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Abstract During the geomagnetic storm on 3—6 November 2021, the in-situ plasma density and the gridded
total electron content (TEC) maps registered a persistent presence of the strip-like bulges (electron density
enhancement, also known as the shoulders in previous literatures) at lower-middle latitudes. The observed
strip-like bulge resided in the Pacific-America-Atlantic sector and lasted from 07:00 UT on 4 November to
20:00 UT on 6 November. For the first time, the temporal evolution of the 2-D strip-like bulge was recorded
by gridded TEC maps, though observations were limited over the North American continents. The TEC maps
showed a continuous shrinking of the nightside midlatitude plasma band structure right before the presence of
the narrow strip-like bulge. Simultaneous measurements from the Ionospheric Connection Explorer satellite
(ICON) revealed an equatorward turning of the field-aligned ion transportation driven by the disturbance
equatorward neutral winds. However, the enhanced fountain effect at low latitudes was not observed during
the entire formation phase of the strip-like bulge. We propose that the storm-induced enhanced equatorward
thermospheric neutral winds push the plasma equatorward along the field lines, and the plasma band structure
was developed into the strip-like bulge. In addition, the ion composition of both the plasma band structure
and the strip-like bulges are dominated by H*, and the maintenance of the strip-like bulge could be due to the
compensation of the downward plasmaspheric content flux.

1. Introduction

An important aspect of the ionospheric behaviors during geomagnetic storms is the occurrence of various kinds
of intermediate-scale plasma density structures at different latitudinal sectors. A brief list of those structures
includes the tongue of ionization (e.g., Coster et al., 2007; Foster et al., 2005; Zhang et al., 2021) and plasma
patches (e.g., Xiong, Lin, et al., 2019; Zhang et al., 2013) at high latitudes, storm enhanced density (SED) at
upper-middle latitudes of about 40°~60° magnetic latitudes (Foster, 1993; Zhang et al., 2017), and enhanced
or depressed equatorial plasma bubble (EPB) activities at low and equatorial latitudes (e.g., Aa et al., 2018;
Carter et al., 2016; Wan et al., 2018; Yeh et al., 2001). Those intermediate-scale ionospheric structures could be
served as a screen to monitor the complex solar wind-magnetosphere-ionosphere-thermosphere coupling under
different solar wind and geomagnetic field configurations. In the meantime, the sharp plasma density gradients
of those structures would affect the radio signal transmission significantly, and particularly, pose threat to various
global navigation satellite systems (GNSS) applications (e.g., Carter et al., 2014; Xiong et al., 2016; Xiong, Lin,
et al., 2019; Zakharenkova & Cherniak, 2021). Hence, extensive studies that focus on the detailed dynamics of
those intermediate scale ionospheric structures at specific latitudes had been carried out.

Nevertheless, the lower-middle latitudes (30°~45° magnetic latitude), where the plasma density transit from
a high level at low latitudes to a low level at middle latitudes, seems to attract far less attention. In previous
studies that concern the ionospheric response to the geomagnetic storm, this latitudinal range appears as either
the source region where the plasma is transported poleward and contributes to SED (Foster et al., 2007; Kelley
et al., 2004; Vlasov et al., 2003) or the drain of the enhanced equatorial fountain effect (Foster & Coster, 2007;
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Foster et al., 2007; Mannucci et al., 2005; Tsurutani et al., 2004), which might further bring in the extended EPBs
(Aa et al., 2018; Zakharenkova & Cherniak, 2020) during geomagnetic storms.

However, a local intermediate-scale structure called “shoulders” had long been noticed by Tsurutani et al. (2004)
and Mannucci et al. (2005) during a few super geomagnetic storms. The shoulders appear as narrow plasma
density bulges with clear poleward boundary and reside at conjugate lower-middle latitudes as seen in the
meridional profiles of total electron content (TEC) (Mannucci et al., 2005; Tsurutani et al., 2004) or the in-situ
plasma density (Heelis & Coley, 2007). Together with the aid of regional TEC maps, the shoulders had then been
witnessed from time to time (Foster & Erickson, 2013; Foster et al., 2007; Horvath & Lovell, 2008), but only a
few dedicated works had been carried out (Chartier et al., 2021; Datta-Barua et al., 2008; Foster & Coster, 2007;
Maruyama et al., 2013; Wan et al., 2021).

Foster et al. (2007) and Foster and Coster (2007) first reported the shoulders in a form of localized enhancement
in regional TEC maps in the American sector. Maruyama et al. (2013) observed a similar localized enhancement
in Japan and further inferred its northwestward streaming nature. Datta-Barua et al. (2008) found that the electron
content above 700 km has a considerable contribution to the localized TEC enhancement. A recent work that
combines the data assimilation with a numerical model (Chartier et al., 2021) had also captured the shoulders
as a regional ridge-like enhancement that extends in the zonal direction and estimated the GNSS positioning
errors induced by the structure. Note that in the abovementioned works, the shoulders (or the so-called localized
enhancement) were all observed at post-sunset hours with limited spatial coverage, hence, it was mainly recog-
nized as a regional nighttime phenomenon.

Recently, by utilizing six high inclinations low earth orbit (LEO) satellites that flew at multiple local time sectors
during the 8-9 September 2017 geomagnetic storm, Wan et al. (2021) had advanced the current understanding
of the shoulders in various aspects: (a) The shoulder is indeed a local time independent phenomenon, though it
is seen more evident in the nightside. (b) Its zonal extension exceeds 150° in longitudes, while its meridional
scale is only a few degrees in latitude. (c) It lasts for more than 2 days throughout the storm recovery phase. (d)
At 840 km, O* is not involved in forming the shoulders, instead, the plasmaspheric ions of H*/He* are the only
contributors, suggesting their plasmaspheric nature. These new findings revealed that the shoulder could be
recognized as a snapshot of the strip-like structure with a narrow meridional coverage but extremely wide zonal
extension. Besides, though the strip-like bulge could be categorized as the shoulders, for those shoulders without
a clear equatorward boundary and attached to the SED plume, they are not equivalent to the strip-like bulge which
resides far away from SED plume. Moreover, in this earlier study, the gridded TEC maps provided by Haystack
Observatory of the Massachusetts Institute of Technology (MIT) failed to capture the phenomenon, and thus the
detailed temporal evolution of the strip-like bulges was left unknown.

