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Abstract Enhancement of currents in Earth's ionosphere adversely impacts systems and technologies, and
one example of extreme enhancement is supersubstorms. Despite the name, whether a supersubstorm is a
substorm remains an open question, because studies suggest that unlike substorms, supersubstorms sometimes
affect all local times including the dayside. The spectacular May 2024 storm contains signatures of two
supersubstorms that occurred successively in time with similar magnitude and duration, and we explore the
nature of them by examining the morphology of the auroral electrojet, the corresponding disturbances in the
magnetosphere, and the solar wind driving conditions. The results show that the two events exhibit distinctly
different features. The first event was characterized by a locally intensified electrojet followed by a rapid
expansion in latitude and local time. Auroral observations showed poleward expansion of auroras (or aurorae),
and geosynchronous observations showed thickening of the plasma sheet, magnetic field dipolarization, and
energetic particle injections. The second event was characterized by an instantaneous intensification of the
electrojet over broad latitude and local time. Auroras did not expand but brightened simultaneously across the
sky. Radar and LEO observations showed enhancement of the ionospheric electric field. Therefore, the first
event is a substorm, whereas the second event is enhancement of general magnetospheric convection driven by a
solar wind pressure increase. These results illustrate that the so-called supersubstorms have more than one type
of driver, and that internal instability in the magnetotail and external driving of the solar wind are equally
important in driving extreme auroral electrojet activity.

1. Introduction

Auroral electrojets are horizontal electric currents that flow in the ionosphere of the auroral zone, and the
enhanced magnitude and variability of the electrojets are known to adversely affect critical infrastructure. For
instance, rapid variations of the electrojets can excite geomagnetically induced currents (GICs) by perturbing the
geomagnetic field (e.g., Vorobev et al., 2019). GICs may damage high-voltage power transformers of power grids
and increase steel corrosion of pipeline networks. Electrojets can heat the upper atmosphere through Joule heating
(Ahn et al., 1983; Akasofu, 1981; Nisbet et al., 1982). As the heated atmosphere expands, the orbits of low-
altitude satellites change. Auroral electrojets are often accompanied by auroral activity, and auroras (or
aurorae) impact HF radio communication and GPS/GNSS satellite navigation by producing significant fluctu-
ations in the electron density in the ionosphere.

Drivers of extreme auroral electrojet activities are not well understood. In this paper, extreme activity is defined as
events with SuperMAG auroral indices (SMU or SML (Newell & Gjerloev, 2011)) exceeding 2,500 nT in ab-
solute value. One example is supersubstorms, which are associated with a large westward auroral electrojet (SML
<—2,500 nT) (Tsurutani et al., 2015). They often appear as isolated SML peaks (separated by >6 hr) rather than
repetitive fluctuations of the index. Supersubstorms are rare events that only occur a few times per year on average
(Hajra et al., 2016). They tend to occur during the main phase of geomagnetic storms, but they can also occur
during non-storm times. Supersubstorms are often triggered by parcels of high-density solar wind plasma or
pressure pulses with a southward IMF precursor (Tsurutani et al., 2015; Hajra et al., 2016). However, the chain of
events that follows the solar wind trigger remains elusive. Existing evidence implies that supersubstorms can be a
different process from typical substorms despite their name. Hajra and Tsurutani (2018) found that auroras at the
peak of supersubstorms are most intense at dusk and dawn. Despirak et al. (2020, 2022) found that the westward
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electrojet during supersubstorms extends globally in longitude, being largest in the post-midnight or dawn sector.
Tsurutani and Hajra (2023) found that Joule heating is comparably strong on the day- and nightside, consistent
with global energy dissipation. In comparison, substorms are mostly a nightside-sector phenomena with largest
activity in the pre-midnight sector. The global-wide disturbance of supersubstorms in the ionosphere implies that
the driver in the magnetosphere should also be widespread. Hajra et al. (2023) reported enhancement of energetic
electron and proton fluxes and elevated electromagnetic ion cyclotron waves in the nightside inner magnetotail.
However, these processes are also common during substorms. The mechanisms that drive the large intensity and
global extent of supersubstorms are unknown.

Another type of extreme auroral electrojet activities was reported by Zou et al. (2024). The event was referred to
as an auroral electrojet spike due to the transient nature, where the SML index plunged and recovered within
5 min. The short time scale also meant that the rate of change of the electrojet was unusually large. The event had a
wide, if not global, span in longitude, the intensity being largest in the dawn sector, but it was narrow in latitude
extent, being only 2°-3° wide. Upstream solar wind measurements showed a transient pressure pulse that was six
times above the background levels. Simultaneous auroral observations suggest that the electrojet coincided with
brightening of diffuse auroras. It is therefore postulated that the solar wind pressure pulse compresses the
magnetosphere and enhances diffuse precipitation of electrons and protons from the inner magnetotail. The
precipitation elevates the ionospheric conductivity and intensifies the auroral electrojet. This scenario offers an
explanation for the wide longitudinal extent of the electrojet and the increasing electrojet intensity toward dawn.
The former is because diffuse auroras extend azimuthally across many hours of MLT continuously, and the latter
because electron diffuse auroras are most intense at post-midnight and morning hours.

Generally speaking, variations of the auroral electrojet can be attributed to the substorm current wedge (also
called DP1 current) and/or the two-cell Hall current vortices (also called DP2 current). DP1, or Disturbance Polar
type 1, is a single cell of ionospheric current system that is centered around midnight, and features a localized and
intense westward electrojet in the midnight auroral oval (Akasofu et al., 1965). DP2 consists of two current cells
roughly centered at the dawn and dusk terminators (Obayashi, 1967; Nishida, 1968), and are characterized by an
eastward electrojet from the afternoon to midnight auroral oval and a westward electrojet from the midnight to
morning oval. The two current systems are believed to correspond to different processes in the magnetosphere:
DP1 to the substorm expansion phase, and DP2 to the general magnetospheric convection. It is therefore helpful to
examine which current system, DP1 or DP2, dominates extreme auroral electrojet activity as this will distinguish
between the type of disturbances in the magnetosphere (e.g., Clauer & Kamide, 1985; Kamide & Kokubun, 1996;
Xu & Sun, 2000). DP1 and DP2 are used to describe two-dimensional current systems confined to the ionosphere,
that is, equivalent current systems, although the actual current system is three-dimensional with field-aligned
currents (FACs) connecting the ionosphere and the magnetosphere. The FACs that correspond to DP2 are
related to the extended Region 1 and Region 2 FAC sheets that flow along the auroral oval boundaries, and those
to DP1 are localized and flow upward (downward) on the western (easter) edge of the intense westward electrojet.
The global extent of the auroral electrojet during supersubstorms and the auroral electrojet spike is consistent with
DP2 current.

