar (PFISR) drift measurements to recon-
struct vector electric fields. It fuses SSUSI and Time History of
Events and Macroscale Interactions during Substorms (THEMIS) All-
Sky Imager (ASI) auroral observations to estimate the energy flux
and mean energy (Lu X et al, 2023). Assimilated convection
potentials and electric fields retain mesoscale arcs and channels,
sharpen gradients, and reduce artificial boundary jumps.
Compared with the smooth empirical high-latitude potentials,
they reproduce the rapid, fine-scale variability observed by Super-
DARN (Richmond and Thayer, 2000; Papitashvili and Rich, 2002;
Chisham et al.,, 2007). In parallel, the auroral energy inputs are
magnified toward observed levels, improving the specification of
precipitating energy in space and time (Frey et al., 2004).

We drive the TIEGCM with high-latitude inputs constrained by
observations: auroral energy flux and mean energy from SSUSI via
multiresolution Gaussian-process assimilation and convection
potentials from SuperDARN spherical-harmonic-fit maps. For
comparison, we also perform a reference run with conventional
empirical drivers. We analyze the May 10-11, 2024, storm as a
representative event, using SED and TOI structures as entry points
and suggesting a data-assimilation approach guided by observa-
tions. When the driver amplitude, update cadence, and mesoscale
content are anchored to observations, the assimilation markedly
improves model fidelity and applicability during a superstorm. It
provides clear direction for forecasting and researching electrody-
namic processes.

2. Data and Model Descriptions

2.1 DMSP SSUSI Data and the Assimilation Method

The auroral energy flux and mean energy are derived from the
SSUSI instruments onboard the DMSP satellites (Paxton et al.,
1992; Paxton and Meng Cl, 1999). The SSUSI provides global auroral
observations with 0.15° spatial resolution and a 90 min revisit, and
the retrieved products have been widely used to specify precipita-
tion drivers in ionosphere-thermosphere models (e.g.,, Wu HN et
al., 2020).

To construct temporally continuous and spatially complete auroral
maps, SSUSI observations within £10 mins of each target Universal
Time (UT) are first binned to form instantaneous swaths. To miti-
gate data gaps between successive satellite passes, additional
measurements within £1 h are linearly interpolated in time,
providing improved coverage across the auroral oval (Wu HN et
al., 2022). The original and interpolated data are then weighted
according to their fidelity—direct SSUSI measurements retain full
weight. In contrast, interpolated data are down-sampled to one-
third of the native grid density to avoid overrepresentation. This
preprocessing ensures that regions covered by actual observations
dominate the subsequent assimilation.

The preprocessed SSUSI data are assimilated using the LK model,
a multiresolution Gaussian process framework for spatial analysis
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(Nychka et al,, 2015). The LK model uses nested compact radial
basis functions to capture both large-scale patterns and
mesoscale auroral structures. It combines all available SSUSI
inputs to produce continuous global maps of auroral energy flux
and mean energy while preserving mesoscale (10-100 km) vari-
ability. To reduce the smoothing artifacts inherent in Gaussian-
process fitting, a K-Nearest Neighbor (KNN) postprocessing filter is
applied. This step removes nonphysical low-flux values in the
polar cap. It sharpens the auroral boundaries, resulting in more
realistic high-latitude energy-flux distributions used as time-
dependent inputs for the TIEGCM simulation.

2.2 SuperDARN Electric Potentials and Assimilation with
the TS18 Model

Large-scale ionospheric convection is specified using SuperDARN
line-of-sight velocity measurements, which are combined into
global convection maps (Ruohoniemi and Greenwald, 1998; Shep-
herd and Ruohoniemi, 2000). As of 2024, SuperDARN consisted of
39 radars, including six newly built Chinese stations (CN-DARN) at
Longjing, Siziwang, and Hejing, which greatly expand coverage
across Asia and enable unprecedented storm-time convection
observations (Nishitani et al., 2019; Zhang JJ et al., 2024).

SuperDARN data are assimilated with the TS18 empirical model
(Thomas and Shepherd, 2018) to obtain continuous high-latitude
potentials, thereby compensating for gaps in SuperDARN obser-
vations. The assimilation follows the SuperDARN Assimilative
Mapping (SAM) framework (Cousins et al., 2013), in which radar
line-of-sight velocities are fitted together with the TS18 back-
ground potential by using a weighted least-squares approach.
Measurement uncertainties determine observation weights,
whereas the background model provides global constraints in
regions without radar echoes. The resulting convection potentials
preserve the large-scale two-cell structure while incorporating
SuperDARN-observed mesoscale features, offering realistic elec-
trodynamic drivers for the TIEGCM simulation.