Previous studies pointed out that, accompanied by the shoulders, expanded equatorial ionization anomaly (EIA)
was frequently observed at low latitudes (e.g., Mannucci et al., 2005; Tsurutani et al., 2004), indicating a possible
relationship between these two phenomena. Hence, the enhanced eastward electric field that facilitates stronger
fountain effects to produce expanded EIA was also frequently referred to as a possible formation mechanism
of the shoulders (Chartier et al., 2021; Foster & Coster, 2007; Mannucci et al., 2005; Maruyama et al., 2013;
Tsurutani et al., 2004). However, this mechanism is far from sufficient. That is, the plasma content convergence
in a flux tube should exist to form the narrow bulges (in meridional dimension) via shaping its sharp poleward
and equatorward boundaries, but the enhanced fountain effect itself cannot induce this convergence as it would
cascade the plasma down to the middle latitudes in a rather smooth way via diffusion. The numerical simulations
suggest that the enhanced eastward electric field alone is not adequate to produce the observed EIA features,
and the effects of the enhanced equatorward neutral wind (e.g., Emmert et al., 2001; Fejer et al., 2000; Wang
et al., 2017; Xiong et al., 2015) must be involved (Balan et al., 2010; Lin et al., 2005), as the latter term would
reduce (or stop) the downward diffusion of plasma along the geomagnetic field lines, lift the ionosphere to a
high altitude, and hence accumulate the plasma due to the low chemical loss. Similarly, equatorward disturbance
neutral winds could also be a plausible driver for the appearance of the bulges by stopping the downward diffusion
of plasma at lower-middle latitudes and shaping the sharp poleward boundary of the bulges (Wan et al., 2021).
Nevertheless, this mechanism needs more observations, such as direct measurements of neutral winds.

During the deep solar minimum of 2021, an intensive geomagnetic storm occurred on 3—6 November. This study
shows that multiple high-inclination LEO satellites had persistently captured the signatures of the strip-like bulge
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near the dawn-dusk terminator. Moreover, the low background ionospheric plasma density made the strip-like
bulge distinguishable on the gridded regional TEC maps, allowing a full record of the detailed temporal evolution
of the strip-like bulge. Together with both the neutral and ionized particle measurements made by the Ionospheric
Connection Explorer (ICON) satellite, the formation mechanisms associated with disturbance thermospheric
neutral wind and enhanced fountain effect are examined.

2. Data Description

In-situ plasma densities measured by five high-inclination satellites of Swarm A, Swarm B (Friis-Christensen
et al., 2008), and Defense Meteorological Satellite Program (DMSP) F16, F17, F18, are used to extract the
bulge signatures. Swarm A and B are near-polar (87° inclination) orbiting satellites, and their onboard Langmuir
probes provide ion density (Ni) measurements with 2 Hz sampling rate. DMSP satellites fly in sun-synchronous
orbits (98.7° inclination) at altitudes around 840 km, and each satellite carries a suite of sensors to measure the
densities, temperatures, and drift motions of ionospheric ions or electrons. The ion drift motion is measured
with three components: ram drift, vertical crosstrack drift, and horizontal crosstrack drift. The 13th generation
of the International Geomagnetic Reference Field (IGRF-13, Alken et al., 2021) is adopted to derive the ion drift
components in the geomagnetic frame. During the periods of interest, Swarm and DMSP satellites flew in the
dawn-dusk sector. Specifically, the equatorial crossing local time (LT) of Swarm A is in 05:30/17:30, Swarm
B is in 05:40/17:40 LT, DMSP F16 is in 04:30/16:30 LT, DMSP F17 is in 06:30/18:30 LT, DMSP F18 is in
04:10/16:10 LT.

In addition, the 2-D gridded TEC map provided by the Massachusetts Institute of Technology's Haystack Obser-
vatory is used to supplement the satellite observations. The data set has a spatial resolution of 1° X 1° (lati-
tude X longitude) and a time resolution of 5 min (Rideout & Coster, 2006).

The ICON ( Immel et al., 2018) is a low-inclination (27°) LEO satellite that orbits the earth at approximately
580 km and provides multiple types of observations associated with both neutral and ionized particles obtained
by the payloads of Michelson Interferometer for Global High-Resolution Thermospheric Imaging (MIGHTI,
Harding et al., 2017) and Ion Velocity Meter (IVM, Heelis et al., 2017), respectively. MIGHTI instrument
employs two separate sensors: MIGHTI-A and MIGHTI-B, to observe the airglow of both the red- and green-line
oxygen emissions in two orthogonal directions in azimuth of 45° and 135° from the spacecraft ram direction.
Each interferometer acquires altitudinal distribution of line-of-sight (LOS) wind velocity in an altitude range
of 150~300 km. It takes about 5~8 min for the MIGHTI-B to revisit approximately the same location as the
MIGHTI-A has visited. Hence, two orthogonal LOS wind components can be derived at each tangent point in
5~8 min, and with the assumption that the thermospheric wind does not change during this time interval, the
wind vector can be obtained. ICON IVM consists of two planar sensors of a retarding potential analyzer and an
ion drift meter to measure the ion density, ion temperature, ion composition, and ion drift velocity. To monitor the
background state of the neutral and ionized particles, we used the ICON level 2 MIGHTI Cardinal Vector Winds
data set and level 2 IVM-A data set. Particularly, the investigated phenomenon is primarily found above 430 km
by the aforementioned LEO satellite, so we only use the ICON neutral winds data in altitudes of 250~300 km,
which is closer to the other observations.

