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Abstract The strongest geomagnetic storm in the preceding two decades occurred in May 2024. Over these
years, ground-based observational capabilities have been significantly enhanced to monitor the ionospheric
weather. Notably, the newly established Sanya incoherent scatter radar (SYISR) (Yue, Wan, Ning, & Jin, 2022,
https://doi.org/10.1038/s41550-022-01684-1), one of the critical infrastructures of the Chinese “Meridian
Project,” provides multiple parameter measurements in the upper atmosphere at low latitudes over Asian
longitudies. Unique ionospheric changes on superstorm day 11 May were first recorded by the SYISR
experiments and the geostationary satellite (GEO) total electron content (TEC) network over the Asian sector.
The electron density or TEC displayed wavelike structures rather than a regular diurnal pattern. Surprisingly,
two humps, a common feature in the daytime equatorial ionization anomaly structure, disappeared. The SYISR
observations revealed that multiple wind surges accompanied the downward phase propagation caused by
atmospheric gravity waves (AGWs) originating from auroral zones. Meanwhile, strong upward and large
downward drifts were respectively observed in the daytime and around sunset. The Thermosphere-Ionosphere
Electrodynamics Global Circulation Model (TIEGCM) simulations demonstrated that abnormal ionospheric
changes were attributed to meridional wind disturbances associated with AGWs and recurrent penetration
electric fields corresponding to larger B, southward excursions and disturbance dynamo. The complicated
interplay between AGWs and disturbance electric fields contributed to this unique ionospheric variation.

Plain Language Summary During a geomagnetic storm, the ionosphere-thermosphere system
undergoes severe disturbances, seriously affecting satellite orbits and radio propagation. Since the Halloween
superstorm in October 2003, the most intense storm occurred in May 2024, with the ring current index Dst
dropping below —400 nT. Unlike 20 years ago when limited observations were available, China has now
established a comprehensive ground-based observation network, known as the “Meridian Project.” This project
aims to monitor the ionospheric weather over the Chinese sector. The Sanya ISR, one of the critical
infrastructures of this project, provides multiple parameter measurements in the upper atmosphere. With the
robust ISR observations, we found that unique ionospheric changes happened in the upper atmosphere in
response to this superstorm. Moreover, the model simulations are also utilized to understand physical processes
during the severe geomagnetic storm toward the space weather forecast.

1. Introduction

It is well known that massive energy and momentum transferred from solar winds can cause major disturbances in
chemical, dynamical, and electrodynamical processes in the ionosphere and thermosphere system (I-T System)
during storms (Gonzalez et al., 1994; Prolss, 1995; Richmond & Lu, 2000). They will produce severe changes in
electron density and neutral density affecting satellite and spacecraft orbits and radio propagation or even causing
signal interruptions (e.g., Coster et al., 2021; Dang et al., 2022; McNamara, 1991; Skone & Yousuf, 2007).
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How these disturbances affect ionospheric variations has been extensively studied (e.g., C.-S. Huang et al., 2005;
Lei et al., 2008; Lin et al., 2005; Mannucci et al., 2008; W. Wang et al., 2010). For instance, during interplanetary
magnetic field (IMF) B, southward excursions, the prompt effects of penetrating electric fields can result in
daytime electron density or total electron content (TEC) enhancement, even generating superbubbles at low
latitudes (Lei et al., 2008; Lin et al., 2005; Ma & Maruyama, 2006; W. Wang et al., 2010). The neutral wind
disturbances associated with traveling atmospheric disturbances (TADs), which are atmospheric gravity waves
(AGWs) produced via enhanced Joule heating during geomagnetic disturbances (Richmond & Roble, 1979), can
also lead to ionospheric changes. These changes can transport plasma along field lines, affect the E and F region
wind dynamo and potentially seed for plasma bubbles (e.g., Jin et al., 2022; Liu & Vadas, 2013; Prolss, 1993,
1995). However, the relative effects of penetrating electric fields, neutral wind disturbances, and other factors and
their interactions during storms are not yet fully understood (Buonsanto, 1999; Mendillo, 2006). The complicated
interactions among these processes are the major causes of complicated ionospheric responses to storms.

