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Abstract The 14-panel Advanced Modular Incoherent Scatter Radar (AMISR-14) system deployed

at Jicamarca observed equatorial spread F plumes on two consecutive nights under unfavorable seasonal

and solar flux conditions during a period that can be categorized as geomagnetically quiet. The AMISR-14
capability of observing in multiple pointing directions allowed the characterization of the irregularity zonal
drifts revealing that, in addition to their atypical occurrence, the zonal drifts of these plumes/irregularities also
presented distinct patterns from one night to another, reversing from east to west on the second night. This work
addresses two main subjects: (a) the mechanisms that may have led to the generation of these irregularities,
despite the unfavorable conditions, and (b) the mechanisms that possibly led to the reversal (east-to-west) in

the zonal plasma drift on the second night. To do so a multi-instrumented and multi-location investigation

was performed. The results indicate the occurrence of simultaneous spread-F events over the Peruvian and the
Brazilian regions, evidencing a non-local process favoring the development of the irregularities. The results also
suggest that, even under very mild geomagnetic perturbation conditions, the recurring penetration of electric
fields in the equatorial ionosphere can occur promptly, modifying the equatorial electrodynamics and providing
favorable conditions for the plume development. Moreover, the results confirm that the eastward penetration
electric fields, combined with the upsurge of Hall conductivity in the nighttime typically associated with the
presence of sporadic-E layers, are likely to be the mechanism leading to the reversal in the irregularity zonal
drifts over these regions.

1. Introduction

The occurrence of plasma irregularities over low latitudes during nighttime is very often captured by instru-
ments probing the ionosphere. These irregularities are characterized by severe density depletions, leading to steep
gradients. Climatological studies revealed that these irregularities, also referred to as spread-F (ESF), plumes, or
Equatorial Plasma Bubbles (EPBs), are more likely to develop over the Peruvian sector during September—April
(Chapagain et al., 2009) and over the Brazilian region in the months of October-March (Sobral et al., 2002).
However, sometimes these structures develop during June—August months over varied longitudes including
South America (Li et al., 2011; Rodrigues et al., 2018) and more often India (Chandra & Rastogi, 1972; Patra
et al., 2009; Sastri, 1999; Subbarao & Krishnamurthy, 1994), Africa (Yizengaw et al., 2013) and Indonesia (Ajith
et al., 2015, 2016). The atypical events over South America during June solstice usually occur during “geomag-
netic disturbed periods” and are attributed to changes in the equatorial electrodynamics due to the contribution
of strong geomagnetic storms and substorms through mechanisms such as the disturbance dynamo (Blanc &
Richmond, 1980; Fejer et al., 2017) and the prompt penetration electric fields (Fejer & Navarro, 2022; Fejer
et al., 2021; Senior & Blanc, 1984; Spiro et al., 1988). Some works have shown the occurrence of EPBs during
June solstice months under geomagnetic quiet conditions (e.g., Paulino et al., 2010; Sobral et al., 2011; Zhan &
Rodrigues, 2018).

Under geomagnetic quiet conditions, the zonal motion of ionospheric irregularity structures (e.g., EPBs) is
known to be predominantly eastward throughout the night, which agrees with the zonal motion of the back-
ground ionospheric plasma (Fejer et al., 1985, 2013; Valladares et al., 1996; Vargas et al., 2020). However,
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during geomagnetic disturbed periods the direction of the EPB motion sometimes reverses to the west (Abdu
et al., 1998, 2003; Fejer & Scherliess, 1998; Paulino et al., 2010).

There are several processes that may lead the zonal drift to become westward, including the reversal in the quiet-
time thermospheric winds (Sobral et al., 2011), the thermospheric disturbance winds and the storm-time distur-
bance dynamo electric fields (Blanc & Richmond, 1980; Navarro & Fejer, 2019, 2020), and the combination of
prompt-penetration electric fields and a persisting Hall conductivity (Abdu et al., 1998, 2003).

In this work, data from two nights during the solar minimum (85.7 sfu < F10.7 < 92.4 sfu) June solstice (August
30-31, 2021, and August 31-1 September 2021) were analyzed using measurements made by the AMISR-14
radar deployed at Jicamarca. To aid the analysis, data from ionosondes/Digisondes over Peru/Brazil and all-sky
imagers over Brazil were also employed. On both nights the instruments observed the occurrence of atypical
plumes/EPBs with distinct zonal drift characteristics. At first glance the nights could be classified as geomag-
netically quiet, but a more careful inspection indicates evident resemblances between parameters of the geospace
and of the equatorial ionosphere, suggesting that even under considerably mild geomagnetic disturbances the
low-latitude electrodynamics may be altered by recurring penetration of electric fields, possibly due to substorms.
Motivated by these initial findings, a multi-instrumental and multi-location approach was employed in this work
to achieve a better understanding about the mechanisms that possibly favored the development of plumes/EPBs
under adverse seasonal conditions and the processes that may have led to the reversal in the zonal drift on the
second night. The next section presents details regarding the stations and instruments used. After that, the results
are discussed in detail.