3. Geospace Conditions Associated With the Geomagnetic Storm

Figure 1 shows the geospace parameters during the period of 3—7 November 2021. The sudden storm commence-
ment (SSC) occurred at about 21:00 Universal Time (UT) on 3 November. At the same time, the solar wind
velocity increased abruptly and the interplanetary magnetic field (IMF) turned southward (B, < 0). Afterward,
the decrease of SYM-H implies the main phase, and B, kept oscillating. Meanwhile, Kp increased intensively
and reached a peak value of 7, when the SYM-H also dropped to a minimum value of —118 nT at 12:45 UT on 4
November. Finally, the recovery phase took over for the next few days.
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Figure 1. Variations of solar wind speed (V,), interplanetary magnetic field (IMF) component in the north-south direction (B,), and geomagnetic indices of SYM-H
and Kp during 3~7 November 2021. The shaded area marks the period when the LEO satellites persistently snapshot the bulge signatures.

4. Results
4.1. Plasma Density Bulges Seen in TEC Map and In-Situ Observations

Figure 2 presents two snapshots of the regional TEC map on 4 November and 5 November both at 10:20 UT, as
well as the in-situ plasma density latitudinal profiles measured by five nearby LEO satellites. The trajectories
of the satellites were shown on the TEC maps (Figures 2a and 2g). In North America, the TEC was generally
maintained at a low level (lower than eight TEC units), but a ridge-like enhancement that spanned from the
western Atlantic through the Gulf of Mexico to the west coast of the United States was witnessed. In the mean-
time, all the five satellites that flew near the sunrise terminator (only DMSP F17 was exposed to the sunlight
region) had captured narrow plasma density enhancements (marked by triangles in Figure 2) with clear and sharp
poleward boundary and equatorward boundary. The enhancements showed a width of about 5° in latitudes and
were distributed at conjugate quasi-dipole (QD) latitudes of 30°~45°N/S, which are consistent with the strip-like
bulges reported in Wan et al. (2021). In the northern hemisphere, those bulges resided well within the ridge-like
TEC enhancements (Figures 2a and 2g). However, the southern bulges were distributed near the southern tip of
the South American continents where the TEC data are sparse. Thus, how the southern bulges look on the local
TEC map remains unknown.

On both days, the zonal ion drifts recorded by three DMSP satellites (left panels in Figure 2) were mainly west-
ward near the strip-like bulge. However, on 4 November, clear drift shear appeared on the north of the strip-like
bulge at dip latitudes of approximately 40°N (Figure 2a). Above the latitudes of the drift shear, the eastward ion
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Figure 2. Two clear registrations of strip-like bulge features by total electron content (TEC) maps on (a) 4 November and (g) 5 November at the same UT of 10:20.
The dark dash lines are the magnetic meridian and QD latitudes; the QD latitudes are organized in a step of 15° with the magnetic equator marked in green color. The
nearby trajectories of the five LEO satellites are attached to the maps, the stems on the trajectories are the horizontal ion drift vectors of DMSP satellites. The solid
arrows mark the moving direction of the spacecraft. The corresponding Ne/Ni profiles, as well as the ion drift in the geomagnetic frame (the projection is calculated
based on IGRF13, blue is field-aligned component: positive along the geomagnetic field vector; magenta is meridional component: within the geomagnetic meridional
plane, perpendicular to the field line, positive outward), are shown on the right side (b—f, h-1). The dark shaded areas highlight the bulges which were further marked as

transparent triangles in (a, g).

drift velocity increased with increasing latitudes (Figure 2a). The meridional ion drifts were mainly southward
near the bulges in both hemispheres. Since the ion transportation is constrained by the geomagnetic field lines,
we further showed the line plots of the ion drift in geomagnetic frame in right-most panels of Figure 2. Focus on
the bulges, on 4 November, the field-aligned ion drifts were negative and positive in the northern and southern
hemisphere, respectively, correspond to a consistent field-aligned equatorward ion transportation. The meridi-
onal drifts are mainly weakly negative near the bulge, except for the measurement of DMSP F17 in the northern
hemisphere, suggesting an unfixed E X B drift pattern. On 5 November, both the field-aligned and the meridional
components varies in three DMSP orbits, which means the drifts are not uniformed among those bulge cases.

As the LEO satellites continuously orbited the earth, one can check the longitudinal extension of the plasma
density bulges. To clarify the spatial and temporal distribution of those in-situ bulges, we have manually extracted
the bulge cases from the five adopted LEO satellites during 4~6 November 2021. The distributions of the bulges
as a function of longitude and UT in both hemispheres are shown in Figure 3. The interhemispheric distribu-
tion of the bulges is similar to the results reported in Wan et al. (2021), that the bulge cases are formed as two
conjugate strips. The difference is that, in the case of 7~8 September 2017, the eastern end of the strip merely
reached the west coast of the United States, but during this storm event, the strip had extended more eastward
beyond the entire American sector and reached the middle Atlantic. For the temporal variations, the first bulge
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Figure 3. Distributions of the bulges snapshotted by five satellites, as a function of longitude and UT for (a) northern and (b) southern hemispheres. Dark black lines
denote the local time of 18:00, gray lines denote the local time of 06:00.

was identified by Swarm B over the middle Atlantic Ocean at about 07:00 UT on 4 November. Since then, more
bulges persistently appeared in conjugacy at the western longitudes and lasted for more than 2 days till 20:00 UT
on 6 November. The time interval of the bulges' presence is shadowed in Figure 1, showing the period that lasted
from the later hours of the main phase through the recovery phase.