A significant limitation is the observation deficiency, particularly the simultaneous measurements of multiple
parameters such as thermospheric winds and electric fields. This issue is especially pronounced in Asia, where
comprehensive observations are lacking in the past. For instance, Buonsanto (1999) noted that “How TEC
changes during storms might be driven by winds remains a premier observational challenge,” Mendillo (2006)
questioned “Are there observations that can help us understand the persistent dual maxima in TEC storm,” and
Luan (2021) emphasized that “The simultaneous measurements between thermospheric winds and electric fields
are important for verifying and improving the current understanding of the equatorial ionization anomaly (EIA)
variations and the dynamics and electrodynamics involved during the storms.”

The Sun entered a period of high-level activity since 2023, and a super geomagnetic storm erupted in May 2024.
This storm is currently the strongest one in the last 20 years. There was a prominent fluctuation in the IMF B,
component varying between the northern and southern directions. The maximum B_ values ranged from ~—25 nT
to ~—50 nT. The geomagnetic activity index Dst dropped to a minimum value lower than —400 nT. Fortunately,
China recently established the “Meridian Project,” which offers comprehensive ground-based observations (C.
Wang et al., 2023, 2024). These observations provide an excellent opportunity to monitor the upper atmosphere
and ionosphere during this superstorm event. And they are also crucial for validating theoretical models.
Combining these observations helps to enhance our understanding of the upper atmosphere's response to
geomagnetic storms and improve model performance.

In this study, we utilized the newly built Sanya incoherent scatter radar (SYISR), a crucial component of the
Chinese Meridian Project, to first analyze abnormal ionosphere variations during the superstorm on 11 May 2024.
By combining TEC data from the Chinese Beidou and Japanese geostationary satellites (GEO) over the Asian
sector, as well as model simulations, the abnormal ionosphere variations induced by the superstorm and the
possible physical mechanisms are systematically investigated.

2. Data Set and Methods

The Global Navigation Satellite System (GNSS) GEO TEC and SYISR multiparameter data were used in this
study. GEO TECs with a temporal resolution of 30 s from 52 GNSS receivers over South Asia were used. Forty of
these stations are from the Beidou Ionospheric Monitoring Network built by the University of Science and
Technology of China (USTC), and the others are from the international GNSS service (IGS) network. The GEO
satellites, with motionless ionospheric pierce points (IPPs), provide more reliable TEC observations than non-
GEO satellites (e.g., GPS satellites), since the TEC observed by non-GEO satellites is known to be contami-
nated by spatial variations due to satellite motion (F. Huang et al., 2017, 2018, 2023). This study used the Chinese
Beidou and Japanese GEO satellite TEC observations with IPPs located at ~110° + 2.5°E to analyze abnormal
ionospheric variations on superstorm day. Detail about these GNSS stations and the associated GEO satellites is
given in Figure S1 and Table S1 in Supporting Information S1. Combined with GEO TEC data, the ISR observed
electron density, line-of-sight (LOS) ion velocity, meridional winds, and vertical ion drifts over Sanya (109.6°E,
18.3°N, magnetic latitude: (MLAT) 11.55°N), were first employed to investigate dynamic processes during the
abnormal ionospheric variation periods. These ISR parameters were observed from 11 beams along and
perpendicular to the magnetic meridian plane (Yue, Wan, Ning, Jin, et al., 2022). Each beam integrates for 30 s,
and results in a temporal resolution of 5.5 min for each parameter. The meridional winds and vertical ion drifts
were derived from LOS velocities observed by multiple beams in different directions (Zhang et al., 2024). As
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Table 1
Basic Modules for O* Solver (Column 2), Dynamo Solver (Column 3), O Output (Column 4), and Corresponding Note (Column 5) for Different TIEGCM Runs
(Column 1)

O™ solver Dynamo solver
Run Oplus.F Oplus_new.F Pdynamo.F Pdynamo_new.F O* output Note
1 \/ \/ Oplus.F Default run
2 \/ \/ , meridional winds on 9 May from \/ Oplus_new.F Meridional wind dynamic effect: Run 2—Run 1
Run 1
\/ \/ , vertical drifts on 9 May from Run 1 \/ Oplus_new.F Vertical drift effect: Run 3—Runl
4 \/ \/ , electric fields from the module \/ \/ , neutral winds on 9 May  Oplus_new.F. Disturbance dynamo effect: Run 4—Run 1