A series of extreme auroral electrojet activity occurred during the spectacular super geomagnetic storm on May
10-11, 2024, which is also widely referred to as the Mother's Day storm due to its proximity to Mother's Day, and
as Gannon storm in memory of Jennifer Gannon who made outstanding contributions to space science. We focus
on two electrojet events that spanned the nightside sector and both satisfy the definition of supersubstorms. The
two events are interesting because despite their close proximity in time (separated by <1 hr) and similar
magnitude and duration, they are driven by distinctly different processes, with one more consistent with a sub-
storm disturbance, the other enhancement of general magnetospheric convection. This demonstrates that extreme
electrojet activity has more than one type of driver, and that internal instability in the magnetotail and external
driving of the solar wind are equally important in driving extreme disturbances at nightside high latitudes.

2. Data Set

The main data sets used to study the morphology of the auroral electrojets are SuperMAG and Active Magne-
tosphere and Planetary Electrodynamics Response Experiment (AMPERE-NEXT). SuperMAG is a worldwide
collection of geomagnetic ground station data (Gjerloev, 2012). Undisturbed daily variations of the geomagnetic
field have been subtracted, so that SuperMAG data represent perturbations of the geomagnetic field, which at
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auroral latitudes are mainly produced by auroral electrojets, often by Hall current. The data have a 1-min temporal
resolution.

The AMPERE-NEXT data consist of magnetic field measurements obtained from altitudes of ~780 km by about
90 satellites (Anderson et al., 2020; Waters et al., 2020). The satellites are distributed in six equally spaced orbital
planes, offering full local time coverage. In each plane, there are 11 satellites that are evenly spaced along the orbit
track, providing full latitude coverage every 9 min. The AMPERE data reflect magnetic signals associated with
FACs.

Disturbances in the magnetosphere are investigated using Geostationary Operational Environmental Satellites
(GOES), Transition Region Explorer (TREx) RGB auroral cameras, Poker Flat Incoherent Scatter Radar (PFISR),
and Defense Meteorological Satellite Program (DMSP). Specifically, GOES provides magnetic field and ener-
getic particle data at geosynchronous orbit. TREx cameras detect auroral/airglow emissions at 557.7, 486.1, and
630.0 nm wavelengths in the auroral zone. The stations with clear sky conditions were located at Athabasca
(geomagnetic 61.98°N, —72.24°E) and Lucky Lake (geomagnetic 58.5° N, —41.6°E). PFISR (geomagnetic
65.8°N, —93.6°E) probes electron density and temperature, and ion temperature and velocity in the ionosphere.
Sensors onboard DMSP measure electron density, ion velocity, magnetic field, and energy spectra of electrons
and ions that precipitate into the ionosphere. The parameter of most interest for this study is the ion velocity.

The solar wind conditions were provided by the high-resolution OMNI data set. OMNI contains 1-min-averaged,
field/plasma data sets shifted to the Earth's bow shock nose. The OMNI data are further validated by the
Magnetospheric Multiscale (MMS) satellites located right outside the bow shock.

3. Results
3.1. Geomagnetic and Solar Wind Condition

Figure 1 shows the geomagnetic condition represented by SuperMAG indices for May 10-11, 2024. The SMR
index in Figure 1a exhibits a step-function like change during 1706—-1820 UT on 10 May 2024, signifying the
sudden commencement of the storm. SMR then reached a minimum value of —451 nT at 2236 UT, followed by a
gradual recovery phase lasting for several days. Super storms of such strong intensity are very rare, and the last
storm of similar intensity occurred more than two decades ago on 20 November 2003.

The SML index in Figure 1b showed several extreme westward electrojet events with SML <—2,500 nT, such as
those at 1919 UT and 1949 UT on May 10 during the storm main phase, and those at 0900, 0948, and 1332 UT on
May 11 during the recovery phase. In this paper we focus on the two consecutive events that occurred on May 11
at 0900 UT when the SML index plunged to —3,497 nT, and at 0948 UT when the SML index reached —3,432 nT.
The close proximity in time and similar magnitude and duration of the two events seems to suggest that they are a
recurrence of the same disturbance. However, as detailed below, they are produced by two distinctly different
processes.

Figures 1c—1f provide zoom-in views of the indices, and in particular, Figures le and 1f show the regional SMU
and SML indices. The regional indices reflect the local magnitude of auroral electrojets at various magnetic local
times. They are calculated in the same manner as the global indices, except that they are calculated over a 3-hr
sliding window in MLT (Newell & Gjerloev, 2015). For example, SML12 is centered at 1230 MLT and covers the
range of 1100 MLT through 1400 MLT, and is defined as the largest negative north-south perturbation of the
geomagnetic field. Although both events occurred on the nightside, their local time distribution is different with
the second event being broader. Our analysis in Section 3.3 reveals that the second event actually spanned all
MLTs, including the dayside. The apparent lack of dayside activity in Figure 1f was because the geomagnetic
field on the dayside was perturbed in the east-west direction, rather than north-south. A detailed analysis of the
two events is presented in the following sections.

3.2. First Extreme Auroral Electrojet Event

3.2.1. Morphology

Figure 2 shows the 2-D distribution of the SuperMAG geomagnetic field presumably perturbed by auroral
electrojets. The perturbed fields are represented by the green vectors and have been rotated clockwise by 90° in
the horizontal plane to represent equivalent ionospheric currents. The initial geomagnetic field is shown in
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200 M‘ SR N R Figure 2a. The start of the activity is characterized by an intensification of the
DE: T—; 0E SSC/ A westward auroral electrojet over a narrow latitude band of 53°-55° MLAT
%) igg = a5 ) and over a localized MLT range in the midnight and pre-midnight sector, as
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Figure 1. (a-b) Overview of the SMR, SMU, and SML indices during the
May 10-11, 2024 storm. Red arrows mark SML peaks <—2,500 nT. (c—d)
Zoom-in views of the SMR and SML indices during the two extreme
nighttime auroral electrojet events. (e—f) Regional SMU and SML indices as
a function of magnetic local time and universal time.

Figure 2d. It also spread azimuthally where the eastern edge reached about
0500 MLT in Figure 2d (beyond which there was the little change in the
geomagnetic field) and the western edge reached about 2000 MLT, although
the largest intensity remained at around 2100 MLT. The electrojet continued
to strengthen with time and reached a peak at 0900 UT in Figure 2e. It then
decayed in Figure 2f. The decay was mostly confined to the pre-midnight and
midnight sectors, and the electrojet in the post-midnight sector remained
elevated.