4.2. Temporal Evolution of Strip-Like Bulges on TEC Maps

The above results provided a general picture of the strip-like bulges from multiple satellites' in-situ observations.
However, the detailed temporal evolution of this giant two-dimensional structure remains unknown, and this
cannot be resolved merely by satellite observation. Wan et al. (2021) had turned to regional TEC maps but they
showed no bulge signatures during that 2017 event. Fortunately, in this case, the regional TEC maps shown in
Figure 2a snapshotted part of this giant structure (the eastern part) in the dawn sector. Thus, the TEC map over
the American sector may provide additional clues on the temporal evolution of the strip-like bulges, though not
in a full resolution considering the structure could have zonal extension over 180° in longitude. Figures 4 and 5
presented TEC maps snapshotted over the American sector every 30 min during 03:00~14:30 UT on 4 Novem-
ber, and Figure 6 focuses on the time interval of 07:00~12:30 UT on 5 November.

At 03:00 UT on 4 November 2021 (Figure 4a), the TEC over the North American continents appeared as a giant
patch (dark green) with an increasing gradient toward the east. Then the TEC patch shrank continuously during
03:30~07:00 on 4 November, 2021 (Figures 4b~41i), and the conjugate patch that spanned over the southern tip of
the South American continent could be also identified. Meanwhile, the center part of the giant patch in the north-
ern hemisphere exhibited a mild depletion that stretched from Central America to the northwest, and the patch
transformed into a structure analogous to the crab pincer (flipped figure-C shape, most evident in Figure 4d).
The first appearance of the northern strip-like bulge was then recorded at about 08:30 UT on 4 November 2021
(Figure 4i) as the green patch above the Gulf of Mexico shown in Figure 41.

Afterward, as shown in Figure 5, the strip-like bulge was maintained persistently. Note that the conjugate posi-
tion of the strip-like bulge in the southern hemisphere laid above the Pacific that the ground TEC data is not
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geomagnetic references are organized in the same way as Figure 2.

available, and we focus only on the northern hemisphere within this study. In Figures 5a~5h, the strip-like
bulge exhibited a slight northwestward movement/extension. However, this movement/extension is slower than
the west movement of the sunrise terminator, causing the sunlight illumination gradually approached the bulge
structure over the American continent. As a result, the high TEC area caught up and finally masked the strip-like
bulge (Figures 5i~51). During the following daytime, the strip-like bulge cannot be identified on TEC maps (not
shown).

Figure 6 shows the TEC maps during the next night (07:00~12:30 UT) on 5 November 2021. Before clear identi-
fication of the strip-like bulge during 09:30~12:00 UT (Figures 6f~6k), the TEC behaved as a greater (compared
to the day before) “scraggy patch” that spans in 15°~40° QD latitudes over the American sector (Figures 6a~6e).
The emergence of the strip-like bulge is a result that the low latitude portion of this “scraggy patch” decayed,
while its poleward border was generally unchanged, so it left a narrower strip behind. Afterward, the strip-like
bulge became less visible, as the sunrise terminator approached and brought abundant TEC (Figure 61).

5. Discussion

The investigated period was during the solar minimum (F10.7 index is about 92 solar flux units), and all the
adopted LEO satellites recorded an extremely low level of the plasma density of 10'© m~ near the sunrise
terminator. The low magnitude strip-like bulges can be identified on the nighttime TEC maps that the TEC is
less than 8 TECU. As the TEC increased to a level of 50 TECU during the daytime, the strip-like bulge can no
longer be identified (not shown). Besides, the nighttime TEC was at a higher level of 20 TECU in the case of 8-9
September 2017, and the bulge signature was still missed on TEC maps (Wan et al., 2021). Thus, it is inferred
that the clear registration of strip-like bulge on TEC maps requires a low TEC background. We emphasize that
though the recurring bulge signatures on satellite in-situ Ni profiles (in a time cadence equivalent to the orbital
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Figure 5. Same as Figure 4 but for the following UTs of 09:00~14:30.

period of approximately 90 min) are helpful to summarize its spatial-temporal distribution, the monitoring of the
detailed evolution processes must be achieved by the continuous 2-D TEC maps. This may explain that though the
phenomenon had been noticed by satellites from time to time, that is, during a few major storm events in higher
solar activity years (Mannucci et al., 2005; Maruyama et al., 2013; Tsurutani et al., 2004), no in-depth dedi-
cated observations had been reported. We suggest this geomagnetic storm during the solar minimum exposes the
strip-like bulge more clearly to the community, leading to a better understanding of the phenomenon. Below, we
will comparatively discuss the observed features of the formation and maintenance mechanisms of the strip-like
bulge along with detailed reviews of previous studies.

5.1. Development of the Strip-Like Bulge

The above satellite observations of the strip-like bulges in this study are generally the same as that reported in the
7~8 September 2017 geomagnetic storm (Wan et al., 2021), though the local time coverages of the LEO satellites
are different between the two cases. For the 2017 case, six satellite observations covered almost all the local
time sectors (i.e., 10:00/22:00 LT for Swarm A, 03:30/15:30 LT for Swarm B, 02:30/14:30 LT for DMSP F15,
03:50/15:50 LT for DMSP F16, 06:30/18:30 LT for DMSP F17, 06:20/18:20 LT for DMSP F18) and the bulge
signatures can be persistently identified at those LTs. During this event, all the five LEO satellites orbited the
earth at the dawn-dusk sector, so that the presence of the bugles was only confirmed near the day-night terminator.
The TEC maps filled the satellite observation gaps and confirmed the presence of strip-like bulges throughout the
night, but the bulges' magnitude in TEC was too low to be identified from high TEC backgrounds during the day.
Nevertheless, the recurring feature of the bulge in both dawn, dusk, and nighttime sectors in a 2-day time interval
(Figure 3) strongly suggest that the local time independence should be a consistent feature, and the strip-like
bulge shown in this event could be also survived in the daytime, following the results of Wan et al. (2021).
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Figure 6. Same as Figure 4 but for the time interval of 07:00~13:30 UT on 5 November 2021.