Pdynamo_new.F from Run 1

Note. \/ represents the module used for TIEGCM runs for this storm event. The Oplus_new.F and Pdynamo_new.F are an additional module for O" solver and Dynamo
solver, respectively, which run together with the full model simulation.

outlined in Zhang et al. (2024), the vector velocity is first determined through the least squares fitting procedure
using the SYISR LOS velocity measurements in different directions. Electric fields as well as vertical and parallel
ion drifts can be accordingly derived, and meridional winds are further determined following the ion diffusion
velocity calculation. In this work, to derive meridional winds and vertical ion drifts in the F-region, the SYISR 11-
beam LOS velocities are observed in two special planes: One is in the geomagnetic meridian with elevation angles
of 45°, 60°, 75°, 90°, 75°, 60°, and 45° and the other is in the plane perpendicular to the meridional one with
elevation angles 60°, 75°, 90°, 75°, and 60°.

Moreover, we carried out simulations to further analyze the dynamics and electrodynamic behavior during the
May 2024 superstorm, using the first-principles model of the Thermosphere-lonosphere Electrodynamics Global
Circulation Model (TIEGCM). This model has a high resolution of 2.5° X 2.5° in latitude and longitude in the
geographic coordinates. The Weimer model (Weimer, 2005), which is driven by the observed solar wind and IMF
parameters, specifies the high latitudinal electric potential in the TIEGCM. Therefore, the prompt penetration
electric field (PPEF) primarily penetrates from high latitudes without significant attenuation to low and middle
latitudes, and the disturbance dynamo takes effect at later times (Lei et al., 2018; W. Wang et al., 2008). In order to
analyze the relative effects of the PPEF, disturbance dynamo, and meridional winds on the ionospheric variations
during this superstorm, we conducted controlled runs (Dang et al., 2016). To examine the respective contribution
of each parameter to the ionospheric variations, in the simulations, we added three new modules in which the
meridional winds, vertical E X B drifts, and disturbance dynamo were replaced by those from quiescent conditions
(9 May 2024) respectively while the coupling and interaction processes are preserving in the I-T System
(including unchanged thermospheric composition).

The detailed settings for the TIEGCM runs are listed in Table 1. First, we conducted the default TIEGCM
simulation (Run 1), in which the original modules Oplus.F and Pdynamo.F correspond to the O* solver and
dynamo solver, respectively. Then, we carried out three controlled runs, in which the new parallel modules
(Oplus_new.F and Pdynamo_new.F) are used, but their outputs were not fed back into the original simulation.

Specifically, in the controlled run for meridional effect (Run 2), the new module Oplus_new.F is generally the
same as the original one Oplus.F, and these two modules (Oplus_new.F and Oplus.F) solve O" equation and
calculate the electron density independently. In the module Oplus_new.F, the meridional winds from Run 1 are
used on the reference day. Similarly, in Run 3, the vertical E X B drifts simulated from Run 1 on the reference day
are used as input in the new module Oplus_new.F. In Run 4, the new module Oplus_new.F uses the electric fields
obtained from the module Pdynamo_new.F, which takes the neutral winds from Run 1 on the reference day.
Subsequently, the differential TEC values between the control runs (Runs 2-4) and Run 1 are calculated to assess
the storm effect of meridional winds, vertical drifts, and disturbance dynamo on the ionospheric changes,
respectively. Given that the entire thermosphere and ionosphere system is coupled, this control simulation
strategy impossible to independently distinguish the effects due to the inherent nature of the coupling. Never-
theless, these simulations can provide reasonable estimations of the contributions of dynamic and electrodynamic
drivers to ionospheric changes during this superstorm.
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3. Results and Discussions