2.3 TIEGCM Description and Term Analysis Method

The TIEGCM (version 2.0) is a time-dependent, three-dimensional
global model that self-consistently simulates key thermospheric
and ionospheric processes, including neutral composition,
temperature, winds, ionospheric transport, electric fields, and
current systems (Roble et al., 1988; Richmond et al., 1992; Qian LY
etal, 2014). In this study, the model is configured with a horizontal
resolution of 2.5° x 2.5° and 60 pressure levels spanning altitudes
from approximately 97 to 500 km. At the lower boundary, migrat-
ing and nonmigrating tides originating from the lower atmosphere
are specified using the Global Scale Wave Model, whereas all
other boundary conditions follow the standard TIEGCM configura-
tion.

Two sets of simulations are performed in this study. In the reference
simulation, high-latitude electrodynamic forcing is specified using
the Weimer empirical electric potential model together with
empirical auroral particle precipitation (Roble and Ridley, 1988;
Weimer, 2005). In the data-driven simulation, the high-latitude
forcing is replaced by observation-constrained inputs, in which

convection potentials derived from SuperDARN observations and
auroral precipitation parameters obtained from DMSP SSUSI
measurements are assimilated and used as external drivers for the
TIEGCM. This experimental design allows a direct comparison
between empirical and observation-constrained high-latitude
forcing during the storm period.

To investigate the evolution of SED and its polar-cap extension as
the TOI, we apply a term analysis of the ion continuity equation in
the vicinity of the F, peak. This diagnostic framework has also
been used in previous studies to separate the relative contributions
of different physical processes to ionospheric density variations
(Lei JH et al., 2008). The O* continuity equation can be written as
ONo+
ot

= Go+ = BNo+ = V - (No+V), (1)

where Ng+is the O*density, go+ is the production rate, g is the
effective loss coefficient, and V is the ion velocity. The first two
terms on the right-hand side represent chemical production and
loss, whereas the last term denotes plasma transport. The transport
term can be further separated into contributions from neutral
wind transport, E x B drift, and ambipolar diffusion.

In the F, region, Ot is the dominant ion, so the electron density
can be approximated by the O* density (Rishbeth and Garriott,
1969). Because their density variations are numerically similar, the
continuity equation can be written in terms of electron density
and decomposed into contributions from chemical (6NE.),
neutral wind (6NE,,), E X B (6NEgg), and ambipolar diffusion terms

(ONEambi_diff):
ONE = 6NEch + 6NEW + 6NEE><B + 6NEAmbi_diff- (2)

3. Results

Figure 1 shows the interplanetary and geomagnetic conditions on
May 10, 2024, at 16:00-24:00 UT. After commencement of the
sudden storm at ~17:00 UT, interplanetary magnetic field (IMF) B,
turned southward following 18:00 UT and remained mostly
between —20 and —30 nT, reaching more negative values near
20:00 UT. Interplanetary magnetic field B, was highly variable,
with a sharp reversal between 22:20 and 22:40 UT from negative
to positive values exceeding 80 nT. During this interval, the solar
wind speed remained above 700 km/s, and the dynamic pressure
showed pronounced fluctuations. The geomagnetic response was
intense: SYM-H decreased rapidly to approximately —300 nT,
marking the development of the storm main phase. The AE index
increased to more than 2000 nT with repeated intensifications,
demonstrating strong substorm activity.

Given the storm-time geomagnetic indices in Figure 1, realistic
high-latitude inputs are required for the model; Figure 2 provides
the energy flux and electric potential from observations, empirical
models, and the assimilation. Figure 2a shows the auroral energy
flux from DMSP SSUSI at 19:00 UT, with intense precipitation in
the evening sector (~16-21 magnetic local time [MLT], 60°-70°
magnetic latitude [MLAT]) and additional enhancements on the
dawn side (~4-9 MLT); the spatial coverage is restricted to the
satellite pass. Figure 2b presents the empirical specification based
on the Zhang Y and Paxton (2008) model, which reproduces the

Niu XY and Liu J et al.: Data-driven simulation of storm-enhanced density and tongue of ionization during the May
10-11, 2024, superstorm