2. Stations and Instruments

In this work, data from instruments deployed over the Peruvian sector (western coast of South America) were
accompanied by ancillary data from instruments over the Brazilian region (eastern coast of South America) to
evaluate the electrodynamic changes operating over distinct longitudes during atypical ESF/EPB events between
August 30-1 September 2021.

The main data set used in this work are Range-Time-Intensity (RTI) maps obtained from the AMISR-14 system
operating in the ESF mode at the Jicamarca Radio Observatory. Detailed information about the system can be
found in Rodrigues et al. (2015). Rodrigues et al. (2015) demonstrated the ability of the system to provide a
two-dimensional view of ESF phenomena. In their work, a total of five beams were pointed perpendicular to
the geomagnetic equator on the magnetic equatorial plane (east-west). After repairs to the system that occurred
during 2019-2021 the AMISR-14 was set to execute new two-dimensional observations of ESF events. These
new observations were performed using 10 pointing directions in the magnetic equatorial plane, as depicted in
Figure 1, covering approximately 400 km in the east-west direction at the altitudes of the F region. More details
about the location of the system and the azimuth and elevation angles of the beams are presented in Table 1.
The RTI maps using this unique feature of distinct pointing directions allowed the identification of zenith and
off-zenith plume structures, indicating the occurrence of ESF/EPBs while also supporting the analysis of their
dynamics.

To evaluate the ionospheric background characteristics over Jicamarca during the two events analyzed in this
work, ionograms from the Vertical Incidence Pulsed Ionospheric Radar (VIPIR) deployed at the Jicamarca Radio
Observatory were also used.

As mentioned earlier, the analysis presented in this work also employed data available from instruments deployed
at low-latitude stations distributed over the Brazilian region. This was done to enable a comparison between the
ionospheric electrodynamic changes over the westernmost (Peru) and easternmost (Brazil) portions of South
America. These two regions are also in the “opposite boundaries” of the South Atlantic Magnetic Anomaly
(SAMA), making them suitable to observe whether certain physical processes change over each location. By
carrying out this comparison, this work aims to provide a better understanding about the mechanisms operat-
ing over the nighttime low-latitude ionosphere during mild geomagnetic substorms. Images captured by all-sky
imagers deployed in Cachoeira Paulista and S@o Martinho da Serra were used to inspect the occurrence and the
dynamics of the EPBs over the eastern coast of South America. To assess the ionospheric background character-
istics during the events, data from Digisondes deployed over Fortaleza, Sdo Luis, and Cachoeira Paulista were
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Figure 1. Pictorial description of the 14-panel Advanced Modular Incoherent
Scatter Radar antenna beam positions over the magnetic equatorial plane
during the observations reported in this work.

also used so that ionospheric background characteristics over Peru and Brazil
could be compared. The coordinates of all the stations and instruments used
in this work are provided in Table 1.

To facilitate the visualization of the spatial distribution of the instruments
used in this work Figure 2 was prepared. Please note that all the instruments
are embedded in the region under influence of the SAMA.

The geomagnetic field intensity and dip latitude were obtained using the
IGRF-13 (Alken et al., 2021). The solar flux and geomagnetic indices were
obtained from the National Aeronautics and Space Administration (NASA)
Space Physics Data Facility (SPDF) OMNIWeb (King & Papitashvili, 2005).

3. Results and Discussion

As previously mentioned, the occurrence of ESF/EPBs over the Southern
American sector during June solstice months is atypical. These June solstice
ESF/EPBs are, most of the time, observed during low-solar flux conditions
and under geomagnetic storm/substorm influences. They typically grow at
later hours in the night when compared to events that arise in equinoctial and
December solstice months (Rodrigues et al., 2018). The decreased occur-
rences and, sometimes, the complete absence of these irregularities during
these months are attributed to the negligible magnitude of the vertical drift,

that is, virtual lack of the pre-reversal enhancement of the zonal (eastward) electric field in the dusk sector (Smith
et al., 2016). Since the growth rate of the generalized Rayleigh-Taylor instability that generates the plasma irreg-
ularities depends on the vertical component of the plasma drift (ExB), it is drastically reduced (Kelley, 1989;
Ossakow et al., 1979; Sultan, 1996). In addition to that, the weak upward drifts cause the ionospheric F-region
to stay at lower altitudes, where chemical loss is more efficient. Moreover, the collision frequency (v,,) at lower

altitudes is larger, decreasing the gravity driven term (g/v, ) in the growth rate as well. Therefore, even if a seeding

