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The low latitude ionosphere and thermosphere are strongly disturbed during and
shortly after geomagnetic storms. We use novel Jicamarca radar measurements,
ACE satellite solar wind, and SuperMAG geomagnetic field observations to
study the electrodynamic response of the equatorial ionosphere to the 23,
24 April 2023 geomagnetic storm. We also compare our data with results
from previous experimental and modeling studies of equatorial storm-time
electrodynamics. We show, for the first time, unusually large equatorial vertical
and zonal plasma drift (zonal and meridional electric field) perturbations driven
simultaneously by multi storm-time electric field mechanisms during both the
storm main and recovery phases. These include daytime undershielding and
overshielding prompt penetration electric fields driven by solar wind electric
fields and dynamic pressure changes, substorms, as well as disturbance dynamo
electric fields, which are not well reproduced by current empirical models.
Our nighttime measurements, over an extended period of large and slowly
decreasing southward IMF Bz, show very large, substorm-driven, vertical and
zonal drift fluctuations superposed on large undershield driven upward and
westward drifts up to about 01 LT, and the occurrence of equatorial spread F
irregularities with very strong spatial and temporal structuring. These nighttime
observations cannot be explained by present models of equatorial storm-time
electrodynamics.

KEYWORDS

equatorial ionosphere, ionospheric disturbances, ionosphere/magnetosphere
interactions, electric fields, ionospheric irregularities

1 Introduction

Interplanetary magnetic field (IMF) driven ionospheric electrodynamic disturbances
extending from high to equatorial latitudes have been studied for several decades (e.g.,
Matsushita, 1953; Rastogi, 1962; Nishida, 1968). Starting in the early 1970s, newly
developed ionospheric radar measurements led to significantly more detailed studies
of the response of middle and low latitude ionospheric electric fields to geomagnetic
disturbances (e.g., Matsushita and Balsley, 1973; Chandra and Rastogi, 1974; Rastogi and
Patel, 1975; Fejer et al., 1976; Blanc, 1978). They also showed that IMF driven large-scale
magnetospheric electric fields imposed on the high-latitude ionosphere can be transmitted
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FIGURE 1 12
(From top to bottom) IMF Bz/By, solar wind dynamic pressure, solar
wind speed, motional east-west electric field, SuperMAG ring current FIGURE 2

(SMR), auroral current (SMU/SML) indices, and substorm onset times
(small arrows in the bottom panel) during the 23-24 April 2023
geomagnetic storm.

nearly instantaneously to middle and low latitudes through the
Earth-ionosphere waveguide (e.g., Kikuchi et al., 1978).

In a landmark study, Kelleyetal. (1979) pointed out that
anomalous equatorial zonal ionospheric electric field reversals were
associated with sudden changes in the magnetospheric convection
electric field driven by rapid IMF northward turnings from steady
southward direction. Extensive follow up radar, magnetometer,
and ionosonde studies examined in detail the effects of IMF and
high-latitude current systems on nearly simultaneous middle and
low latitude ionospheric electric field and current perturbations
(e.g., Fejer et al., 1979; Gonzales et al., 1979; Gonzales et al., 1983;
Reddy et al., 1979; Fejer, 1997; Kikuchi et al., 2003). These short-
lived storm-time disturbance electric fields, commonly referred to
as prompt penetration electric fields, have lifetimes from a few
minutes to a few hours. They are driven mostly by rapid IMF Bz
fluctuations which cause a temporary imbalance between region
1 and region 2 Birkeland currents resulting in sudden changes
in magnetospheric convection and in meridional motions of the
nighttime shielding layer (e.g., Wolf et al.,, 1982; Spiro and Wolf,
1984; Spiro et al., 1988). Convection increases (decreases) drive
upward and westward (downward and eastward) drifts during the
day and with opposite polarity at night with highest amplitudes
shortly before their sign reversals near sunrise and sunset (e.g., Fejer
and Scherliess, 1997; Fejer, 2011).

Low latitude prompt penetration electric fields are also driven
by magnetospheric substorms, solar wind dynamic pressure
changes, solar flares, and Ultra Low Frequency (ULF) waves
(Chakrabarty et al., 2008; Chakrabartyetal., 2015; Weietal,
2015; Veenadharietal., 2019; Huang, 2020; Fejeretal., 2021;
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(Top three panels) Solar wind motional east-west electric field,
SuperMAG ring current (SMR), auroral current (SMU/SML) indices, and
substorm onset times (small arrows). (Bottom panels)
Height-averaged Jicamarca vertical and zonal plasma drifts. The circle
at 17 UT indicates noon over Jicamarca and the green curves denote
the quiet time vertical and zonal drift patterns.