Figure 3 shows the AMPERE magnetic field presumably perturbed by FACs.
Figures 3a—3d show the 2-D distribution of the perturbed field represented by
the color vectors. Different colors represent measurements from the different
satellites in the Iridium constellation. Figure 3a shows the magnetic field
before the event onset. Following the onset, AMPERE recorded remarkably
large westward perturbations at 52°-57° MLAT and 2100-2300 MLT (see
the poleward portion of the pink dashed contour in Figure 3b), indicating
enhancement of upward (downward) FACs on the equatorward (poleward)
side of this latitude band. The perturbation also extended to 0100 MLT,
although of a smaller magnitude. Changes of magnetic field at other merid-
ians were small, suggesting that the FACs were localized in local time. A

large eastward perturbation occurred equatorward of the large westward perturbation along 2100 MLT (see the

equatorward portion of the pink dashed contour). This formed a latitudinal shear, implying intense upward FAC at
2100 MLT. Interestingly, the local time of this FAC coincides with the large westward electrojet seen in the

SuperMAG data in Figure 2c.

As the event developed, the region of perturbation extended eastward, first to 0100 MLT in Figure 3c, then to
about 0600 MLT in Figure 3d. The perturbation in the pre-midnight sector did not disappear but decreased in

magnitude, and the direction of the magnetic field also returned toward the pre-onset direction. The eastward
extension of FACs is consistent with the spreading of the electrojet seen in the SuperMAG data in Figure 2d, and
the latitudinal location of the newly extended FACs, which were positioned at about 50°-60° MLAT, also agreed
with that of the electrojet. However, SuperMAG data suggest that the electrojet remained largest in the pre-
midnight sector, whereas the AMPERE FACs weakened there. We postulate that the difference was because
SuperMAG captures the divergence-free component of the current system, which is, to a first approximation, a
Hall current. AMPERE captures the rotation-free component, which closes in the ionosphere as Pedersen

currents.

For a better presentation of how FACs varied with time, Figure 4 shows AMPERE data in the time series format.
In particular, Figures 4b—4e show the geomagnetic east-west perturbation of magnetic field measured along a
given orbit plane (the MLT (rounded) at which the plane intersected 60° MLAT was labeled in the vertical axis
title). The measurements appear as slant stripes because they are taken by satellites that move poleward/equa-
torward with time, The magnetic field in Figures 4b—4e exhibit the same key features as those shown in Figure 3,
with an enhancement of the westward magnetic field to >1,000 nT centered at around 55° MLAT. The
enhancement first occurred at 2100 and 2300 MLT (highlighted by the green arrows in Figures 4d and 4e), then

propagated to 0100 and 0400 MLT (Figures 4b and 4c). Figures 4b and 4c further show thinning and equatorward

displacement of the auroral oval before the event onset, and poleward expansion of the auroral oval after the onset.
For instance, as indicated by the green dashed line in Figure 4b, the area of westward magnetic field (colored in
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Figure 2. 2-D distribution of SuperMAG geomagnetic perturbation (represented by the green vectors) in MLAT-MLT
coordinates at selected UT times on 11 May 2024. The green vectors have been rotated clockwise by 90° to represent
equivalent ionospheric currents. The pink dashed contours delineate regions with enhanced perturbation.
red) at 0400 MLT narrowed and shifted equatorward up to 0840-0850 UT, and expanded poleward afterward.
This evolution is representative of the behavior of the auroral oval because a latitudinal gradient of the azimuthal
field indicates FACs (a positive gradient corresponds to downward FACs, which in the post-midnight sector
suggests R1 FAC), and large-scale R1/2 FACs flow on the poleward and equator edge of the auroral oval.
Figure 4f shows the east-west perturbations of the magnetic field as a function of MLT. The data were averaged
over 52°-57° MLAT, where the magnetic field was strongly perturbed. The measurements appeared as short
colored strokes with breaks in between in the time series plot because one satellite crosses 52°-57° MLAT for
<2 min, and the separation between consecutive satellites is 9 min. We smoothed the measurements by 5 min to
make the data more visible. Figure 4f clearly shows the sudden enhancement of the westward magnetic field at
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Figure 3. 2-D distribution of AMPERE magnetic perturbations in MLAT-MLT coordinates on 11 May 2024. The pink
dashed contours delineate enhanced perturbation of the field.

2100-2300 MLT with propagation to 0100, 0400, and then 0600 MLT. At each MLT, the enhancement persisted
for about 20 min, except at 0600 MLT where it did not decay but showed a second enhancement after 0935 UT. The
second enhancement coincides with the second extreme auroral electrojet event discussed in detail in Section 3.3.

Note that a rapid increase of currents at a localized region followed by a poleward and azimuthal expansion is
characteristic of a substorm expansion phase, and the substorm growth phase is associated with thinning and
equatorward shift of the auroral oval. Therefore, the morphology of currents revealed by SuperMAG and
AMPERE implies that the enhanced auroral electrojet resembles DP1 current, and that the first event is likely to
have been associated with a substorm.

3.2.2. Magnetospheric Driver

Substorms are associated with an organized sequence of auroral display. The expansion phase can be uniquely
identified as a sudden brightening along a pre-existing growth-phase arc and a subsequent poleward and
azimuthal expansion (Akasofu, 1964). Figure 5 shows the auroral observations from the TREx RGB camera at
Athabasca (geomagnetic 61.98°N, —72.24°E, located at around 0100 MLT). A movie of the auroral observations
is provided as Movie S1 in the supplementary material. Figure 5a corresponds to the end of the growth phase,
where faint azimuthally aligned auroral arcs drifted equatorward. The equatorward portion of the auroral oval was
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1000 outside the camera FOV. Starting around 0846 UT, the camera captured

-
S 1000 brightened auroras in the southwestern corner. The brightening was weak in
% i Figure 5b, probably because the brightening originated equatorward of the

-3000 c— | | B, (nT) camera and the camera only captured the high-altitude portion of the auroral
® g 70° 1NN L X T ) m ;ggo emissions. The weak emissions were followed by bright green emissions in
% S 60° I R S L A I B 3| (o Figure 5c, which were followed by expansion of green emissions in both
=3 b § E T ..-I .. 2’ Ii- Frfst! :.:?880 poleward and azimuthal direction in Figure 5d. The brightened auroras
oh - ci T T F T T I R . 1000 exhibited distinct ray structures. The expansion continued and swept across
E S 70°F E goo the FOV (Figures 5e and 5f), and the camera observed dynamic arcs and
3‘ § 60°F ] L 3| |-500 folds. The sequence of auroral evolution indicates a classic substorm