Table 1
Location of the Stations and Instruments Used in This Work
Station Instrument(s) Geographic longitude Geographic latitude  Dip latitude
Jicamarca AMISR-14 76.87°W 11.95°S 0.61°S
Beam #: Azimuth; Elevation
Beam 1: —95.20°; 59.50°
Beam 2: —96.50°; 65.80°
Beam 3: —97.70°; 73.80°
Beam 4: —99.50°; 78.30°
Beam 5: —108.40°; 86.60°
Beam 6: 102.5°; 85.10°
Beam 7: 93.20°; 80.40°
Beam 8: 90.00°; 74.00°
Beam 9: 90.00°; 66.20°
Beam 10: 88.90°; 61.20°
VIPIR (ionosonde)
Sao Luis Digisonde 44.30°W 2.54°S 4.78°S
Fortaleza 38.54°W 3.72°S 9.07°S
Cachoeira All-sky imager 45.01°W 22.67°S 21.51°S
Paulista Digisonde
Sao Martinho da Serra All-sky imager 53.83°W 29.45°S 21.66°S
SOUSASANTOS ET AL. 30f 15
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Jicamarca
(AMISR-14 and VIPIR)

e

source disturbance is available (e.g., gravity waves, large-scale wave struc-
tures, etc.), the attenuated growth rate is unlikely to produce topside struc-
Séio Luis tures under these unfavorable conditions.

(Digisonde)
Fortaleza In the following sections, data from two nights, August 30-31, 2021, and
(Digisonde) August 31-1 September 2021, are analyzed. These nights were chosen
because AMISR-14 observed the occurrence of RTI plumes (i.e., EPBs)
over Jicamarca on both nights. More importantly, the 2D capabilities of the
AMISR-14 system revealed that these EPBs/irregularities behaved in consid-
erably distinct ways. There are two main subjects that will be addressed in
this work: (a) the mechanisms that may have led to the generation of these
EPB events, despite the typical unfavorable conditions, and (b) the underly-
ing mechanisms that possibly led to the reversal (east-to-west) in the zonal
plasma drift on the second night (August 31-1 September 2021).

777777 Cachoeira
A}’laulista »
ig'iss'f,i.?:,‘) 4. On the Conditions Leading to the Atypical Occurrence

—-90 83 —76 —69 —62 —55

Geographic Longitude [°]

48 —41 —34 —27 —20 13  of Equatorial Plasma Bubbles

The first analysis aims to identify possible mechanisms favoring to the
occurrence of ESF/EPBs under adverse seasonal and solar flux conditions.

Figure 2. Location of the stations and instruments used (blue markers) and

the South Atlantic Magnetic Anomaly (SAMA) isocontours (red) during 2021.

Figure 3 shows the RTI maps from AMISR-14 for August 30-31, 2021, with

The values of the geomagnetic field intensity are in nT. All the instruments beams 1-10 (upper to lower panels) representing data from west to east,

were deployed in regions under the influence of the SAMA.

respectively. For Jicamarca, LT ~ UT-5.12, therefore, the panels from 18:00
LT up to 02:00 LT correspond to approximately 23:08 UT up to 07:08 UT.
The panel showing the data closest to the zenith (beam 5) also displays gray
lines describing an approximate vertical drift (Vz) estimated from the VIPIR ionograms (Vz = dhF/dt) with
values indicated on the vertical axis at the right-hand side. On this night, the frequencies of 4-6 MHz were used.
The median of the vertical drifts estimated with the frequencies 4-6 MHz at the same night was also calculated
and is shown in red. The vertical drift as estimated by the model of Scherliess and Fejer (1999) - SF1999 is also
included (magenta line). The SF1999 model produces accurate climatological estimates of the vertical plasma
drift over Jicamarca (e.g., see Figure 2 of Shidler et al., 2019), and the model result was included to highlight how
much the estimated Vz deviated from the expected climatological values on that night.

The beams pointed more to the west (upper panels) reveal the presence of a steady bottom-type structure more
evident after 20:30 LT. Later, at 21:30 LT, a more developed scattering structure is observed evolving into a
topside plume while drifting to the east. The black dashed line demarcates the approximate time when the plume
was first perceived by each beam, revealing the dynamic behavior of the evolution and its eastward drift (i.e., the
structure was observed slightly later as more eastward beams are considered). Previous studies have shown that
under similar solar flux conditions (85.7 sfu < F10.7 < 92.4 sfu) these unusual plumes during June solstice tend
to occur late in the evening (Chapagain et al., 2009).

According to the vertical drift predicted by the SF1999 for the hours presented in the panels of Figure 3, Vz
should be very small, decreasing smoothly from ~5 m/s (around 18:00 LT) down to ~—18 m/s (around 21:45
LT). Vz estimated using the VIPIR data, however, reveals a considerably different behavior, being predominantly
positive after 18:30 LT and exhibiting two steep increases. First, Vz increased from ~—12 m/s up to ~17 m/s
between ~18:00 LT-18:30 LT. After that it decayed, with intermittent oscillations between ~18:30 LT and 20:30
LT. In the sequence, a second increase takes place, and Vz rises from ~ —2 m/s (about 20:30 LT) up to ~22 m/s
(around 21:22 LT). The time in which the second rise initiates coincides with the bottom-type structure captured
by the AMISR-14 system, and the subsequent plume development took place approximately 30 min after the peak
of the second increase in Vz.