Earth and Planetary Physics  doi: 10.26464/epp2026033 305
OMNI IMF, Solar wind and geomagnetic indexes
2024/05/10 16:00—24:00 UT
T T T T -
c ]
< SRR SRGeeS A Y T
= BRaeea SVAVEN I
| | | ' |
T T T T T T T
- 800 -(b) - 7
g A I ’L\*J‘"\’V\/v.ﬁ\'# et e N N Van .
= 600 - W\fm -
> 400F T -
| | | | | | |
40F (g T T T T T T T N
5 N W o A
o 1y “\r BN VJ .
= 20 . . ]
S Y
0 I I I I I I I
10 (d) T T T T T T T
e s .
6 I I I I I I I
2
T
=
>
wv
4000 ! ! !
g
= 2000
<

20 22
UT (h)

24

Figure 1. Solar wind and geomagnetic conditions on May 10, 2024, from 16:00 to 24:00 UT. (a) Interplanetary magnetic field (IMF) components
By (blue), B, (green), and B, (red) in GSM (Geocentric Solar Magnetospheric) coordinates. (b) Solar wind speed (Vsw). (c) Dynamic pressure (Pgyn).

(d) Kp index. (e) SYM-H index. (f) AE (auroral electrojet) index.

large-scale oval morphology but appears overly smooth and
systematically underestimates the flux magnitude relative to
observations. Figure 2c gives the assimilation result obtained by
combining SSUSI with the empirical background through a
multiresolution Gaussian process, which captures mesoscale
structures revealed by the observations while providing full polar
coverage. This comparison shows that assimilation combines
observations and empirical models to yield a more realistic input
specification.

Figure 2d shows SuperDARN line-of-sight velocities at 19:00 UT,
with radar backscatter mainly in the noon-afternoon (~12-18
MLT) and midnight-dawn (~0-6 MLT) sectors. The measurements
reveal localized convection signatures, but the spatial coverage
remains limited. Figure 2e presents the Weimer empirical poten-
tial, which reproduces the large-scale two-cell convection but is
overly smooth. Figure 2f shows the spherical-harmonic-fit potential
derived from assimilating the radar velocities, which retains
sharper gradients and localized variations consistent with the

measurements while maintaining full polar coverage. The
comparison between Figures 2e and 2f demonstrates that the
spherical-harmonic-fit solution constrained by observations
reduces the excessive smoothing of the empirical model and
better represents the spatial details of the convection pattern.

Figure 2 shows that assimilation yields energy, energy flux, and
electric potential fields that are broadly consistent with observa-
tions and provide full spatial coverage. These assimilated maps
are used as external drivers for the data-driven TIEGCM.

Figure 3 shows the storm-time TEC difference on May 10, 2024,
relative to the quiet day of May 9, 2024, corresponding to the
main phase interval from 17:00 to 22:00 UT. This figure illustrates
the evolution of the storm-time TEC response on May 10, 2024,
from initial regional increases to plume-like SED signatures and
subsequent poleward extensions observed in both hemispheres.
At 17:00-18:00 UT, the response is still weak, with only small posi-
tive values over the American sector. By 19:00 UT, a clear enhance-
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Figure 2. Auroral energy flux and high-latitude potential from different sources. (a) Auroral energy flux from DMSP SSUSI observations, (b) the

empirical model, and (c) the assimilated energy flux constrained by SSUSI observations. (d) SuperDARN radar line-of-sight (LOS) velocities,

(e) Weimer empirical potential, and (f) assimilated electric potential derived from SuperDARN observations by using the TS18 scheme. The

assimilated flux (c) and electric potential (f) are used as external inputs to drive the data-driven TIEGCM simulation.

ment appears over South America and the adjacent Atlantic in the
evening sector, showing a plume-like feature extending pole-
ward. Consequently, in the northern hemisphere, the American
longitude sector around 18:00-22:00 UT represents the optimal
location and timing for SED development, as supported by
numerous case studies and statistical analyses (Foster et al., 2021;
Aa et al., 2024b).

At 20:00-21:00 UT, the positive storm effects intensify and
expand, forming a well-defined plume from midlatitudes to
higher latitudes. The structure broadens in both latitude and
longitude, indicating a strong storm-time redistribution of plasma
(Du JH and Yang Z, 2025). At the same time, a negative ATEC is
observed in Canada north of the United States. Similar regional
enhancements and poleward extensions have also been
described during other storms (Liu J et al., 2016).