CB0E ;. 3: : : — : — .'11000 expansion phase with an auroral bulge which initiated at the equatorward
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Figure 4. Time series of AMPERE magnetic perturbations on 11 May 2024.

began to decrease at around 0843 UT, signifying the onset of magnetic field
dipolarization. The dipolarization indicates that the cross-tail current was

(a) SMU and SML indices, which is the same as Figure 1d. (b)—(e) diverted into the auroral ionosphere, establishing the substorm current wedge.
Latitudinal distribution of AMPERE magnetic perturbations along selected The dipolarization was accompanied by an expansion of the plasma sheet,
orbital planes. The intersection of the orbital plane with 60° MLAT (rounded because the northward magnetic field component increased while the total

to the nearest hour) is labeled. The green arrows mark the enhancement of
perturbation to >1,000 nT. (f) MLT distribution of AMPERE magnetic
perturbations within 52°-57° MLAT. The green contour highlights the

field strength decreased, which suggests that the satellite, originally located at
the outer plasma sheet, now found itself closer to the neutral sheet. As the

enhancement of perturbation and its propagation toward dawn. satellite approached the neutral sheet, it detected sharp increases of energetic

electron and proton fluxes, indicative of energetic particle injections.

GOES 16, which was positioned in the post-midnight sector, observed similar changes but with a delay. For
instance, the dipolarization started at around 0852 UT, nearly 10 minutes later than GOES 18. The delay implies
azimuthal expansion of the disrupted cross-tail current, which is a typical signature of substorms (Nagai, 1991;
Watson & Jayachandran, 2009), and is in excellent agreement with the azimuthal spreading of the auroral
electrojet observed by SuperMAG and the eastward propagation of FACs observed by AMPERE. The GOES
measurements therefore support the notion that the extreme auroral electrojet was driven by a substorm distur-
bance in the magnetotail.

3.3. Second Extreme Auroral Electrojet Event
3.3.1. Morphology

We now describe the second extreme event and compare it with the first event. Figures 7a—7c present the 2-D
distribution of the SuperMAG geomagnetic field in a similar format as Figures 2 and 7d-71 present the mea-
surements at individual stations. The selected stations include those located at the dayside at around 1200 MLT
(Panels d—e), in the post-midnight at around 0300 MLT (Panels f-h), and in the pre-midnight sector at around
2200 MLT (Panels j-1). A station located at around 0100 MLT was also selected (Panel i) because it was among
the equatorward-most stations that captured the electrojet. The key feature of the event is that the auroral electrojet
was intensified simultaneously over a broad local time and latitude range (Figure 7b). By simultaneous, we refer
to the increase of geomagnetic field perturbation starting approximately within +1 min from 0935 UT considering
that the increase on the nightside was gradual without a clean-cut onset. The latitudinal range spanned about 54°—
65° MLAT (see the simultaneous onset indicated by the pink vertical dashed line in Figures 7f—7g and 7i, as well
as in Figures 7j and 7k), although the lower latitude estimate was limited by the sparse stations within 50°-60°
MLAT in North America. The local time range extended from the pre-midnight sector to magnetic noon (see the
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Figure 5. Snapshots of TREx RGB observations of auroras at Athabasca on 11 May 2024. The time instance when the images were taken were labeled at top. Panels (a—f)
correspond to substorm expansion phase of the first event, and Panels (g—i) correspond to the enhancement of general magnetospheric convection of the second event.

simultaneous onset across Figures 7d—7e, 7f-7g, 7i, and 7j—7k), and possibly even to the afternoon hours into
Russia where the stations were sparse. Such a broad onset is quite different from the first event. The intensified
electrojet was directed westward in the night sector, equatorward at noon, eastward in the afternoon sector. The
westward electrojet on the nightside still extended poleward, as seen from the delayed perturbation of the
magnetic field at stations above 65° MLAT (Figures 7h and 71). However, the development of the electrojet at
those stations coincided with the decay of the electrojet at stations located around and below 60° MLAT
(Figures 7f, 7i, and 7;j). This is consistent with an overall poleward shift of the electrojet (Figure 7c).

Figures 8a—8c show the 2-D distribution of the AMPERE perturbed field before, during and after the extreme
electrojet activity, respectively. The event is characterized by field enhancement across the entire polar region,
most evident in the dawn and dusk sectors. As the event ended, the enhancement subsided, except for a limited
region in the afternoon quadrant below about 60° MLAT. Large-amplitude localized FACs, like those that
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Figure 6. (a—b) Magnetic field and inclination angle. The inclination angle is defined as the angle of the magnetic field vector
deviating from the GSM Z direction. (c—d) Energetic electron and proton fluxes as measured by GOES 18 (G18) on 11 May
2024. (e-h) Similar to Panels (a—d) but for G16.

characterized the first event, did not occur here. In fact, Figures 4b—4e suggest that the intense midnight FACs that
signified the onset of the first event did not recur for the second event. Instead, as indicated in Figure 4f, the event
was associated with a modest enhancement of the background magnetic field at dawn and dusk.

The enhancement shown in Figure 4f occurred at the equatorward edge of the auroral oval, and Figures 8e—8h
present the time evolution of the magnetic field at the poleward portion of the auroral oval and in the polar cap.
Four MLTs are shown, which are 0700 MLT (Figure 8e), 2300 MLT (Figure 8f), 1900 MLT (Figure 8g), and
1300 MLT (Figure 8h). Note that the color scale has been blue or red shifted in order to highlight the variation
of the field. Several important features are evident. First and foremost, the background field above 65° MLAT
was enhanced in the eastward direction at 0700 MLT, and westward at 2300, 1900, and 1300 MLT (highlighted
by the green arrows). Secondly, the enhancement occurred roughly around the same time across MLTs. The
slight delay at 2300 and 1900 MLT is likely because the satellites did not enter the region of interest (i.e., polar
region) until a few minutes after the event onset. The extended extent of the enhancement in latitude and
longitude suggests that the associated FACs were large-scale. Next, the time when the enhancement
commenced, peaked, and recovered agreed with the auroral electrojet activity represented by the SML index
(Figure 8c). Finally, the MLT distribution of the enhancement in the polar cap is similar to that at the equa-
torward edge of the auroral oval, both peaking at dawn and dusk, as seen in Figures 8i and 8k. The direction of
the enhanced field is opposite between the two latitude bands, forming a shear. The sense of the shear is
consistent with the Region-1 FACs which flow into (out of) the ionosphere at dawn (dusk). Therefore, the
AMPERE data suggest an intimate relationship between the development of the extreme auroral electrojet and
the strengthening of large-scale Region-1 FACs.