Figures 1a and 1b show the daily variations in electron density and LOS velocity from the SYISR zenith beam
experiment on the superstorm day of 11 May 2024. When the quiescent day on 13 May 2024 (as a reference)
shown in Figure 2 was compared, the observed electron density changes were unique with abnormal variation at
the F2 layer altitudes. On the reference day, the electron density peak was exhibited in the afternoon and a trough
occurred in the post-midnight period at F2 layer altitudes, thus the electron density displayed typical diurnal
variations. However, on the superstorm day, the electron density had multiple peaks at approximately 01:30,
04:30, 10:00, and 11:00 UT, displaying wavelike structures. The F2 layer peak height (hmF2) also had corre-
sponding wavelike structures. Meanwhile, the storm-time LOS velocities showed distinct features compared to
those of the reference observations (Figure 2b). The reference ones did not show significant fluctuations for both
the upward and downward movements, and the upward component was larger during the period from sunrise to
noon and the downward one was stronger from after sunset to before sunrise. The LOS velocity changed di-
rections several times and had an amplitude of ~100 m/s between 00:00 and 13:00 UT on the superstorm day.
Additionally, downward phase propagation was observed in the LOS velocity of different directions.

We further examined the critical dynamic parameters of meridional winds and vertical plasma drifts, which were
simultaneously derived from the SYISR LOS velocities over the Chinese sector for the first time. The two pa-
rameters were shown in Figures 1c and 1d to analyze their relative effects on ionospheric variations during the
superstorm. These two are the main factors controlling changes in the ionospheric electron density at the equator
and low latitudes due to the plasma transport via advection processes. Generally, under quiescent conditions, the
meridional winds were southward during the daytime and shifted northward after sunset at Sanya (Figure 2c). On
the superstorm day of 11 May 2024, the meridional winds changed directions between the southward and
northward several times from 00:00-13:00 UT, with magnitudes exceeding ~200 m/s. A crucial feature observed
was the downward phase propagation in the meridional winds, indicating the presence of AGWs in the upper
atmosphere.

Simultaneously, the vertical ion drifts underwent unique changes with clear quasiperiodic fluctuations. Large
upward plasma drifts occurred several times from 00:00 UT to 13:00 UT, with maximum velocities of ~50-70 m/s.
In addition, downward plasma drifts were observed during 03:00-06:00 UT, 08:00-09:00 UT, and 10:30-13:00
UT, with maximum velocities of ~15-20 m/s, with the largest velocity exceeding ~60 m/s around sunset (10:30—
13:00 UT). These special changes in vertical plasma drifts were significantly different from those reported by Fejer
et al. (1995), who suggested that maximum drifts with a velocity of ~20 m/s were usually upward and occurred at
noon and sunset under quiescent conditions. These features were also observed on the reference day of 13 May
2024 when the vertical drifts were upward during the daytime and downward during the nighttime (Figure 2d). The
magnetospheric electric fields can promptly penetrate into the equatorial ionosphere as a PPEF under southward
IMF B, excursions, which can enhance the upward plasma drifts during the daytime (Spiro et al., 1988). Although
the geomagnetic storm entered the recovery phase after 03:00 UT when Dst started to recover, there were still
significant recurrent southward IMF B_ excursions (Figure 1e). The recurrent larger upward plasma drifts generally
corresponded to the southward IMF B_ excursions during 00:00-10:00 UT.

Furthermore, we analyzed the TEC variations along the longitude of 110° E in both hemispheres on 11 May 2024
and on the quiescent day of 8 May 2024 as well. As shown in Figure 3, the diurnal TEC variation with a peak
during daytime and a small one during nighttime was observed in both hemispheres from the GNSS network on a
quiescent day. It should be noted that the TEC on the reference day of 9 May 2024 for the simulation was not
presented. The SYISR data were only available for half-day observations on both 8 and 9 May 2024. For TEC, it
exhibited significant equatorial plasma bubbles on 9 May 2024. However, the selection of different reference days
does not alter the major results of this study.