On 4 November, satellite observations recorded the first appearance of the bulges at about 07:00 UT when the
American sector was around midnight. The low background TEC offers the possibility for the TEC maps to
reveal the full evolution of the strip-like bulges, in the American sector. Figures 4 and 5 show clearly that before
the emergence of the strip-like bulge, the midlatitude ionosphere was dominated by the giant midlatitude patches
consistently in the conjugate ionosphere. After the continuous erosion and shrinking, the patch gradually trans-
formed into a strip-like bulge.

5.2. Nature of the Patch—Midlatitude Plasma Band Structure

The first issue is about the nature of the giant midlatitude patch. Note that the observed conjugate patch spans
in the same latitude bins as that of the so-called midlatitude band structure (Zhong et al., 2019), which pref-
erably appears during the night as hemispheric symmetric plasma density enhancements between +30° and
+50° magnetic latitudes, observed by Constellation Observing System for Meteorology, Ionosphere, and Climate
(COSMIC) electron density (Ne) data. The same feature had also been noticed by COSMIC TEC, DMSP ion
density, CHAllenging Minisatellite Payload (CHAMP) Ne, and Swarm Ne data (Li et al., 2018; Rajesh et al., 2016;
Wan et al., 2020; Xiong, Liihr, et al., 2019). The middle-latitude band structure, also known as the midlatitude
enhancement is assumed to be associated with the downward flux of plasmaspheric particles (H*/He™) due to
the ambipolar diffusion (Zhong et al., 2019), though the detailed ion composition of the middle-latitude band
structure had not been analyzed. In this study, supporting evidence of the ion composition of the middle-latitude
band structure can be given by ICON IVM measurements, which will be presented in Figure 7 in Subsection 5.3.
Besides, DMSP satellites also reveal that the strip-like bulge is predominantly formed by the light ions of H*/He*
rather than O* in Wan et al. (2021). Note that as the ion density of the bulge was greater in the topside ionosphere
and showed enhanced H*, for the density profile at the same location, there might be greater ion density around
the F2 peak with elevated O*, which currently cannot be confirmed. The same dominance of H*/He* within the
bulge is also applied to this event, though the ion composition observations from DMSP satellite are not shown.
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Figure 7. The total electron content (TEC) maps along with the plasma and neutral measurements made by ICON. (a—c, j-1) The geographic and geomagnetic
references are organized in the same way as in Figure 2; Black solid lines and the red dots are the trajectories of the ICON and the tangent points seen from the onboard
MIGHTI payload, respectively; The dark blue and light arrows denote the horizontal thermospheric wind (averaged for 250~300 km) and ion drift vector, respectively.
(d—f, j-1) The along path total ion density (black), O* density (orange), and H* density (green). (g—i, p-1): The along path ion drift in the geomagnetic frame of the
field-aligned (positive along the geomagnetic field vector) and meridional components (within the geomagnetic meridional plane, perpendicular to the field line,
positive outward), colored in blue and magenta, respectively.

Thus, we believe the observed enhanced TEC patch is equivalent to the midlatitude band structure, and the
strip-like bulge, to some extent, is the storm time mode of the midlatitude band structure. In the rest of the paper,
we still refer to this TEC structure as the “patch” (or midlatitude patch), while the “bulge” describes the LEO
observations on individual cases and the “strip-like bulge” generalizes the full morphology.

5.3. Disturbance Equatorward Neutral Wind Effects and Ion Composition

The second issue is about the driving forces that cause the shrinking of the midlatitude patch which led to the
appearance of the strip-like bulge. The neutral winds could significantly push the plasma at lower altitudes and
change the plasma pressure, then affect the plasma transportation along the magnetic field lines at the topside
ionosphere. Figure 7 shows the ICON's observation of the F region horizontal neutral winds, ion drift vectors
in geographic and geomagnetic frames, ion density, and ion compositions along with the six passes over North
America. On 4 November, the TEC maps are presented as background. The black lines on geographic maps are
the trajectories of the ICON, the red dots are the tangent points of the neutral wind observations in an altitude
range of 250~300 km. The light blue and dark blue arrows represent the horizontal ion drift and neutral wind
vectors, respectively.
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First, we focus on the region where the midlatitude patch and the strip-like bulge resided (—120° to —80°E). At
about 03:40 UT when the storm progressed to the main phase (Figure 1), both the horizontal ion drift and neutral
wind exhibited poleward velocity near the TEC patch (Figure 7a). On the next orbit, the poleward velocities
of both the neutral particle and ion are weakened around 05:20 UT (Figure 7b). At 07:05 UT, the neutral wind
turned equatorward on the polar side of the giant patch, while the meridional component of the ion drift reached
its minimum value (Figure 7¢). Afterward (Figures 7j, 7k, and 71), the equatorward components of the ion and
neutral velocities exhibited continuous increases.