The magnitude of the upgrowth in Vz and the fact that the plume rises approximately when Vz is reversing (i.e.,
the time of the F-region peak height) conform with the conditions needed for an initial instability to evolve into a
plume (Abdu et al., 1983, 2009; Huang, 2018; Jayachandran et al., 1993). More specifically, Vz is predominantly
positive after ~18:00 LT, hence, the F-region is consistently uplifted over the early nighttime hours, providing
significant ExB contribution while also increasing the gravity-driven term in the growth rate. Therefore, once the
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Figure 3. Range-Time-Intensity maps from 14-panel Advanced Modular Incoherent Scatter Radar beams 1-10 (upper to
lower panels) for 30-31 August 2021. The beams from 1 to 10 correspond to data from west to east, respectively. The black
dashed line across the panels highlights the eastward motion of the plumes with time. The gray lines in the panel of beam
five indicate the vertical drift estimated from the Vertical Incidence Pulsed Ionospheric Radar data considering the available
frequencies at that period (4—6 MHz), and the red line corresponds to its median value. The magenta line represents the
SF1999 model.

instability is seeded in the bottomside, it will find favorable conditions to erupt upward. The noteworthy aspect,
nonetheless, is that these conditions are atypical for June solstice period.

A geomagnetic storm occurred a few days earlier, but between August 30-31, 2021, the planetary index Kp maxi-
mum value was 2.7, and the Disturbance storm time index (Dst) minimum value was —24 nT. Typically, a weak
storm requires Kp > 4 and Dst < —36 nT (Loewe & Prolss, 1997). Based on these indices, one would classify the
period as geomagnetically quiet, however, additional data suggests that some mild substorms may have happened.
The initial estimates of the Auroral Electrojet (AE) index (“quicklook™ version available at https://wdc.kugi.
kyoto-u.ac.jp/ae_realtime/index.html) were small but indicate increases of about ~500 nT at ~22:50 UT (~17:45
LT at Jicamarca) and ~02:30 UT (~21:23 LT at Jicamarca) on August 30-31, 2021. The provisional data for the
period of interest is not yet available for download. Further analysis also reveals interesting resemblances between
other geospace parameters and the observed behavior in the equatorial ionosphere as illustrated in Figure 4.

The upper, middle, and lower panels of Figure 4 show the interplanetary magnetic field (B,), the interplane-
tary electric field component (E), and the vertical drift over Jicamarca, respectively. B, turned southward (i.e.,
B, < 0) around 22:50 UT (17:45 LT), and, after that, it reached maximum southward values (indicated by the blue
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1 arrows). Each one of these maximum southward occurrences in B, coincides
0 | with maximum eastward E| (middle panel), also highlighted by blue arrows.
The first and the last B, southward drops occurred approximately at the
B | same time as the increases in AE mentioned earlier. The two last southward
; ) peaks could also be related to substorm onsets according to the Newell and
E Gjerloev (2011) and Ohtani and Gjerloev (2020) approaches, respectively. It
-3 must be mentioned, however, that the electrodynamics is complex and may
4 A involve additional mechanisms. The substorm onsets according to the Newell
- 0 and Gjerloev (2011)—NG2011 and Ohtani and Gjerloev (2020)—0G2020
2.0 are represented, respectively, by the magenta and blue dashed lines in the
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middle panel.

One distinguishable aspect in Figure 4 is the resemblance between the

M increases in the eastward E| and in the vertical drift over the equatorial region
Wf during the predominantly southward B, condition. A smoothed version of E,
(red solid line) was introduced in the middle panel to facilitate the visuali-

zation of its behavior. First E| increased from ~0 up to ~1.4 mV/m between
7%%? e 17:45 LT and 18:45 LT. After that, it decreased during 19:30 LT—20:45 LT.
NG2011 In the sequence it rises again from ~0.75 mV/m up to ~1.8 mV/m between

_ N W
=

Vertical drift [m/s]

—
=

062020 20:45 LT-21:15 LT. If the lower panel is now considered, one may readily
notice that the pattern in the vertical drift was considerably similar, increas-
ing steeply during both rises of eastward E, and decreasing with the decrease
in E, as well. Even an oscillatory pattern seems to be present in both quan-
tities during the decrease of their respective magnitudes. These results can
possibly indicate that, even under mild geomagnetic perturbations, recurring
penetration of electric fields from storms and substorms in the equatorial
ionosphere can modify promptly and significantly the transport and the
related plasma phenomena, possibly favoring the ESF/EPB development.

» i
175 185 195 20.5 21.5
Time [LT]

Figure 5 shows another example, with RTI maps from the next night (August
31-1 September 2021) from the 10 beams of the AMISR-14 system and the
vertical drift estimated from the VIPIR ionograms. The graphical elements

Figure 4. Interplanetary magnetic field—B, (upper panel), interplanetary are the same as in Figure 3, but this time one can notice that there are two

electric field—Ey (middle panel), and the vertical drift estimated from Vertical
Incidence Pulsed Ionospheric Radar data (lower panel) on 30-31 August 2021.
The blue arrows in B,/E, highlight instants of maximum southward/eastward

black dashed lines. The second black dashed line indicates a reversal in the
zonal drift. The first plume, that was first observed around 21:45 LT by the

values. The magenta and blue dashed lines indicate the instant of substorms westernmost beam (beam 1), drifts to the east. However, the irregularity
onsets according to the NG2011 and OG2020 approaches, respectively. structure (bottom-side ESF) that appeared around 23:30 LT in the eastern-

most beam (beam 10) drifts westward.