Compared to the reference day, unique features were observed in the TEC on this superstorm day (Figures 4a and
4b). The TECs showed not only multiple peaks but also daytime bite-outs between 00:00 and 13:00 UT at different
latitudes on the superstorm day of 11 May 2024. Surprisingly, two humps usually seen in the daytime EIA structure
disappeared. In particular, the TECs also manifested wavelike structures. The occurrence time of the TEC peaks
was generally delayed with decreasing latitudes. For instance, the maximum peak in the Northern Hemisphere
occurred progressively from ~03:00 UT at higher latitudes (~40°N) to ~04:30 UT at lower latitudes (~15°N). We
calculated the phase speeds of these most evident TEC waves: 464.8 m/s during ~03:00-04:30 UT, 936.2 m/s
during ~07:00-08:00 UT, and 656.8 m/s during ~08:30—-09:00 UT in the Northern Hemisphere; and 692.6 m/s
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during ~03:15-04:20 UT, 558.9 m/s during ~04:25-05:45 UT, and 928.0 m/s during ~08:45-09:20 UT in the
Southern Hemisphere. The relative scarcity of TEC observations in the Southern Hemisphere may affect the ve-
locity calculations. Nevertheless, they all fell within the typical velocity range for large-scale traveling ionospheric
disturbances (LSTIDs), as the AGW phenomenon originated from auroral zones (Richmond, 1978).

In order to further analyze the physical processes underlying the abnormal ionospheric variations during this
superstorm, we conducted simulations using the TIEGCM. Compared with the GEO TEC observations, as shown
in Figures 4c and 4d, the simulations predicted similar TEC changes during 10-12 May 2024, despite some
differences that will be discussed later. The TEC EIA with a clear crest in both hemispheres on 10 May and a
single TEC peak in the Southern Hemisphere on 12 May were presented in the simulations and observations.
Notably, on 11 May 2024, the observed TEC did not show a clear EIA structure but rather two or more TEC peaks
at most latitudes, which were also reproduced in the simulated TEC. In addition, as shown in Figure 5, the
simulated electron density, meridional winds, and vertical drifts at Sanya, exhibited similar characteristics to
those observed by the SYISR. The simulated electron density displayed unique ionospheric changes without
obvious diurnal variation at the F2 layer altitudes, similar to the SYISR observations. Multiple electron density
peaks occurred on 11 May 2024, manifesting the wavelike structures. In addition, the simulated meridional winds
and vertical plasma drifts showed features similar to those observed by SYISR. There were significant meridional
wind disturbances, with downward phase propagation caused by AGWs observed in the meridional winds of
different directions. Meanwhile, the obvious fluctuation was presented in the vertical plasma drifts. The large
upward plasma drifts occurred several times from 00:00 UT to 13:00 UT. The strong downward drift velocity was
also predicted around sunset (10:30-13:00 UT). It should be noted that the simulated peak height of electron
density is higher than that observed by SYISR, which could be associated with the vertical plasma drifts caused by
the overestimation of the electric fields, as discussed later. These results indicated that the TIEGCM simulation
can be used to effectively analyze the physical processes underlying the unique ionospheric changes observed
during the May 2024 superstorm.

Figure 6 shows the variations in the TEC, meridional winds, vertical plasma drifts, and vertical plasma drifts
associated with disturbance dynamo from the TIEGCM along the longitude of 110°E on 11 May 2024. We can
see that strong meridional wind disturbances and large upward E X B drifts occur recurrently during 00:00—
13:00 UT, coinciding with multiple peaks in the simulated TEC. Strong southern B_ excursions recurred
several times from 00:00 to 13:00 UT when enhanced Joule heating can induce strong multiple TADs in the
polar region. These TADs can then propagate to lower latitudes and may even go cross the equator into the
opposite hemisphere. The simulated meridional winds exhibited significant disturbances with maximum am-
plitudes of approximately 500 m/s, demonstrating strong TAD propagation characteristics. Concurrently, large
upward vertical E X B drifts took place several times during period from 00:00 to 13:00 UT, generally cor-
responding to strong recurrent southward B, excursions. This demonstrated that the large upward plasma drift
oscillations might be associated with the PPEFs, which can enhance the upward plasma drifts during daytime
and sunset (Spiro et al., 1988).