However, ICON measurements exhibited different evolution patterns over both the west side (—140°~—110°E
over Pacific) and east side (—80°~-40°E over Atlantic) of the patch. On the west side, the neutral wind remained
poleward till 12:00 UT at pre-dawn, when it suddenly turned equatorward and ion drift evolved from strong
poleward velocity to weak equatorward velocity. On the east side, both the meridional wind and meridional ion
drift turned equatorward at 05:30 UT (Figure 7b) and were maintained throughout the following orbits. These
two turnings occurred earlier by approximately 90 min (neutral wind, Figure 7c) and approximately 190 min (ion
drift, Figure 7j) than that occurred in the vicinity of the TEC patch region, respectively. Thus, it can be concluded
that the equatorward turnings of both the meridional neutral wind and ion drift launched first in the east (Atlan-
tic) and then propagated to the west across the continent to the Pacific. And it takes a longer time for the ion
drift to turn direction than the neutral wind to do so. Considering the spatial separation between the locations
where the neutral wind and ion drift observations were made, it is reasonable to infer that the turning of the ion
drift direction in the lower latitudes is motivated by the neutral wind disturbance propagation equatorward. Note
that the turning of the meridional neutral wind happened at 05:30 UT (Figures 7b) and 07:00 UT (Figure 7c)
over the Atlantic and the continent US, respectively. At the same time, the geomagnetic storm was in the main
phase as the IMF Bz maintained southward, which enabled continuous dumping of solar wind energy into the
magnetosphere-ionosphere-thermosphere system and led to the enhanced equatorward neutral wind disturbance.

To determine whether the inward E X B drift or upward field-aligned drift is dominant, Figures 7g~7i, 7p~7r
additionally show the field-aligned (directed along the field line, blue) and meridional (perpendicular to field line
and within the local magnetic meridional plane, magenta) components of the ion drift in the geomagnetic frame.
It can be seen that the field-aligned ion drift decreased continuously and turned from positive (downward and
poleward) to negative (upward and equatorward) after the emergence of the strip-like bulge (Figures 7p and 7q).
Compared to the field-aligned components, the meridional ion drift was relatively weaker and had maintained
negative before the appearance of the strip-like bulge (Figures 7h and 7i). Therefore, the upward/equatorward
field-aligned ion drift was the dominant component during the turning.

Another interesting feature is that the first appearance of considerable equatorward ion drifts over the continent
coincident with the first emergence of the strip-like bulge seen in TEC (Figure 7k). As for the Atlantic sector, the
appearance of the considerable equatorward ion drift occurred at 07:15 UT (Figure 7¢), though the TEC map was
not available over there, DMSP F18 and Swarm B also coincidently registered the first bulge signal (Figure 3a).
Besides, Figures 7b, 7c, and 7g show that as ICON flew closer to the patch, the ion composition of H* exhibited
a clear increase, while O* did not. In Figure 7m, the H* density even surpasses the O* density. Moreover, the H*
density kept at a very low level as ICON flew outside of the strip-like bulge (Figures 7n and 70). Those features
confirmed the plasmaspheric source of the middle-latitude band structure (Li et al., 2018; Rajesh et al., 2016;
Xiong, Liihr, et al., 2019; Zhong et al., 2019) as well as the strip-like bulge (Wan et al., 2021), and support the
aforementioned inference that the strip-like bulge is likely the storm time pattern of the middle-latitude band
structure. One should note that, Wan et al. (2021) had also shown that the O* density could be still higher than
the enhanced H* density within the strip-like bulge at DMSP orbital altitudes. Therefore, although the H* plays
a dominant role in the appearance of the strip-like bulge, it is not necessarily that H* density should surpass O*
density, and the strip-like bulge is conformed to appear both below and above the O*/H* transition height.

Note that the optical observations of the neutral winds are made below 300 km (within 250~300 km in this
study), while the in-situ observation of the bulges on Ni profiles are made above 430 km (the lowest orbit altitude
is 430 km for Swarm A). The direction of the disturbances neutral winds from 300 to 430 km at middle latitudes
should be the same, since the upper thermospheric wind circulation is in a global scale, especially during the
geomagnetic disturbed period when the heat source comes from the polar region. Therefore, the ICON's neutral
wind observation at lower altitudes should be suitable to interpret the ionospheric structure at higher altitudes.
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We conclude that the storm-induced disturbance equatorward neutral wind drives the plasma to move equator-
ward and also upward along the magnetic field line, and this process would be resisted by the gravity at certain
lower latitudes. Hence, the poleward boundary of the midlatitude band structure kept moving equatorward and
caused the shrinking, and the midlatitude band structure finally evolved into the strip-like bulge. Moreover, we
suggest that this scenario could also exist in the daytime. The reasons are: (a) in the event of Sep. 8~9, 2017
storm, the first detection of the bulges was registered in the afternoon sector; (b) the middle-latitude band struc-
ture appears at all times of the day though more pronounced (stronger intensity) at 22:00~04:00 LT (Rajesh
et al., 2016). Thus, it is reasonable that the daytime midlatitude band structure can experience the same shrinking
process to evolve into the strip-like bulge. However, this daytime formation process ought to be harder to monitor
due to the much higher background plasma density.

The storm-induced equatorward neutral wind can also carry the nitrogen-enriched airs and decrease the O/N,
at middle latitudes, this might also contribute to the TEC decrease over the north side of the strip-like bulge.
However, this decreased O/N, mechanism should prevail in a wide (in meridional dimension) range (e.g.,
Prolss, 2008) to cause the large-scale negative storm and less likely to leave a strip-like region unaffected. There-
fore, we suggested that the negative ionospheric storm caused by the decreased O/N, is at least not a decisive
factor in generating the strip-like bulge.