The estimated vertical drift, as in the previous case, was predominantly positive, except during a period between
~20:45 LT and 21:45 LT. In any case, it was, most of the time, considerably larger than what was expected (i.e.,
SF1999 model). Analogously to the previous case, the larger vertical drift (mostly upward) may have provided
favorable conditions for bottomside irregularities to grow vertically.

Regarding the geomagnetic conditions, the maximum value for Kp and the minimum value for Dst during August
31-1 September 2021, were equal to the ones previously mentioned. The AE index (i.e., the “quicklook™ version)
during the night was small, suggesting the absence of substorms. However, according to the criteria of NG2011
and 0G2020, some substorms happened during that night.

Figure 6 presents three panels with the same graphical elements previously employed in Figure 4. The upper
panel shows that after ~19:00 LT (~00:07 UT on September 1) B, turned southward and remained predominantly
to the south with four maximum southward peaks (blue arrows). Each maximum southward incursion in B, is,
again, accompanied by an increase in the eastward component £ (middle panel), as indicated by the blue arrows.

The noteworthy aspect is that, although one would classify this night as a quiet night according to the geomag-
netic indices Kp, Dst, and AE, the general trend in the E, seems to be promptly manifested also in the equatorial
vertical drift. This would suggest that penetration of electric fields from magnetospheric events may occur more
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Figure 5. Range-Time-Intensity maps from 14-panel Advanced Modular Incoherent Scatter Radar beams 1-10 (upper to
lower panels) for August 31-1 September 2021. The beams from 1 to 10 correspond to data from west to east, respectively.
The black dashed lines across the panels highlight the eastward/westward motion of the first/second plume/irregularity
with time. The gray lines in the panel of beam five indicate the vertical drift estimated from the Vertical Incidence Pulsed
Tonospheric Radar data considering the available frequencies at that period (3—4.5 MHz), and the red line corresponds to its
median value. The magenta line represents the SF1999 model.

often than previously thought. Additionally, it would indicate that recurring substorms associated with storm-
time can contribute to changing considerably the electrodynamics over low latitudes. Obviously, there are other
complex processes occurring at the same time, but the resemblance of the trends of £, and Vz are noteworthy.
It is reasonable to suggest that effects of these mild substorms may possibly have provided the conditions that
led to the atypical occurrence of ESF/EPB during these nights of winter solstice. It must be also mentioned that
the NG2011 and OG2020 approaches were able to identify substorm onsets that otherwise would have been
neglected.

5. On the Experimental Evidence of Non-Local Mechanisms Favoring the ESF/EPB
Development

In the previous section, the possible mechanisms leading to the unexpected occurrence of the plumes observed
by the AMISR-14 system were discussed. It is interesting to notice, however, that the events had dissimilarities,
despite the mechanisms contributing to their generation being, possibly, the same. The most noticeable difference
is the zonal component of the irregularity drift that was discernible due to the 2D observational capabilities of
the AMISR-14.
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2 On the night of 30-31 August 2021, the irregularity zonal drift over Jicama-
1 rca was eastward (see Figure 3). Around the same time in which this plume
was drifting eastward, an EPB structure was observed over Brazil and was
— 0 [ I ! also drifting eastward. The images from the all-sky imager deployed in Cach-
; 1 ‘ ‘ oeira Paulista were cloudy, but the all-sky imager deployed in Sdo Martinho
o g( da Serra (see Table 1 and Figure 1) recorded this EPB (see Movie S1). The
-2 P‘r A | ’W occurrence of EPBs over Brazil for that season was also atypical (Sobral
3 J I Q et al., 2002). Therefore, the hypothesis of contributions from recurring pene-
' tration of electric fields seems to be reinforced, since both coasts of South
America experienced instantaneous occurrences of atypical ESF/EPB events,
1.50 P yp
¥ indicating the action of non-local mechanisms favoring the growth of irreg-
1.00 ' ularities over both places.
E i “4 ‘ i On the night of August 31-1 September 2021, the irregularity zonal drift
E 0.50 \* N HE w over Jicamarca was initially to the east but reversed to west around 23:30 LT
= m‘ e l V o’{ (04:37 UT). The images from the all-sky imager in Cachoeira Paulista were
gl Wy |
= 0.0 \ E ‘ u cloudy in the early nighttime, but became clear around 04:00 UT. The images
) i l ‘ :%Eg filtered reveal an EPB entering the easternmost boundary of the field-of-view of the
L _I(‘)Ig%g%(l) imager and drifting westward. The time of occurrence is, again, synchronized

with that of the westward drifting plume over Jicamarca. Some images from

20
10

Vertical drift [m/s]
[(—)