3.3.2. Magnetospheric Driver

The different morphology of the auroral electrojet and associated FACs between the first and second events
suggests that they are driven by different types of disturbances in the magnetosphere. Indeed, the second event
was not accompanied by signatures of substorms, such as poleward expansion of auroras and/or dipolarization of
magnetic field in the magnetotail. The auroras were enhanced simultaneously across the entire sky (Figures 5g
and Sh, although the enhancement was not steady but pulsated over time), and the magnetic field was stretched at
midnight (Figure 6). The fact that the auroral electrojet in the second event resembles DP2 current indicates that
the event was probably caused by an enhancement of magnetospheric convection.

The strength of the magnetospheric convection can be quantified as the convection electric field, and we examine
the convection electric field measured by PFISR and DMSP. Figure 9 shows the PFISR measurements, which
were obtained at around 2230 MLT, the longitudinal peak of the auroral electrojet. Immediately after the event
onset at around 0935 UT, PFISR observed strong ionization in the E region ionosphere (95-130 km in Figure 9a),
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Figure 7. (a—c) 2-D distribution of SuperMAG geomagnetic perturbations in MLAT-MLT coordinates at selected instances
(rotated clockwise by 90° to represent equivalent ionospheric currents) on 11 May 2024. (d—k) Geomagnetic perturbations
recorded at individual stations located at around 1200 MLT (Panels d—e), 0300 MLT (Panels f-h), 0100 MLT (Panel i), and
2200 MLT (Panels j-1). The pink dashed vertical lines mark the onset of the local perturbation.

suggesting increased precipitation of energetic particles from the magnetosphere. The precipitation continued
until 1000 UT before returning to the pre-event level. The eastward plasma convection changed from <400 m/s
before the event onset to up to 1,000 m/s after the onset (Figure 9b). Since motion of plasma in the F region
ionosphere is governed by the electric field drift, the increase of the eastward convection suggests an enhancement
of the convection electric field in the northward direction, and hence the magnetospheric convection. The
eastward convection decreased during 0950—-1000 UT, which was also the time when the auroral electrojet ac-
tivity declined, and then fluctuated around 600 m/s until the end of the interval. The northward convection did not
exhibit any substantial change.

One may wonder whether the enhanced precipitation and convection electric field measured by PFISR can ac-
count for the extreme magnitude of the electrojet, and if so, the enhancement of which parameter plays a more
important role. This might be estimated with a back-of-the-envelope calculation, where we predict how much the
geomagnetic field would be disturbed given the PFISR-measured precipitation and electric field, and compare
this with the disturbance recorded by the magnetometer. The prediction involves two steps, which are obtaining
the current density of the electrojet based on PFISR-measured precipitation and electric field, and assessing the
disturbance of the magnetic field. Two assumptions are used. Firstly, the auroral electrojet is dominated by Hall
current. The current density of the auroral electrojet per unit length can then be obtained using Ohm's Law as
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Figure 8. (a—c) 2-D distribution of AMPERE magnetic perturbations in MLAT-MLT coordinates on 11 May 2024. (d) SMU
and SML indices. (e-h) Latitudinal distribution of AMPERE magnetic perturbations along selected orbital planes. The
intersection of a given orbital plane with 60° MLAT (rounded to the nearest hour) is labeled in the Y axis title. The green
arrows mark the onset of FAC change. (i—j) MLT distribution of AMPERE magnetic perturbations over given latitude bands.
The latitude ranges are labeled in the Y axis title.
where Xy represents the Hall conductance (height-integrated Hall conductivity), and E represents the electric
field. The second assumption is that the auroral electrojet can be approximated as an infinite sheet of current
following horizontally in the ionosphere. Disturbance of the geomagnetic field can be obtained as the field of an
infinite current sheet, which according to Ampere's Law is
1
AB = Zp,J ®
where B represents the geomagnetic field, y, represents the vacuum magnetic permeability, and J represents the
density of the auroral electrojet per unit length.
The PFISR-predicted geomagnetic disturbance can hence be obtained by combining Equations 1 and 2 as
1
AB = 51, ZyE ®)
The Hall conductance was determined in the same way as described by Wang and Zou (2022) based on the
ionization profile in Figure 9a with additional information such as ion composition, electron-neutral and ion-
neutral collision frequencies, and the local magnetic field. PFISR provides estimates of ion composition. The
ZOU ET AL. 11 of 19

‘€ ‘STOT “TOY6691T

:sdny wouy papeoy

ASUdDI suowwo)) dAneal) a[qearjdde oy £q pauroAod are sa[oILIE Y fash JO Sa|nI 10) AIRIQIT dUI[UQ A[IA\ UO (SUOIIPUOD-PUE-SULId}/ W0 Ka[1m  ATeIqijaut[uo//:sdny) suonipuo)) pue swa | a1 33 *[$70Z/+0/0] uo A1eiqi auljuQ Ao[IA\ ‘AIMmNSU] YoIeasay 1samMyInos £q €0€EEOVIH20T/6201 0 1/10p/wod Kajim K



V od |
AGU

ADVANCING EARTH
AND SPACE SCIENCES

Journal of Geophysical Research: Space Physics

10.1029/2024JA033303

m=

0 mi/s
-1000

0 m/s
-1000

0.1 S/m

1000
0
1000

-2000 £
. 1008 ‘ B,
©-1000 ' Be
-2000 1 1 -
hhmm 0900 0930 1000 1030
MLT 22.0 225 23.0 235

Figure 9. (a) Electron density as a function of altitude measured by PFISR on
11 May 2024. (b)—(c) East- and northward plasma convection velocity as a
function of MLAT. (d) Hall conductivity as a function of altitude.

(e) Altitude-integrated Hall conductivity, namely Hall conductance.