In addition, as mentioned above, the SYISR observations exhibited downward ion drifts during daytime and at
sunset, with especially high velocities around sunset. As shown in Figure 6¢, the simulated vertical drifts also had
noticeable downward drift velocities from 09:00 UT to 14:00 UT. The disturbance dynamo electric fields (DDEFs)
driven by the wind disturbance dynamo could occur a few hours after the beginning of the storm and last for several
days (Blanc & Richmond, 1980), generally leading to downward plasma drifts during daytime and sunset (Fejer
et al., 2008). We examined the vertical plasma drifts driven by the disturbance dynamo by a controlled run, as
shown in Figure 6d. The plasma experienced a downward drift from 01:00 to 14:00 UT. The downward velocities
were approximately 20 m/s during the daytime. Maximum velocities of ~100 m/s were observed around sunset,
during which the SYISR observations also exhibited the largest downward ion drift velocities.

Figure 1. Variations in (a) electron density (Ne) and (b) line-of-sight (LOS) velocity (upward positive) from the SYISR zenith beam experiment, and (c) meridional
winds (southward positive) and (d) vertical plasma drifts (upward positive) calculated from the SYISR multiple beam experiments as a function of universal time and
altitude on the superstorm day of 11 May 2024. The interplanetary magnetic field (IMF) B_ in GSM coordinates, along with the geomagnetic activity index Dst, are
plotted to indicate changes in geophysical conditions. The hmF2 is also shown by blue lines in panel (a). Note that a messy perturbation of the meridional winds and
vertical ion drifts from 200 to 400 km during 14:00-17:00 UT and 19:00-22:00 UT was due to a small electron density resulting in low signal-to-noise ratio. As the
duration of these echoes is relatively short, and their range is limited, these scattering echoes do not greatly impact the studying period of interest.
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Figure 2. Same as Figure 1, but on the reference day of 13 May 2024. Note that the scatters of the meridional winds and vertical ion drifts from 150 to 250 km during
12:30-20:00 UT were due to a small electron density resulting in low signal-to-noise ratio.
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Figure 3. Daily variations of GEO total electron content (TEC) at the longitude of ~110°E at different latitudes in the (a) Northern and (b) Southern Hemispheres on the
quiescent day of 8 May 2024. The various colors of lines indicate the absolute values of the geographic latitudes. The IMF B_ in GSM coordinates, along with the
geomagnetic activity index Dst, are plotted to indicate changes in geophysical conditions.

HUANG ET AL. 8 of 15

d "1 °STOT “XP099LST

woiy papeoy

sdny) suonipuod pue swiag, g1 23 “[ST0Z/L0/Z0] U0 ATeIqrT AUIUQ AA[1AN *OOUYII, JO AMUSUT SHISTYIRSSTIN K9 6L€ T00AVFTOT/6TOT 01 /10P/wI0 K1y

10}/ KA[Im”

asu90rT suownIo)) AnEar A[qearidde oy £q PAUIOACS A1k AL YO I8N JO S[NI 10§ ATPIGIT AUITUQ) ATIAL O (



. Vel
Fa\C & AGU Advances 10.1029/2024AV001379

ADVANCING EARTH
AND SPACE SCIENCES

2024-05-11
(a) Northern l-||emisphere “ 10|° +2.5°E) l

|Lat|

» 45
=)
[&]
w
E

O 60

w
=
(@]
w

(U] & - 30

V=dodCimis V =936.2mls
0 { { { T T T T
1201 (b) Southern Hemisphere (110° *2.5° E) |
15

GEO TEC (TECU)

|
9 12

(c) Observed GEO TEC

N
[

(TECU)

3
j - —— > 120

n w
o =]

-
=)

=N
=)

Latitude (Deg)

)
S

&
S

(d) Modeled TEC

N
=)

w
=3

N
o

=
=)

30

Latitude (Deg)
B A

&
=)

12 24
2024-05-12

12
2024-05-11
Universal Time (Hour)

12
2024-05-10

Figure 4. Daily variations in the GEO total electron content (TEC) at a longitude of ~110°E at different latitudes in the (a) Northern and (b) Southern Hemispheres on 11
May 2024 and comparison of the TEC variations obtained from the (c) GEO satellites and (d) TIEGCM simulations as a function of IPP latitudes at a longitude of ~110°E
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Furthermore, we analyzed their respective contributions to the TEC changes by running three controlled model
simulations. As indicated in Figure 7, the simulated TEC on 11 May 2024 was lower than that on 9 May 2024
(quiet time) at the equator and low latitudes, except for one peak occurring at 03:00 UT and another at 09:00 UT at
low latitudes. These TEC peaks generally corresponded to the positive effects of disturbed meridional winds
associated with AGWs on the TEC. AGWs can carry wind surges, thereby uplifting (downlifting) the plasma and
leading to TEC enhancements (decreases). The changes in the TEC with a maximum value of ~+£25 TECU were
attributed to the meridional wind disturbances associated with the TADs (Figure 7b).