3.0 —4.0 —Median
4.5

—3.5 —4. the all-sky imager on that night showing the westward drift of the EPB are

A —_— presented in Figure 7. The images from Sdo Martinho da Serra (not shown
here) are not conclusive, but a visual inspection suggest that no EPBs reached
the field-of-view of the instrument on that night. It must be mentioned that
these are original images, therefore, some distortion is expected at the edges
of the field-of-view of the instrument which might affect proper estimation
of the absolute drift velocity. Here, however, the goal is to identify the rela-

tive zonal motion (eastward vs. westward). For completeness, sequences of

Figure 6. Interplanetary magnetic field—B, (upper panel), interplanetary

-30
17.5 19.5 21.5 23.5 25.5
Time [LT]

images (movies) are provided as Supporting Information S1 to facilitate the
visualization of the dynamics of the EPBs (see Movie S2). Additionally,
the reader can access the airglow measurements at https://www2.inpe.br/
climaespacial/portal/en/ then select “Products,” “All-Sky Imager”” where you

electric field—E, (middle panel), and the vertical drift estimated from Vertical ~ can choose the station, the date, and verify the original images).
Incidence Pulsed Ionospheric Radar data (lower panel) in August 31-1

September 2021. The blue arrows in B,/E, highlight instants of maximum

Once again both longitudinal boundaries of the South American continent

southward/eastward values. The magenta and blue dashed lines indicate the experienced atypical ESF/EPB simultaneously and with coinciding charac-
instant of substorms onsets according to the NG2011 and OG2020 approaches,  teristics. Therefore, a non-local mechanism favoring the ESF/EPB develop-

respectively.

ment seems to be the best explanation. Also, since there are distinguishable

characteristics between the events on the sequential nights, it is unlikely that

a long-term steady contribution such as that from the disturbance dynamo
could have caused the events. In addition, it must be mentioned that the prompt penetration electric fields and
disturbance dynamo processes are most and least efficient, respectively, during June solstice low solar flux condi-
tions (Fejer et al., 2008; Navarro et al., 2019). Hence, the penetration of electric fields from magnetospheric
origin during mild substorms remains as the most likely candidate for the cases evaluated here.

6. On the Possible Mechanisms Leading to the Zonal Drift Reversal

The next question that requires investigation is the cause of the irregularity reversal from east to west on the night
of August 31-1 September 2021. According to the discussion in the previous sections, a plausible process that
may have led to the occurrence of the irregularities was the penetration of electric fields during mild substorm
conditions. If so, the same process operated over both nights, but the resulting temporal behavior of the zonal
drifts diverged, that is, reversing from eastward to westward on the second night.

Abdu et al. (1998) used ionosonde data over Fortaleza station to propose a mechanism that, under penetration
of zonal electric fields over the equatorial region, could lead to a reversal in the zonal drift. They employed
field-aligned integrated quantities (Haerendel et al., 1992) and showed that a combination of Hall conductivity
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Figure 7. Sequence of images from the all-sky imager deployed at Cachoeira Paulista on August 31— 1 September 2021. The images reveal the westward drift of the
Equatorial Plasma Bubble at the same time that the 14-panel Advanced Modular Incoherent Scatter Radar system observed the reversal of the plumes/irregularities over

Jicamarca.

and vertical currents originated by diverging horizontal currents could act together (or individually) to originate a
reversal in the zonal drift. For the Hall conductivity contribution, the required condition is an enhanced nighttime
E region conductivity, possibly with gradients (Abdu, 2001), so that the vertical electric field (E,)) can be written
in terms of the zonal electric field (E,) as:

Ey = <§)Ez 1)

where X, and X, are the field-aligned integrated Hall and Pedersen conductivities. Here, E, is assumed as the
eastward penetration electric field, and E,, is positive upward.

For the contribution from the vertical current arising due to the divergence in the zonal current, Abdu et al. (1998)
proposed that:

h

| [

Eyv =-FE, — h 2

v Z/ZP[dX dh, @)
90

where the integral was assumed to be calculated from 90 km up to an altitude /# > 90 km, and d/dx corresponds
to the derivative in the longitudinal direction.

Abdu et al. (1998) also mentioned that the mechanism proposed could be operative at other longitudes under
the conditions described above. In their work they argued that enhanced sporadic E (Es) layers could be consid-
ered as strong evidence of electron density/E region conductivity enhancements, especially during magnetic
disturbances, when particle precipitation over the SAMA region is likely to occur. A sketch of this mechanism is
presented in Figure 4 of Abdu et al. (1998). Please notice that Figure 2 demonstrates that the stations used in this
work are under the influence of the SAMA, therefore, the mechanism proposed by Abdu et al. (1998) may have
been responsible for the irregularity drift reversal.
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Figure 8. Ionograms over Jicamarca during the time interval in which the plumes were observed by the 14-panel Advanced
Modular Incoherent Scatter Radar system on 30-31 August 2021. The plume event that was drifting eastward is manifested in
the form of ESF in the ionograms. No noticeable Es layer occurred during this period.