5.4. Enhanced Fountain Effect

Several previous studies suggested that it is the enhanced fountain effect induced by the disturbance eastward
electric field to provides the source plasma (Foster & Coster, 2007; Foster et al., 2005; Horvath & Lovell, 2008;
Maruyama et al., 2013; Tsurutani et al., 2004) to form the shoulders/bulges. However, the concurrence of the
strip-like bulge with the EIA feature is not always guaranteed. Heelis and Coley (2007) found that the shoulders
may occur independently of, and in the absence of, the enhanced EIA, indicating that the enhanced fountain
effect is not a necessary condition for the development of strip-like bulge. In this case, the ion drift exhibit equa-
torward velocity near the strip-like bulge (Figure 7). To some extent, this feature reduced the likelihood of the
involvement of the enhanced fountain effect, which should lead to enhanced poleward ion drift. However, the
fountain effect would still have worked before the development of the strip-like bulge, and therefore would help
to build the midlatitude patch. To examine this scenario, Figure 8 shows the comparative ICON ion drift vector
in the magnetic field frame during the same UT interval of 22:00 ~ 02:00 UT from 3 November to 4 November
(Figures 8a~8f, corresponding to the storm initial phase right after SSC) and on 2 November to 3 November
(Figures 8g~8l, set as quiet time reference), over the equatorial region. The ICON orbits in Figures 8a and 8c are
the previous orbits of those shown in Figure 7. The light orange shadow covers the QD latitudes within +5° where
the meridional ion drift could be recognized as a proxy of the intensity of the fountain effect as it is basically
in the vertical direction.

During 22:00-02:00 UT from 3 November to 4 November (Figures 8a~8f), the positive field-aligned ion drift
prevailed in the Pacific-American sector from afternoon to post-sunset and peaked around the sunset. Note this
occurred at low latitudes in both the southern and northern hemispheres, suggesting a prevailing northward
transequatorial ion transportation. A similar situation can also be found on the previous day (Figures 8g~8l), but
with a smaller magnitude. During the concerned period, the transequatorial neutral wind was also northward,
that is, from the summer hemisphere to the winter hemisphere, consistent with the quiet time wind circulations.
Considering that the period is within the storm initial phase (Figure 1), it is reasonable that the disturbed wind
circulation had not propagated to the midlatitude. This summer-to-winter neutral wind that pushed the plasma
along the field line may account for the northward ion transportation.

To illustrate the equatorial zonal electric field variation that directly controls the fountain effect, we focus on
the meridional ion drift at +5° QD latitudes (shadowed in light orange). During the first pass (Figure 8d), the
equatorial meridional ion drift was positive (upward, eastward electric field) in pre-sunset and oscillated between
negative and positive in post-sunset with a mean value of about 6 m/s. The second pass (Figure 8e) registered a
prevailing negative equatorial meridional ion drift near the sunset, and the mean value was about —18 m/s. The
third pass showed a reverse from negative to positive with a mean value of 8 m/s. It can be concluded that during
22:00 ~ 02:00 UT, the equatorial zonal electric field had turned westward and recovered eastward. This oscilla-
tion might be related to the IMF Bz oscillations (Figure 1b) which allow the penetration of the magnetospheric
electric field to the ionosphere (e.g., Kelley et al., 1979; Senior & Blanc, 1984). During the reference days, though
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Figure 8. Comparison of ion drift configuration during 22:00-02:00 UT of 3 November—4 November 2021 (a—f) and 2 November—3 November 2021 (g-1), the latter
period is set as a quiet time reference. The trajectories and the horizontal ion drift vector in the geographic frame are shown in the same way in Figure 7. The blue and
magenta lines in (d—f, j—1) are the ion drift in the geomagnetic frame of the field-aligned (positive along the geomagnetic field vector) and meridional components
(within the geomagnetic meridional plane, perpendicular to the field line, positive outward), respectively. The light orange shaded area marks the trajectories section
within QD latitude of +5°. The averaged and median values of meridional ion drift within +5° QD latitudes are shown in magenta numbers.

the equatorial meridional ion drift at +5° QD latitudes was not available on the first satellite pass (Figure 8§j),
the latter two passes did register a stronger positive equatorial meridional ion drift, compared with that of 3
November ~ 4 November. Other evidence had been also noticed by DMSP ion drift data shown in Figure 2. On
4 November at 10:20 UT when the bulge is well-formed, as the field-aligned ion drift showed consistent equa-
torward velocity in both the northern and southern hemisphere, the E X B drifts is rather weak and the polarity
varies among the bulge cases, indicating that the E X B drifts less like to be involved.

The above observations revealed that the equatorial eastward electric field is not enhanced either in a sense of the
short-term temporal evolution or compared with the reference quiet days. Hence, the enhanced fountain effect
was not likely to provide the source plasma to form the midlatitude band structure or the strip-like bulge.

5.5. Maintenance of the Strip-Like Bulge

The last issue lies in the long-lasting feature of the strip-like bulge (Figure 3), which had even survived during
daytime (Wan et al., 2021). As mentioned earlier, the low magnitude of the strip-like bulge makes it hard to be
monitored on the TEC map during the daytime. We again focus on the nighttime sector, similar to Figures 7,
Figure 9 shows the ICON's measurement overlapped with the TEC maps during 03:45 ~ 12:20 UT of 5 November
(similar UT interval compared to Figure 7).

During the entire period, the neutral wind was persistently northward corresponding to the summer-to-win-
ter wind scenario. The meridional ion drift also remained northward within the strip-like bulge. During the
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Figure 9. Same as Figure 7 but for the period of 03:30-12:40 UT on 5 November 2021.

concerned periods, it was at about 08:55 UT (Figure 9j) when the TEC map first registered a clear strip-like bulge
signature, as a consequence of the TEC decay at lower latitudes (Figures 9a~9c). Focus on the satellite trajec-
tories near the strip-like bulge, the field-aligned ion drift mainly kept downward/poleward (Figures Sh, 9i, 9p,
and 9q), and the magnetic meridional component of the ion drifts were in a weak magnitude and mainly kept in
an inward direction (Figures 9i, 9p, and 9q). Therefore, unlike the synchronous turning of the ion drifts regards to
the first emergence of the strip-like bulge on 4 November (Figure 7), the ion drift showed no corresponding vari-
ations on 5 November, suggesting that the reemergence of the strip-like bulge is not associated with the ion drifts.