The vertical plasma drifts also greatly affected the TEC variations. Due to the oscillating PPEFs as induced by
during the recurrent strong southern B, excursions, the vertical £ X B drifts displayed multiple large upward drifts
during daytime and sunset, which resulted in multiple TEC enhancements at low and middle latitudes and TEC
decreases at the magnetic equator during these periods. The maximum TEC decrease and TEC enhancement
exceeded ~25 TECU. However, disturbance electric fields, including PPEFs and DDEFs, can greatly affect the
ionosphere. Particularly, during the storm recovery phase the DDEFs could be significant in modulating vertical
plasma drifts and sometimes counteracting the effects of PPEFs. As shown in Figure 7d, the impact of the
disturbance dynamo on vertical E X B drifts is substantial and cannot be overlooked. They can lead to TEC
enhancements (decreases) at the equator and low latitudes (middle latitudes) during daytime and sunset. The
effects of DDEFs were smaller than those of PPEFs during strong southern B, excursions, which explains why the
vertical plasma drifts mainly followed the features driven by PPEFs during daytime (Figure 7c). Around sunset,
the disturbance dynamo became more pronounced, potentially outweighing the effects of the PPEF. These results
demonstrated that the unique TEC changes were due to the contributions from disturbed meridional winds
associated with AGWs and vertical plasma drifts related to the disturbance electric fields. The net changes in
electric field disturbances were determined by the combined contributions of the PPEFs and DDEFs.

Themens et al. (2024) analyzed the high-latitude ionospheric evolution during the same superstorm of 10-11 May
2024 by utilizing TECs in conjunction with ISR and ionosonde observations. They reported the lifting of
ionospheric plasma at mid-latitudes within the initial storm enhanced density region, where the peaks reached as
high as ~630 km and peak densities arose several times larger than that of the background conditions. And noted
the LSTID-like oscillations occurred over North America during the initial phase of the storm, which could be
also associated with the AGWs and disturbance electric fields. Further, Themens et al. (2024) found the complete
absence of the F2-layer due to strong polar heating and composition changes on 11 May. Similarly, the present
study revealed a negative storm in TECs (Figure 7a), while the TEC exhibited wave-like structures at low and
middle latitudes. It should be noted that different ionospheric responses in the North American and Chinese
sectors could be influenced by storm onset time, geomagnetic field configurations, and other effects. For example,
disturbance electric fields may have different directions in the two sectors due to the local time differences at the
same UT. Further investigation of the different ionospheric responses between North American and Chinese
sectors is desired but is beyond the scope of this initial study.

Finally, it should be noted that there were still some discrepancies in the morphology produced by the model,
despite its general ability to describe the abnormal ionospheric variations during the May 2024 superstorm. For
instance, the TIEGCM overestimated the upward plasma drifts, producing peak speeds exceeding ~120 m/s,
whereas the SYISR observations showed peak velocities of ~50-70 m/s. This overestimation may be related to
the overestimation of the penetration of electric fields by the model, especially for large southward B, cases, as
discussed in previous studies (e.g., W. Wang et al., 2008, 2010). The penetration of high-latitude electric fields
was approximately simulated by the TIEGCM with the Weimer model driven by solar wind and the IMF,
although in this study, the TIEGCM was not self-consistently coupled with the magnetosphere and ring current
models to address the shielding and overshielding processes. Nevertheless, the temporal variations in the
observed vertical ion drift from the SYISR were generally consistent with the modeled plasma drift changes: that
is, large daytime upward drifts occurred when the recurrent strong southward B, excursions were present, and
prominent downward drifts were observed around sunset. Thus, the TIEGCM model captured the temporal
variability induced by the changes in the solar wind and IMF conditions during this superstorm and their impacts
on the I-T System.