(f) MLAT-averaged electric field in the northward direction. The electric
field was averaged over 66.5°—67.0° MLAT. (g) Black line: magnetic
perturbation predicted based on PFISR-measured Hall conductance and
electric field. Magenta line: magnetic perturbation predicted based on
PFISR-measured electric field, where the Hall conductance was kept the
same as that prior to the event. Cyan line: magnetic perturbation predicted
based on PFISR-measured precipitation, where the electric field was kept the
same as that prior to the event. (h) Magnetic perturbation measured by Poker
Flat ground magnetometer.

collision coefficients were taken from Schunk and Nagy (2009), the neutral
densities from MSIS (Picone et al., 2002), and the local magnetic field was
from the International Geomagnetic Reference Field (Thébault et al., 2015).
The ionization profile in Figure 9a was taken from the radar beam that looks
vertically upward, whereas the electric field in Figure 9f was inferred mainly
based on beams that probe east and west. When taking the product of the two
parameters in Equation 3 we have assumed spatial uniformity across beams
(about 1° in MLAT and 10° in MLON). We mainly focus on the north-south
component of AB, as the geomagnetic field is mainly disturbed in this di-
rection and the north-south component is what is used to construct the auroral
electrojet indices.

As shown in Figure 9g, PFISR predicts that the geomagnetic field exhibits
two major disturbances (black curve), the first one peaking at around 0859 UT
(time cadence being 3 min), and the second one peaking at around 0942 UT.
The magnitude of the disturbances is significant, being about —1,471 and
—1,638 nT, respectively. The predicted variation is qualitatively consistent
with the local geomagnetic field perturbation measured at Poker Flat shown in
Figure 9h, although the amplitude is smaller by about 29% for the disturbance
at 0942 UT and 37% for the disturbance at 0859 UT. The smaller amplitude is
likely because the electrojet had a latitudinal peak equatorward of Poker Flat,
as implied by the downward magnetic component (green) in Figure 9h. PFISR
might therefore have missed the most intense precipitation associated with the
electrojet. The electrojet might also contain spatial gradient rather being an
infinite current sheet. Nevertheless, the fact that PFISR predicts nearly 70% of
the geomagnetic field perturbation suggests that the enhanced precipitation
and convection electric field at PFISR can explain most of the large variation
of the electrojet.

Both particle precipitation and electric field increased during the enhanced
electrojet, but to evaluate which parameter makes the major contribution to
the extreme electrojet, we predict how much the geomagnetic field is
disturbed if only the precipitation increased (assuming no change in the
electric field from the pre-event level, which is taken as 0910-0935 UT), and
only electric field increased (no change in the precipitation). If only the
electric field increased, the geomagnetic field (magenta curve in Figure 9g)
would still undergo an evolution trend consistent with the SML index and the
local geomagnetic field, but the amplitude would be smaller by half compared

with the situation when both parameters increased. If only the precipitation increased, the geomagnetic field (cyan
curve in Figure 9g) would exhibit very subtle time variation because of the near-zero electric field. We therefore
conclude that the convection electric field has a major role in the development of the auroral electrojet activity.

Although we primarily use PFISR measurements to understand the driver of the second event, PFISR was also

located at a favorable location for the first event. In particular, the data from PFISR show intense and transient

precipitation right at the event onset, likely in association with the substorm auroral bulge. Plasma convection was

also enhanced in the eastward direction immediately following the precipitation. Substorm auroral bulges are
associated with spatially and temporally structured plasma convection (e.g., Gjerloev & Hoffman, 2001; Lyons &
Nishimura, 2020), and the enhancement is possibly part of the substorm convection pattern.

Figure 10 shows the DMSP measurements before (by DMSP 17, left) and during the event (by DMSP 18, right).
These are from the Southern Hemisphere. However, the time variation of the convection electric field in the
closed field line region should apply to the Northen Hemisphere as the field is mapped along magnetic field lines
from the magnetosphere. We primarily focus on the cross-track plasma velocity in Figures 10a and 10e, which is

associated with the electric field in the along-track direction through the electric field drift. Since the spacecraft

was located in the dusk sector, a positive value corresponds to a westward velocity, and hence a poleward-directed
electric field. The most striking feature is the enhancement of the cross-track velocity (blue curve) in the sunward
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Figure 10. (a) Cross-track (blue) and vertical (red) ion velocity measured by DMSP F17 on 11 May 2024. (b) Magnetic
perturbation. (c)—(d) Energy spectra of precipitating electrons and ions. (e)—(h) Similar to (a)—(d) but measured by
DMSP F18.

or westward direction between around —56° to —60° MLAT. Specifically, the velocity oscillated around zero
before the event, but turned strongly sunward or westward with most of the measurements >1,000 m/s, and two
measurements exceeding 4,000 m/s during the event. The velocity/electric field enhancement occurred in the
poleward portion of the auroral oval (oval identified based on precipitation of electrons and ions in Figures 10g
and 10h), The enhancement was also embedded within R1 FACs (R1 currents identified based on negative
gradient of the azimuthal component of the magnetic field in Figure 10f). This is consistent with PFISR mea-
surements in Figure 9 as PFISR was positioned within the poleward portion of the Northern Hemisphere auroral
electrojet. Note that PFISR was located in the pre-midnight sector at around 2230 MLT, and observed enhanced
eastward convection as part of the dawn convection cell. DMSP traversed the dusk sector at around 1900 MLT,
and observed enhanced westward convection as part of dusk convection cell. This indicates that the convection
was enhanced over wide range of MLTs, possibly globally.

Although outside the scope of the current study, we note that the DMSP measurements contained additional
interesting features, such as subauroral polarization stream signature, energy-dispersed ion precipitation, and
localized depletion of electron precipitation. These features contain important information about the state of the
magnetosphere and warrant detailed analysis.

4. Discussion: Solar Wind Driving Condition

Possible solar wind sources of the two events are discussed in this section. Figures 11a—11c show the OMNI solar
wind and IMF conditions, which were taken from sensors onboard the L1-orbiting WIND mission and propagated
to the Earth's bow shock nose. In Figure 11a, the IMF was northward during 0737-0757 UT, and turned
southward, where the IMF Bz oscillated around —10 nT. It turned strongly southward to IMF Bz being about
—35 nT at around 0828 UT, and remained steady until 0930 UT. After 0930 UT the IMF Bz started to fluctuate
again and recovered to about —20 nT. The IMF By was positive most of the time except for a brief excursion to
negative during 0759-0809 UT. Coinciding with the strong and steady southward IMF was a parcel of lower-
density solar wind of ~10 cm™>, density being less than half of the surrounding, as shown in Figure 11b. The
low density started at around 0833 UT, and showed multi-step jumps, first at around 0926 UT, then at around
0937 UT. Because the speed of the solar wind did not change much as shown in Figure 11c, the solar wind
dynamic pressure was lower during the interval of lower solar wind density.
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‘Opsevzt of I'Evgnt‘ 1 _ Onset of Eyept? The OMNI data were overall consistent with MMS measurements obtained

just upstream of the bow shock, although depending on the structures of in-
terest, the two data sets are shifted from each other by about 2-3 min. MMS

additionally observed a sudden increase of magnetic field (Figure 11e) and

OMNI

ion density (Figure 11g) during 0905-0913 UT and 0919-0935 UT. The
increase was because the bow shock expanded/protruded outward, engulfing

the satellite. The outward expansion of the bow shock was also captured by
THEMIS and CLUSTER located on the dayside (not shown). The expansion
coincided with a decreased solar wind number density in OMNI data, which is
associated with a decreased solar wind Mach number and hence decom-

pression of the magnetosphere.