By 22:00 UT, a strong positive ATEC persists in both hemispheres
over the American sector, with elongated structures extending
deep into the polar regions. The contrast between the significant
enhancement in the dusk-midnight sector and negative
responses elsewhere indicates pronounced spatial variability. Aa
et al. (2024a) likewise reported strong SED and TOI features over
this sector at 20:30-22:30 UT.

Figure 4 presents the evolution of TEC differences in MLAT-MLT
coordinates from 18:00 to 22:00 UT on May 10, 2024, with convec-
tion electric potentials superposed. The left column shows GPS-
derived TEC differences with SuperDARN potentials, the middle
column shows data-driven TIEGCM TEC differences with assimi-
lated electric potentials, and the right column shows Weimer-
driven TIEGCM TEC differences with empirical potentials.

At 18:00 UT, all three northern hemisphere maps show only weak
responses. By 19:00 UT, the GPS observations display a plume-like
enhancement in the evening sector over the American longitude,
extending poleward along the convection channels indicated by
SuperDARN, a typical signature of TOI formation. The data-driven
TIEGCM reproduces both the plume structure and its poleward
extension in close agreement with the observations. In contrast,
the Weimer-driven simulation shows a broad, large-scale increase
but lacks a well-defined plume, and the associated TOI does not
extend distinctly into the polar cap.

At 20:00-21:00 UT, the GPS TEC maps show that the plume inten-
sifies and extends further into the polar cap, with the enhancement
aligned with the cross-polar flow and the return flow in the dusk
sector indicated by the SuperDARN potentials. This morphology is
characteristic of a well-developed TOI (Kelley et al.,, 2004; Foster
and Rideout, 2007; Liu J et al., 2015). The data-driven TIEGCM
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Figure 3. Global distributions of ATEC on May 10, 2024, relative to
May 9, 2024, shown hourly from 17:00 to 22:00 UT.

reproduces both the amplitude and spatial structure more realisti-
cally; in addition, it captures electron density increases within the
auroral oval that are consistent with the observations. Some local
overestimation is evident along the TOI region, but the spatial
progression and alignment with the convection streamlines
remain in close agreement with the measurements. In contrast,
the Weimer-driven simulation maintains a reasonable two-cell
convection configuration, but the associated TEC and potential
patterns are broader and smoother (Wu HN and Lu X, 2022).
Therefore, the plume penetration into the polar cap is weaker,
and mesoscale details are less evident compared with the obser-
vations and assimilation results.

By 22:00 UT, the plume undergoes further development, extending
to higher latitudes with the TOI extending poleward of the auroral
oval and penetrating the polar cap. The data-driven TIEGCM
reproduces this deeper latitudinal extension and its associated
potential pattern, indicating that assimilation more effectively
maintains TOl evolution consistent with the observations. In
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contrast, although the Weimer-driven run also shows enhance-
ment in the same sector, its penetration into the polar cap is
noticeably weaker, and the structure is more diffuse, making it
unable to capture the well-developed TOl morphology evident in
the measurements.

Although we have incorporated more realistic electric field and
auroral energy drivers into the model to simulate ionospheric
changes during storms more accurately, the predictions in the
negative storm regions, including TEC depletion areas observed at
21:00 and 22:00 UT, primarily in the nightside high-latitude
regions, remain imperfect in both the data-driven and Weimer
simulations. During these periods, TEC values in these regions are
consistently higher than expected. Because of inherent assump-
tions and approximations, the TIEGCM has difficulty capturing the
rapid changes in thermospheric temperature, density, and gas
composition during major geomagnetic storms, leading to devia-
tions in TEC predictions. The existing model is unable to capture
these rapid changes accurately, thus affecting model accuracy.

Figure 5 illustrates the differences between storm time and quiet
time in the data-driven modeled F, layer peak density (NyF»),
peak height (hmF,), ion drifts, and O/N; at 19:00 UT on May 10,
2024. A prominent feature is the well-defined two-cell ion convec-
tion pattern, with the O/N, distribution showing a comparable
morphology. Along the noon-midnight meridian, a poleward-
extending O/N, “tongue” develops, driven by the advection of
O/N,-rich midlatitude air parcels and reinforced by frequent
neutral-plasma collisions (Foster, 1993; Burns et al., 2004). In the
noon throat region, intense upward ion drifts raise hyF, by
approximately 80-120 km, accompanied by enhanced NyF..
These storm-time signatures are characteristic of the SED and TOI.