Additionally, the overestimation of high-latitude electric fields could also cause the overestimation of Joule
heating and global neutral wind circulation and, in turn, disturbance dynamo effects (W. Wang et al., 2008). The
morphology of the simulated TECs differed from that of the observed TECs (Figures 4c and 4d). The

HUANG ET AL.

12 of 15

a1 °ST0T “XP099LST

:sdpy woiy papeoy;

SSPIN K4 6L€100AVFTOZ/6T01"01/10P/wo0 K[

e,
=
g
<8
E]
5
&
o
3
2
|
g
]
2
g
3
N4
3
3
N
=3
I
5
©»
&
8
=
g
2
g
g
2
2
g
=3
5
E3
g

SULIA)/WOD" KJ[IAN"

ASUDIT Suowwo)) dAnea1) a[qearidde ayy £q pauraA0F are SA[ONIR Y (3N JO SA[NI 10J AIRIQIT AUIUQ AITAY UO (SUONIPUOD-T



A

P\ [y AGU Advances 10.1029/2024AV001379

ADVANCING EARTH
AND SPACE SCIENCES

Dalte :2024-05-11

H
5

(TECU)
45
30 4
30
D15 g g
a < 15
5 0 ",
2
- — F
E 15 - 15
,/) ‘N El
-30 ‘///-" 5
45
-45 = -
45 T T
(TECU)
30 4 s
D5 .
=l
5 0 1 M2
2 -
E -5 .
15
-30 4
-45 : : N,
i (c) A TEC (Vertical ExB Drift Effect) ‘
T T T T T
301 1 s
D 15+ 1
=]
S
o ol ‘ o
s 0
'
© 15 -
|
-5
-30[ =
-45 1 L 1 1 1
-10
- (d) A TEC (Disturbance Dynamo Effect)
T T T T T T T
301~ AN BE
D 15t .
=
o oL -20
- 0 i
S
b=
Tj A5 = 1
-25
=30 —
45 L 1 B — 1 1 1 1
0 3 6 9 12 15 18 21 24

Universal Time (Hour)
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discrepancies in meridional winds and vertical plasma drifts between the observations and simulations may be
associated with many factors. Lower atmospheric forces could also result in disparities between observations and
simulations during storms (e.g., Lei et al., 2018). Also, the upper boundary of the TIEGCM is less than 1,000 km,
whereas the observed TEC is the integrated content from the receiver up to the GEO satellite altitude
(~36,000 km). The effects of the plasmasphere were neglected in the model. These aspects necessitate further
investigation in the future.

4. Conclusion

Recently, the Chinese “Meridian Project” has offered robust ground-based observations for monitoring the
ionosphere environment. In this study, we first used SYISR experiments and GEO TEC network measurements to
analyze the ionospheric responses of the Asian sector to the May 2024 superstorm, the strongest storm in the
preceding 20 years. The SYISR electron density and GEO TEC data exhibited abnormal ionospheric variations,
displaying multiple peaks and wavelike structures. The estimated phase velocities of wavelike structures ranged
from approximately 460 m/s to 940 m/s, which are characteristics of typical LSTIDs. The observed meridional
winds had significant disturbances with maximum velocities exceeding ~200 m/s, accompanied by downward
phase propagation associated with AGWs/TADs. Simultaneously, downward velocities around sunset and
multiple large upward velocities during daytime with peak values of ~50-70 m/s, were observed in the vertical
ion drifts from SYISR measurements. The TIEGCM also predicted similar ionospheric changes, attributing these
variations to the contributions from disturbed meridional winds related to AGWs and plasma drifts driven by
DDEFs and recurrent PPEFs under southern B, conditions. These comprehensive observations and simulations
demonstrated that the interactions among actions among AGWs, penetration electric fields and the disturbance
dynamo were responsible for the abnormal ionospheric changes during this superstorm. This study provided an
important insight for understanding the relative effects of disturbance electric fields, neutral wind disturbances,
and their interactions during strong geomagnetic storms.
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