The solar wind driver of the second event is comparatively easy to identify,
and is discussed first. The enhanced magnetospheric convection in the second

event is well explained by being driven by a solar wind dynamic pressure
increase. This is partly because the event onset (0935 UT) occurred nearly
simultaneously with the magnetosphere compression by the enhanced dy-

namic pressure. The compression was captured by MMS and GOES, which
observed contraction of the dayside magnetosphere and stretching of the
magnetotail, respectively. Specifically, MMS returned to the solar wind at

about 30 s before 0935 UT, indicating an inward motion of the bow shock
(Figure 11). GOES 18 was located around the midnight and observed an

I increase of the magnetic inclination angle and an increase of the total mag-

o

GSM(

Figure 11. (a—c) OMNI IMF, solar wind number density, and solar wind
velocity component in the Sun-Earth direction on 11 May 2024. (d-g)
MMS1-measured magnetic field, ion energy spectrum, and ion number
density. MMS1 was mainly located in the solar wind, but excursed to the
magnetosheath briefly due to a change of the bow shock location. The
MMS1 magnetic field was hence shown in two panels where the Y axis range
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9.9 9.5 netic field strength at around 0935 UT (Figure 6), which was a result of
-10.2 -9.2 stretching of magnetic field lines. GOES 16 observed similar processes at
-3.6 -2.9

dawn. The magnetic field strength more than doubled (from about 160 to
350 nT) and stayed elevated. The change started at around 0935 UT, the same
time as GOES 18, suggesting that the magnetosphere was compressed on a
global scale.

The enhanced convection and precipitation during the second event are also
consistent with what is expected to occur following a solar wind pressure

of Panel d is suitable for displaying IMF, and the ¥ axis range of Panel e is increase such as brightened auroras (Brittnacher et al., 2000; Holmes

suitable for displaying magnetic field in the magnetosheath.

et al., 2014; Meurant et al., 2003, 2004; Zhou & Tsurutani, 1999; Zhou
et al., 2009) and enhanced convection (Lukianova, 2003; Liou et al., 2004,
2017; Boudouridis et al., 2005). The brightened auroras are often diffuse, although discrete aurora brightening
such as poleward boundary intensifications and auroral streamers have also been reported (Lyons et al., 2000). A
mechanism of diffuse aurora brightening is adiabatic energization of particles associated with the increase of the
magnetic field intensity in the magnetosphere. The energization results an increase of the perpendicular kinetic
energy of particles, and hence an increase of the particle temperature anisotropy. This triggers loss cone instability
and enhances growth of plasma waves which scatter particles into the loss cone by wave-particle interactions
(Tsurutani et al., 2001; Zhou & Tsurutani, 1999). The particle energization also means an increase of energy flux
into the ionosphere. An alternative mechanism is enlargement of the particle loss cone due to reductions in the
mirror ratio (Liou et al., 2007). The enhanced convection can be attributed to the enhanced interplanetary electric
field that often follows the solar wind pressure increase (Troshichev, 2022) and the increased coupling efficiency
between the solar wind and the magnetosphere (Boudouridis et al., 2005).

An increase of the solar wind dynamic pressure has been noted to drive a dual-pulse response at high latitudes at
ground, which is composed of a preliminary impulse (PI) followed by a main impulse (MI) (Araki, 1994;
Stauning & Troshichev, 2008). The PI corresponds to two-cell ionospheric equivalent current system that has an
opposite sense to DP2 currents, whereas the MI corresponds to a system of the same sense as DP2. The PI and MI
current cells are usually generated at dayside cusp latitudes at either side of noon, and propagate anti-sunward
(Nishimura et al., 2016; Madelaire et al., 2022). In our event, the bipolar impulse signatures are not pro-
nounced in the SuperMAG data in Figure 7, probably because those transient disturbances are often tens or low
hundreds of nT in magnitude, much smaller than the electrojet associated with the enhanced general convection.
Madelaire et al. (2022) noted that under southward IMF, there is a general lack of PI and the MI is often poorly
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resolved due to the significant enhancement of pre-existing currents. On the other hand, AMPERE data in
Figure 8 shows a delayed enhancement of in situ magnetic field at 2300 and 1900 MLT relative to 1300 and 0700
MLT, which could be consistent with propagation of impulse-related signatures. Whether the delay is significant
warrants further study because it could be due to satellites at 2300 and 1900 MLT positioned outside the latitude
range of interest.

Both SuperMAG and AMPERE data show a larger magnetic field perturbation at dawn than dusk, and a similar
asymmetry was reported by Zou et al. (2024). The asymmetry is possibly due to larger ionospheric conductivity at
dawn because the diffuse electron precipitation is most intense at the post-midnight and morning hours.

However, open questions remain. Here we highlight two questions that may benefit from analysis of a larger event
sample than the single case presented.

1. At what time scale does convection electric field respond to solar wind pressure increase? In the current event,
the convection field at around 2230 MLT increased nearly instantaneously upon the arrival of the pressure
increase. However, ample evidence shows that following IMF changes, the convection field reconfigures with
a delay (Etemadi et al., 1988; Fiori et al., 2012; Huang et al., 2000; Lockwood et al., 1986; Murr &
Hughes, 2001; Nishitani et al., 2002; Saunders et al., 1992; Todd et al., 1988). The delay time depends on the
location of measurements, being shortest (zero to a few minutes) on the dayside, and longest (10 to 30 minutes)
around midnight. Whether the instantaneous electric field increase is representative of all solar wind pressure
increase, and why it is not delayed similar to what follows an IMF change warrant further investigation.