4. Discussion

Figure 6 presents the term analysis results at 19:00 UT on May 10,
2024, illustrating the relative contributions of different physical
processes to electron density variations. In the topside iono-
sphere, the dayside throat is characterized by enhanced electron
density perturbations, which identify the source region of SED
and its subsequent extension into the polar cap as the TOI. At this
altitude, the chemical term (Figure 6, second row) is negligible
because the concentrations of O and N, are low and recombination
is inefficient, thereby exerting only a minimal influence on the
overall morphology (Liu J et al., 2016).

Below the ionospheric F, peak in the nightside auroral region
(60°-75° MLAT), the assimilated drivers enhance the auroral
energy deposition prescribed in the model, causing precipitating
electrons to deposit more energy between 150 and 300 km and to
produce additional ionization through collisions with N, and O,
(Hardy etal., 1987; Fang XH et al., 2008). This results in strengthened
electron density perturbations at 280 km on the equatorward side
of the auroral oval. In the same latitudinal band, the chemical
term (Figure 6, second row) also increases because precipitation-
driven ionization enhancement raises the local production rate
relative to recombination, yielding a larger net chemical contribu-
tion (Solomon et al.,, 1988). Along the dayside SED channel, the
chemical term exhibits a pronounced positive contribution. As
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Figure 4. Sequences of TEC difference maps in MLAT (40°-90°) and MLT coordinates from 18:00 to 22:00 UT on May 10, 2024. Convection electric
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potential (middle), and Weimer-driven TIEGCM with Weimer potential (right). The equipotential contours are drawn at 6 kV intervals for the GPS
and data-driven panels, and 10 kV intervals for the Weimer-driven case.

Niu XY and Liu J et al.: Data-driven simulation of storm-enhanced density and tongue of ionization during the May
10-11, 2024, superstorm



12 AN, F, (X 10°)

@) r 10

+90° 06 1o

-10

AhF,
150

--------- -150

Earth and Planetary Physics  doi: 10.26464/epp2026033 309

Aion drift
800

600

1400

1200

1-200

-400

-600

L o -800

L RSESSY

AO/N,

0.6

P

1-0.2

-04

-0.6

-0.8

Figure 5. Polar view of the data-driven modeled absolute difference between storm time (May 10) and quiet time (May 9) in NmF2, hmF2, ion
drifts, and O/N; at 19:00 UT. The left column shows ANyF, and AhpF,. The right column shows Aion drift and AO/N, with arrows denoting the

vector differences in ion drifts and neutral winds, respectively.

illustrated in Figure 5, this channel features enhanced electron
density and a pronounced uplift of h,F, placing the plasma at
altitudes where photoionization remains effective. At the same
time, reduced molecular densities weaken recombination. Under
these conditions, chemical production becomes increasingly
dominant, consistent with previous findings indicating that an
elevated F, peak suppresses molecular recombination and
strengthens ionospheric production (Torr et al., 1979; Robinson et
al., 1987; Tsurutani et al., 2004). As data assimilation improves the
spatial representation of the SED structure, the intensified chemical
contribution aligns more closely with the observed high-density
pathway. It exhibits sharper local variations along its poleward
extension toward the TOI.

In the SED and TOI regions, the wind term exhibits distinct
altitude-dependent responses. As shown in Figure 6 (third row),
the wind contribution becomes negative above the ionospheric
F, peak, indicating that poleward neutral winds, together with the
inclined geomagnetic field, drive plasma downward along
magnetic field lines. Below the ionospheric F, peak, however, the

wind term becomes positive along the SED and TOI pathways,
revealing a clear contrast between regions above and below the
F, peak (Deng and Ridley, 2006).

This vertical contrast can be understood from the neutral-wind
transport term in the plasma continuity equation (Liu et al., 2025),

SNwing = =V * (No*Vi_wind) = =No*V * Vi_yind = Vi winaVNo+,  (3)

where V, ,i,q denotes the ion velocity induced by ion-neutral
drag and Ny« is the O* number density. Near h,F,, the wind
contribution is dominated by the -V, ;,qVNo+-. Because hyF;
corresponds to the altitude of maximum O* density, the vertical
density gradient is positive below hyF; and negative above hyF,.
As the neutral wind varies weakly with height near the F, peak,
the same wind-driven ion motion acts on density gradients of the
opposite sign. This leads to a vertical phase reversal of the wind
term, with negative contributions above the F, peak and positive
contributions below the F, peak along the SED and TOI pathways.