Figure 8 shows six ionograms from the VIPIR ionosonde (Jicamarca) on the night of 30-31 August 2021, between
01:23 UT and 04:33 UT (~20:16 LT-23:26 LT). Please notice that this period covers the hours in which the plume
drifting eastward was observed in Figure 3. Hence, the panels in Figure 8 reveal the manifestation of ESF related to
the plume captured by the AMISR-14 system and its “disappearance” later at night. During the entire period there are
no perceivable occurrences of Es layers in the ionograms. Therefore, it is unlikely that the Hall conductivity required
for the mechanism proposed by Abdu et al. (1998) could operate, thus the plume drifted eastward as expected.

Figure 9 shows the VIPIR ionograms over Jicamarca for the night of August 31-1 September 2021, between
02:48 UT and 07:58 UT (~21:41 LT-02:51 LT). Initially, the ionograms did not present Es layers, but around
04:00 UT (~22:53 LT) an Es layer started to develop. This Es layer increased progressively up to about 06:00 UT
(~00:53 LT) and faded gradually in later hours.

The first two ionograms correspond to the earliest plume on Figure 5 that was drifting eastward. That plume
manifested in the ionograms in the form of ESF. From the third panel on, it is likely that the ESF is related to the
second irregularity that was drifting westward in Figure 5. The panels related to the westward irregularity drift
(from 04:53 UT on) exhibit noticeable Es layers.

The observations shown in Figures 8 and 9 provide experimental evidence that the mechanism proposed by Abdu
et al. (1998) could possibly be the responsible for the reversal, especially the factor related to the Hall conductiv-
ity. More specifically, the plume drifted exclusively to the east on the first night, and no Es was noticed at the time
when the irregularity occurred. On the second night, the first plume drifted to the east when no Es was present,
and the second irregularity observed by the AMISR-14 drifted to the west, simultaneously with the development
of Es layers in the ionograms.

As mentioned earlier, the same plume/EPBs drift directions observed over Peru were also detected by the instru-
ments deployed over Brazil, that is, EPBs drifting eastward on August 30-31, 2021 (please see Movie S1 to
visualize the dynamics of the EPBs) and westward (at late night) on August 31-September 1, 2021 (Figure 7).
Cachoeira Paulista was cloudy on the first night, and the EPB on that night could only be observed by the all-sky
in Sdo Martinho da Serra. The closest available Digisonde (Cachoeira Paulista) shows no Es during the interval of
the EPB occurrence on August 30-31, 2021 (see Figure S1 in Supporting Information S1). That EPB was drifting
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Figure 9. Ionograms over Jicamarca during the time interval in which the plumes were observed by the 14-panel Advanced Modular Incoherent Scatter Radar system
on August 31-1 September 2021. The first plume (drifting eastward) is manifested in the form of ESF in the two initial panels. No noticeable Es layer occurred during
that period. The second irregularity (drifting westward) is manifested in the form of ESF in the panels corresponding to 04h53 UT and after. An evident Es layer

occurred during that period.

eastward and was observed in a region approximately in between Jicamarca and Cachoeira Paulista. Since data
over both stations from the VIPIR and Digisonde, respectively, revealed no Es, it is reasonable to assume that no
Es occurred at the region where the EPB was observed during that period.

From Figure 7, it is possible to verify that the EPB on the second night entered the easternmost boundary of the
field-of-view of the all-sky imager deployed in Cachoeira Paulista at ~04:00 UT and was drifting westward. The
structure was already fully formed, suggesting that it was generated to the east of that geomagnetic meridian,
therefore, data from the Digisondes deployed at Fortaleza and Sdo Luis were also employed to evaluate the iono-
spheric conditions in geomagnetic meridians slightly to the east of Cachoeira Paulista. Figure 10 shows some
ionograms from Fortaleza (upper panels) and Sdo Luis (middle panels) around the period when the EPB was
observed by the all-sky in Cachoeira Paulista on August 31-1 September 2021. Both stations experienced strong
Es occurrence during that period.

According to the images in Figure 7, the EPB was expected to reach Cachoeira Paulista (i.e., the center of the
image) after 05:00 UT, for that reason the lower panels in Figure 10 also display some ionograms over Cachoeira
Paulista between 05:30 UT and 07:00 UT. During that period, noticeable Es layers were also occurring over
Cachoeira Paulista. The hours covered by the panels of Figure 10 are approximately the same in which the irreg-
ularity drifting westward was observed by the AMISR-14 radar beams over Jicamarca.