2. What determines the relative importance of convection electric field and particle precipitation in driving
extreme auroral electrojets? Although the convection electric field was shown to make the major contribution
in the current study, the opposite was suggested by Zou et al. (2024) who proposed that particle precipitation
was more important. One hypothesis is that the precondition of the magnetosphere matters. The current event
was preceded by a super intense substorm, which means that the near-Earth plasma sheet was filled with
energetic particles and that the cross-tail current was already disrupted. The event discussed by Zou
et al. (2024) was not preceded by substorms, and the electrojet was enhanced over a latitudinally narrow band.

Whether the first event was externally driven, and what served as the driver, are elusive. The first event, which
was a substorm, commenced sometime between 0840 and 0844 UT. The uncertainty of the onset time stems from
the fact that the auroral electrojet takes time to build. The onset occurred <20 min after the IMF turned strongly
southward and <10 min after the solar wind density and pressure halved. We speculate that the pressure decrease
did not contribute to the substorm triggering for two reasons. Firstly, the pressure decrease seems to have limited
geoeffect based on existing observations. For instance, MMS (or THEMIS/Cluster) did not capture expansion of
the bow shock on the dayside, and GOES did not detect thickening of the nightside plasma sheet. Secondly,
although there are studies that show negative pressure pulses can trigger substorms (McPherron et al., 2023),
pressure increases are shown to be more routinely capable of triggering substorms (Iyemori & Tsunomura, 1983;
Kawasaki et al., 1971; Keika et al., 2009; Kokubun et al., 1977; Lyons et al., 2005; Zhou & Tsurutani, 2001) (Note
that pressure increases do not always trigger substorms, and concurrent IMF conditions also affect substorm
occurrence (e.g., Lyons et al., 2005)). It has been proposed that the compression associated with the high-pressure
solar wind causes the lobe magnetic field to increase and the plasma sheet to thin. As the thinning reaches an
unstable state, magnetic reconnection or plasma current instabilities initiate and a substorm occurs (Hubert
et al., 2006). The sudden decrease of solar wind pressure should have the opposite effects to a pressure increase,
and hence may potentially inhibit a substorm from developing.

The turning of the IMF to strongly southward could play an important role in the substorm development by
allowing large amounts of energy to enter the magnetosphere. For typical substorms, the substorm intensity is
directly governed by the amount of energy accumulated in the magnetotail prior to the onset, and this amount is
closely related to the strength of the southward IMF (Milan et al., 2009). For high-intensity disturbances like
supersubstorms, energy accumulated during the growth phase is often insufficient, and continuous energy input
during substorm expansion and recovery phases is needed (Tsurutani & Hajra, 2023). In fact, the input during the
expansion and recovery phases often exceeds that during the growth phase, being the main energy supply for the
disturbance (Tsurutani & Hajra, 2023). The IMF remained strongly southward (being close to —40 nT)
throughout all phases of the supersubstorm, making rapid and continuous energy input possible.
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A widely discussed solar wind trigger of substorms is northward turnings of the IMF (Hsu & McPherron, 2002,
2003; Lyons et al., 1997). Although a northward turning did occur, this was about an hour earlier than the
substorm onset, unlikely acting as a trigger of the disturbance. No other substorms were detected around the time
of the IMF change.

Similarly to the second event, the first event also has unanswered questions as follows.

1. What controls the length of the supersubstorm? The supersubstorm was brief, lasting only about 40 min. This
is shorter than most of substorms, where the SML index decreases and recovers over the duration of about
2 hours (see Forsyth et al., 2015). The IMF was dominated by the Bz component, and this component stayed
strongly southward toward and even after the end of the supersubstorm. Although the IMF By decreased, the
decrease was gradual. What other processes might have caused the supersubstorm activity to end earlier than
normal remains unknown.

2. What gives rise to the high intensity of this substorm, making it a supersubstorm? Although the event was
associated with strongly southward IMF, a similar IMF occurred 2 hours ago lasting for about 1.5 hr. Despite
the large amount of energy accumulated in the magnetotail during that time, no substorms or other auroral
electrojet disturbance occurred. One hypothesis is that conditions internal to the magnetosphere might have
stabilized the magnetosphere to substorm instability. One candidate is a strong ring current, because the ring
current is associated with a northward magnetic component in the near-Earth tail that can inhibit the onset of
magnetic reconnection until the build-up of open magnetic flux in the lobes produces a stretched topology
(Milan et al., 2009). However, the exact condition that leads to/prevents supersubstorm development warrants
further exploration.

5. Summary

Two extreme auroral electrojet intervals occurred in the nightside auroral zone during the May 2024 geomagnetic
storm. Although both satisfy the definition of supersubstorms, the two events exhibit distinctly different features,
suggesting that they were driven by different types of disturbances. Their main differences are summarized as
follows.

1. The auroral electrojet in the first event was intensified over a narrow latitude band (of about 2°) and a localized
MLT (in the pre-midnight and midnight sector) which then expanded poleward and azimuthally. The electrojet
in the second event intensified across a broad latitude range (about 10°) and across all MLTs instantaneously.

2. The magnetic perturbations associated with FACs in the first event strengthened drastically by >1,000 nT in a
narrow latitude band and in the pre-midnight sector which then propagated toward dawn. The magnetic
perturbations in the second event showed a modest enhancement across polar latitudes and all MLTs nearly
simultaneously. The enhancement was of several hundred nT and largest at dawn and dusk.

3. The localized activation of the auroral electrojet and FACs during the first event followed by a poleward and
azimuthal expansion is characteristic of a substorm expansion phase. Indeed, auroral observations showed
poleward expansion of auroras. Measurements made at geosynchronous orbit showed thickening of the plasma
sheet, magnetic field dipolarization, and energetic particle injections, all classic signatures of a substorm.

4. The instantaneous enhancement of the auroral electrojet and FACs over the entire polar region suggests that
the second event was not a substorm, but enhancement of general magnetospheric convection. Measurements
obtained from radar and LEO satellites showed a sharp increase of the convection electric field. On the other
hand, the auroras did not expand but brightened simultaneously across the entire sky. The magnetic field in the
magnetotail did not dIpolarize but became further stretched.

5. The first event was not associated with a clear solar wind driver, whereas the second event was driven by a
solar wind dynamic pressure increase. The first event was preceded by an increase of the southward IMF
component to about —40 nT, and this IMF turning may have played an important role in the substorm
development by allowing rapid and continuous energy input into the magnetosphere in all phases of the
substorm. The first event was also preceded by a solar wind pressure decrease, but the importance of this is
unclear.

Therefore, only the first supersubstorm is a substorm. This result is important because it demonstrates that
extreme electrojet activity has more than one type of driver. Care should be exercised when using the term
supersubstorm because the name encompasses phenomena other than substorms. The result also highlights the
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