In this study, the convection potential is constrained by SuperDARN
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Figure 6. The modeled absolute difference from the data-driven
TIEGCM simulation between storm-time (May 10, 2024) and
quiet-time (May 9, 2024) electron density (in units of 10> cm~3) and
the electron density change rate caused by chemical processes
(ASNE), neutral wind transport (ASNE,), electric field transport
(AONEg«g), and ambipolar diffusion (ASNEambi_diff) terms (in units of
cm—3 s71) at 19:00 UT. The first column denotes the terms at ~500 km
(pressure level 3.625), and the second column denotes those at
~280 km (pressure level 1.125).

data, leading to a more accurate representation of the two-cell
convection pattern and high-latitude channels. As shown in
Figure 6 (fourth row), the upward E x B drift above the ionospheric
F, peak lifts plasma to higher altitudes, facilitating the formation
of SED and TOI structures. The assimilated drivers capture local-
ized, rapidly changing electric field structures, particularly in high-
latitude regions, where fluctuations in the electric field guide
plasma propagation. These electrodynamic boundaries more
effectively guide plasma into the polar region. The SuperDARN
electric potential drive introduces mesoscale and small-scale elec-
tric field structures, allowing electron density to follow these
evolving boundaries into the polar region, thereby enhancing the
transport of SED into the TOI region. Below the F; peak, the electric
field term weakens, reducing upward drift and limiting plasma
transport along the SED and TOI pathways (Deng and Ridley,
2006). The data-driven electric field improves the capture of electric
field variations. It enhances plasma transport simulations, espe-
cially in the polar region, further improving the ability of the
model to reflect plasma dynamics in this region accurately.

Figure 6 (fifth row) shows the contribution of ambipolar diffusion
to electron density variations. Its overall magnitude is much
weaker than that of the wind and electric field terms, indicating a
secondary role during the storm. In the topside ionosphere,
ambipolar diffusion tends to reduce electron density, whereas
below the ionospheric F, peak, it tends to enhance it. This opposite
pattern reflects the classical behavior of ambipolar diffusion, in
which elevated plasma density and temperature in the topside
ionosphere under external heating accelerate downward diffu-
sion, leading to increased density at lower altitudes.

Figure 7 shows the latitude-altitude distributions of the absolute
differences in electron density change (ANE, first row, in units of
10 cm~3) and its individual driving terms (in units of cm=3 s71):
production and loss (ASNE, second row), neutral wind transport
(ASNE,, third row), electric field transport (ASNEg.s, fourth row),
and ambipolar diffusion (ASNEampi_difr, fifth row). The results are
obtained from the data-driven TIEGCM simulation, when the SED
and TOI structures appear at 12 LT during the main phase of the
storm. The electron density enhancement is mainly confined to
45°-60°N latitudes and altitudes between 350 and 600 km. The
ASNE., shows positive contributions at 240-400 km, indicating
that enhanced ion production outweighs chemical losses in this
altitude range. The ASNE,, decreases the density between 380 and
550 km while increasing it between 250 and 360 km. The
ASNEpmbi_dgiff €xhibits relatively weak effects, with only small nega-
tive contributions above 300 km. In contrast, ASNEg dominates
the perturbations in the SED throat region, particularly at
50°-60°N, where E x B transport sustains substantial electron
density enhancement.

Overall, the formation of the SED and TOI has a clear altitude
dependence. In the topside ionosphere, upward E x B drifts lift
plasma and increase electron density, whereas below the iono-
spheric F, peak, they reduce it. Neutral winds show a similar
contrast, producing plasma accumulation at lower altitudes but
depletion at higher altitudes.