The question should be raised as how the strip-like bulge reemerged on 5 November. Please note that though
the TEC maps failed to capture the strip-like bulge features before 08:55 UT (Figures 9a~9c), it does not mean
that the strip-like bulge did not exist before this reemergence. According to the results of Wan et al. (2021), the
LEO satellites can track bulge signals at almost all local times. In this case, indirect evidence can be found on
the ion composition profiles. Before and after the first emergence of distinctive bulge features, the TEC exhib-
ited scraggy distribution (Figures 9b, c9j, and 9k), correspondingly, multiple peaks can be found on the ICON
ion density profiles (Figures 9e, 9f, 9m, and 9n). Among those peaks, some were dominated by O* (two peaks
on the left of Figure 9f) and the rest were dominated by H*. The O* dominated peaks are likely the blobs (e.g.,
Park et al., 2022), while the rest H* dominated peaks should be the zonal snapshots of the strip-like bulge. Thus,
we emphasize that the strip-like bulge was likely maintained in a long time interval and residing in a relative
fixed location, and the retreat of TEC at lower latitudes (compared to the latitudes of the bulges) made the bulge
observable on the TEC maps.
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Figure 9d and the low latitude portion of Figures 9m—90 show that the O* was the major contributor to the total
ion density. The recombination of O* and electrons would reduce the TEC in the O* dominated region, which
could be the cause of the retreat of TEC at lower latitudes. Nevertheless, the production and loss of H* can be
characterized by the charge exchange reaction of O* + H+ H™* + O (Prolss, 2004). On the one hand, the charge
exchange does not affect the total electron number or TEC, in the current circumstance, the northern portion
(higher percentage of H*) of the “scraggy patch” is maintained during the night while the TEC of the southern
portion (higher percentage of O*) decayed, therefore the strip-like bulge reemerged on TEC maps (Figures 6
and 9). On the other hand, H* density exceeded the O* density in the vicinity of the strip-like bulge/plasma band
structure (Figures 7a, 7d, and 7j), indicating that the transition height between O*/H* was below the ICON's
altitude, and the diffusive equilibrium of H* should be considered (Lemaire & Gringauz, 1998, pp. 166-167).
Besides, the midlatitude band structure, which is believed to be created by the downward plasmaspheric flux, can
be found through the day and night (Rajesh et al., 2016), indicating a possible persistent supply of H* from the
plasmasphere to the topside ionosphere. Hence, the H* chemical loss due to the fast charge exchange reaction
(the chemical equilibrium) should be compensated by the sustainable supply of H* from the plasmasphere, which
may account for the long-lasting feature of the strip-like bulge. We acknowledge that plasmaspheric particle
compensation mechanism still faces some limitations: (a) how the process sustained during the daytime; (b) why
this works preferentially at narrow latitude of strip-like bulge and not to smooth the bulge out. Further dedicated
plasmasphere-ionosphere coupling simulations in the future is needed.

6. Conclusions

During the geomagnetic storm on 3—6 November 2021, the gridded TEC maps, for the first time, exhibited a full
evolution process of the strip-like bulge over North America. By including satellite observations from Swarm A,
B, DMSP F16, F17, F18, and ICON, a few important aspects concerning the development and maintenance of the
strip-like bulge had been revealed. The main findings are summarized below:

1. In-situ plasma density profiles collected by the five high-inclination satellites had persistently snapshotted
the strip-like bulge over the Pacific-America-Atlantic sector from 07:00 UT of 4 November to 20:00 UT of 6
November, covering the storm main phase and recovery phase.

2. The TEC map had registered the emergence process of the strip-like bulge feature on both nights of 4 Novem-
ber and 5 November. On 4 November, the continuous shrinking of TEC patch converted the midlatitude
plasma band structure into the strip-like bulge. On 5 November, the ICON ion composition data confirmed
the persistence of the strip-like bulge though it was not registered on TEC maps at first. After the following
decay of TEC at lower latitudes and the maintenance of TEC at higher latitudes, the strip-like bulge became
distinguishable on TEC maps.

3. The shrinking/narrowing of the midlatitude plasma band structure (the formation of the strip-like bulge) is
due to the enhanced equatorward ion transportation along the field lines driven by the disturbance equator-
ward neutral winds. In other words, the strip-like bulge is the storm time shrunken midlatitude plasma band
structure.

4. The enhanced fountain effect at equatorial and low latitudes is not involved in supplying the plasma or helping
to form the strip-like bulge.

5. The maintenance of the strip-like bulge might be associated with its H* abundance nature that the chemical
loss via charge exchange reaction could be compensated by the downward plasmaspheric content flux.

Data Availability Statement

Swarm data are provided by the European Space Agent (https://earth.esa.int/web/guest/swarm/data-access).
DMSP data are provided by the National Centers for Environmental Information (https://satdat.ngdc.noaa.gov/
dmsp/). ICON data can be accessed at the ICON Science Data Center at University of California, Berkeley (https://
icon.ssl.berkeley.edu/Data/Data-Product-Matrix). The solar wind and geomagnetic indices can be accessed in the
GSFC/SPDF OMNIWeb database (https://omniweb.gsfc.nasa.gov/). Kp is provided by the Kyoto World Data
Center for Geomagnetism (http://wdc.kugi.kyoto-u.ac.jp/index.html). The gridded GPS TEC data are provided
by the CEDAR Madrigal database (http://cedar.openmadrigal.org/ftp/). IGRF-13 coefficients are provided by the
International Association of Geomagnetism and Aeronomy (https://www.ngdc.noaa.gov/IAGA/vmod/igrf.html).
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