There are three main aspects in the results discussed above that support the hypothesis that the mechanism
proposed by Abdu et al. (1998) led to the reversal in the irregularity/EPB zonal drift: (a) during the night with
plumes/EPB drifting eastward over Peru and Brazil (e.g., Figure 3 and Movie S1), observations from instruments
in both regions did not show evidence of Es layers; (b) on the second night, the first plume over Jicamarca was
drifting eastward and no Es was observed, but the subsequent irregularity structure started to drift westward
immediately after the appearance of Es layers over Peru; and (c) over Brazil, the EPB observed was drifting
westward exactly at the same time when Jicamarca observed the reversal in the zonal drift. The Digisondes over
the Brazilian region also revealed the development of Es layers at that time.
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Figure 10. Ionograms from Fortaleza (upper panels), Sao Luis (middle panels), and Cachoeira Paulista (lower panels).
Over Fortaleza and Sao Luis noticeable Es layers were observed during the Equatorial Plasma Bubble (EPB) westward drift
around their respective geomagnetic meridians. Later hours are exhibited in panels for Cachoeira Paulista because the EPB
only reached that region after 05:00 UT according to Figure 7. The Es occurrence is also evident over Cachoeira Paulista at
that period. The time interval covered in this figure coincides with that of the irregularity drifting westward observed over
Jicamarca.

Abdu et al. (1998) used ionosonde data from Fortaleza, close to the eastern boundary of the SAMA, when eval-
uating the mechanism proposed in their work. Due to this, a decrease in electron density was expected as loca-
tions further east were considered. Consequently, the right-hand side of Equation 2 would be positive, therefore,
a positive E, would imply an upward E,. For Jicamarca the situation is the opposite, therefore, if the increase
in the electron densities was caused by particle precipitation around the SAMA region as suggested by Abdu
et al. (1998), it is likely that an upsurge in the Hall conductivity contribution (Equation 1) is the main mechanism
causing the reversal. Otherwise, the contributions from the Hall conductivity and the vertical current (Equation 2)
would have opposite directions over Jicamarca, decreasing the efficiency of the mechanism.

The comparison of results over Peruvian and Brazilian regions is suitable to evaluate the mechanism proposed
by Abdu et al. (1998) because the observations cover, approximately, the westernmost and the easternmost
boundaries of the South Atlantic Magnetic Anomaly. Consequently, although the vertical current is theoretically
expected to contribute to the mechanism evaluated, the results for the two nights presented in this work suggest
that its contribution was secondary, and the Hall conductivity term dominates.

7. Conclusion

The AMISR-14 radar observed the development of plumes over Jicamarca on two consecutive nights during
the solar minimum (85.7 sfu < F10.7 < 92.4 sfu), June solstice period (August 30-31, 2021, and August 31-1
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September 2021), under geomagnetic conditions that are often classified as “quiet.” Consequently, these plume/
EPB occurrences are atypical, given the unfavorable seasonal conditions for that station. More interestingly,
the AMISR-14 system capability of observing from distinct pointing directions allowed the identification of a
reversal in the irregularity zonal drift on the second night. These observations motivated a multi-instrumental and
multi-location investigation to understand the processes favoring the development of plumes/EPBs under adverse
seasonal conditions and the mechanisms that may have led to the reversal of the irregularity zonal drift on the
second night. Data from instruments deployed over the Peruvian and Brazilian regions were used to evaluate the
generation and the zonal drift of the plumes/EPBs on both nights over both locations.

The main results of this investigation can be summarized as follows:

1) The AMISR-14 data can be used to produce 2D representations of the plumes around Jicamarca, providing
information well-suited for studies of their generation, dynamics, and decay.

2) Under southward B, conditions, the augmentation in the eastward E; seems to be promptly connected to the
equatorial region, contributing to the changes in the vertical component of the plasma drift, as revealed by the
resemblances between the profiles of these quantities on both nights.

3) Even during nights under very mild geomagnetic perturbations, the recurring occurrence of substorms and
penetration of electric fields in the equatorial ionosphere seems to be a process that can drive substantial
changes in the electrodynamics over that region. These changes can, possibly, favor the development of ESF.

4) The analysis of data from several instruments located at opposite coasts of the South American continent
revealed that it is likely that the processes favoring the occurrence of plumes/EPBs and the reversal of the
zonal drift on the second night were non-local, reinforcing the hypothesis of a contribution from the penetra-
tion electric fields.

5) This work confirms that the mechanism proposed by Abdu et al. (1998) is well-suited to explain the reversal
in the irregularity zonal drift simultaneously over distinct longitudes. The description given by their work
and the results presented here for both nights and over both locations match noticeably well, especially with
regards to the contribution of the Hall conductivity term (Equation 1).

6) The analysis of data from opposite “boundaries” of the SAMA suggests that, for the events evaluated in this
work, the contribution from the vertical current term to the reversal in the zonal drift was negligible, despite
expectations from theory.

Data Availability Statement

IGRF13 can be accessed at https://www.ngdc.noaa.gov/IAGA/vmod/igrf.html. The solar flux, Dst and Kp indices
can be accessed at https://omniweb.gsfc.nasa.gov. The AE index can be accessed at https://wdc.kugi.kyoto-u.ac.jp/
ae_realtime/index.html. The substorm timing list can be accessed at https://supermag.jhuapl.edu/substorms/. The
all-sky imager and Digisonde data can be accessed at https://www2.inpe.br/climaespacial/portal/en/. The VIPIR
data can be accessed at http://lisn.igp.gob.pe/. The AMISR-14 data used is available at (Sousasantos et al., 2023).
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