Empirical drivers often underestimate storm-time electric fields,
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smooth out mesoscale structures, and provide only a coarse
representation of auroral energy deposition on conductance,
often with lower magnitudes and limited spatial detail. As a result,
they can only partially capture the vertical structuring of the SED
and TOL. In contrast, the data-driven TIEGCM integrates observa-
tions through assimilation. SuperDARN-constrained potentials
produce stronger, more localized upward E x B drifts in the
dayside throat, persistent topside uplift, and plasma transport into
the polar cap. The DMSP SSUSI-constrained auroral energy fluxes
enhance nightside auroral deposition, increasing ionization below
the ionospheric F, peak through electron precipitation and colli-
sions with N, and O,. This process strengthens electron density
perturbations in the auroral region. Along the dayside SED chan-
nel, enhanced electron density and elevated hF, reduce molecu-
lar recombination and strengthen chemical production, as
photoionization remains effective at higher altitudes. Together,
these inputs allow the model to capture the distinct processes in

the ionosphere and better reproduce the morphology and
dynamics of the SED and TOI.

For extreme geomagnetic storms, empirical drivers are often inad-
equate because their statistical foundations include only a limited
number of such events. As a result, they tend to underestimate
key high-latitude forcings, such as electric fields and auroral
energy deposition, and to excessively smooth the associated
spatial structures. In contrast, simulations constrained by observa-
tions offer clear advantages by incorporating real-time measure-
ments, enabling dynamic updates and a more faithful representa-
tion of mesoscale and small-scale variability under storm-time
conditions.

It should also be recognized that tongue-like ionospheric struc-
tures can be governed by different dominant mechanisms,
depending on the storm phase and latitude. For instance, the
middle-latitude daytime tongue-like structure reported during
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the storm recovery phase was shown to be primarily controlled by
the thermospheric composition (XO/Ny; Yu TT et al, 2025). By
explicitly distinguishing these different physical regimes, the
present study focuses on the electrodynamically organized SED
and TOI system during the storm main phase, for which observa-
tion-constrained simulations are particularly effective in resolving
ionosphere-thermosphere coupling under extreme storm condi-
tions. Future work will benefit from assimilating additional multi-
source observations and further improving the representation of
coupling processes, thereby enhancing model fidelity and fore-
casting capability.

5. Summary

This study examines the ionospheric response to the May 10-11,
2024, superstorm by using GNSS TEC observations and TIEGCM
simulations. The model is driven by observation-constrained high-
latitude inputs: SSUSI auroral energy flux and mean energy assimi-
lated with a multiresolution scheme, together with convection
potentials derived from SuperDARN. For comparison, we also
perform a controlled experiment using conventional empirical
drivers. The main findings are as follows.

We drive the TIEGCM with observation-constrained polar drivers
derived through assimilation. At 18:30-20:30 UT on May 10, 2024,
SSUSI auroral observations indicate pronounced evening-sector
precipitation (16-21 MLT, 60°-70° MLAT) with weaker activity on
the dawn side. A multiresolution assimilation of SSUSI retrievals
restores mesoscale structure and delivers complete polar cover-
age, whereas the empirical specification remains overly smooth
and too low in amplitude. In addition, incorporating additional
data sources into the assimilation would further improve fidelity.
Specifically, SuperDARN velocities reveal localized convection, yet
its coverage is incomplete. We address this with a SuperDARN-
constrained spherical-harmonic solution that retains sharp gradi-
ents and fills the gaps. Consequently, the assimilated energy flux,
mean energy, and potential fields agree more closely with obser-
vations.

From 19:00 to 22:00 UT, storm-time TEC over the American
evening—midnight sector intensifies into a plume that extends
poleward into the polar cap as a narrow TOIl. Overlaying data-
driven TEC with convection vectors reveals that the enhancement
axis passes through the dayside throat along cross-polar stream-
lines. A prominent feature is the well-defined two-cell ion convec-
tion pattern, and the O/N, distribution exhibits a comparable
morphology. Under this circulation at 19:00 UT, the combined
AhF, uplift and ANy F, increase delineate the SED source region
and the subsequent TOI track. The data-driven TIEGCM more real-
istically captures TEC amplitudes, the SED plume, and its narrow
TOI extension. On the other hand, the TOI structure from the
empirical run is broader and smoother, and it underpenetrates
the polar cap.

In the topside ionosphere, SuperDARN-constrained potentials
yield more dynamic and structurally accurate E x B drifts that
govern plasma uplift and facilitate transport into the polar cap.
Neutral winds and downward ambipolar diffusion partially offset
the effect of ion drift. Below the ionospheric F, peak, assimilating

auroral precipitation brings nightside auroral-oval electron densi-
ties closer to reality and enriches the mesoscale structure. Mean-
while, neutral winds and photochemical processes primarily
determine the spatial extent and intensity of the SED and its polar-
cap extension.
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