Fejer and Navarro, 2022). During periods of southward IMF
Bz, magnetospheric substorm onset and expansion phases are
associated with eastward daytime and westward nighttime prompt
penetration electric fields (e.g., Huang, 2012; Huang, 2020
Tulasi Ram et al., 2016; Fejer and Navarro, 2022). Slower varying
and longer lasting (lifetimes from a few hours to a few days) middle
and low latitude disturbance electric fields during and shortly
after strong geomagnetic disturbances result from thermospheric
disturbance wind dynamo effects (e.g., Blanc and Richmond,
1980; Fejer et al., 1983; Fejer et al., 2017; Fejer, 1991; Navarro et al,,
2019). During magnetic storms, ionospheric disturbance electric
fields result from complex interactions of multi-source driven
prompt penetration and disturbance dynamo electric fields (e.g.,
Maruyama et al., 2005; Fejer et al., 2007).

Prompt penetration and disturbance electric fields have long
been known to significantly affect the generation and evolution
of equatorial nighttime F-region plasma irregularities by changing
the instability growth rate (e.g., Rastogietal, 1978; Fejer et al.,
1999; Abdu, 2012). Substorms were recently shown to cause strong
structuring on equatorial spread F (e.g., Fejer et al., 2021; Sori et al.,
2022; Sousasantos et al., 2023). Storm-time ionospheric electric field
also have major effects on the temporal and spatial variation
of ionospheric plasma from auroral to equatorial latitudes (e.g.,
Astafyeva et al., 2016; Aa et al., 2018). In the nighttime sector, strong
prompt penetration driven equatorial plasma depletions can rise to
apex heights over 6,000 km and merge with midlatitude Traveling
Ionospheric Disturbances (TIDs) (e.g., Aa et al., 2019).
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(Top two panels) Solar wind motional east-west electric field, auroral
current (SMU/SML) indices, and substorm onset times (small arrows).
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(Third panel) Height-averaged Jicamarca vertical plasma drifts and
their quiet-time values (green curve). (Fourth panel) Coherent
backscattered power from 3-m plasma density irregularities.
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(Top panel) Solar wind motional east-west electric field. (Bottom
panel) Vertical disturbance drifts and their predictions from the
Manoj-Maus and from the Kelley-Retterer procedure. The small

arrows indicate substorm onset times.
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In this paper, we used radar measurements from the Jicamarca
Radio Observatory (11.9°S, 76.8°W; dip latitude ~0°), solar wind
parameters, and ground-based magnetometer data to study the
unusual electrodynamic response of the equatorial ionosphere to the
23-24 April 2023 large geomagnetic storm. In the following sections,
we first describe our novel radar operating mode and data analysis,
and then proceed to describe and discuss our results.

2 Measurement techniques and data

We used novel Jicamarca incoherent scatter medium power
(ISR MP) radar measurements of F-region E x B plasma drifts and
spread-F irregularities, ACE satellite solar wind, and SuperMAG
ground-based magnetic field measurements from 12 UT (07 LT)
23 April 2023 to 12 UT 24 April 2023. The ISR MP mode is one
of the novel Jicamarca Unattended Long-term Investigations of the
Ionosphere and Atmosphere Medium Power (JULIA MP) modes
which consists in using 2 new solid-state transmitters of 96 kW peak
power each instead of the 4 large 1.5 MW transmitters used for
over seven decades at Jicamarca (Kuyeng et al., 2023). This lower
power (and lower operational cost) mode, operated with a 10%
duty cycle, allows for nearly continuous operation of the radar.
The obvious handicap is that, under low plasma density conditions
(e.g., after about midnight), the incoherent scatter measurements
have very large errors. In the ISR MP mode, the interpulse period
(IPP) is 1,500 km, the pulse length is 45 km, and the radar beams
are directed about 2.4° eastward and 4.3° westward in the plane
perpendicular to the magnetic field. The data acquisition and signal
processing techniques and the procedure for deriving the vertical
(positive upward) and zonal plasma (positive eastward) drifts from
the line-of-sight values are the same as in standard Jicamarca radar
drift experiments. These were described by Kudeki et al. (1999) and
Woodman (1970), respectively.

The Jicamarca drift experiments also provide temporal and
spatial information on nighttime small-scale (3-m) equatorial
spread F plasma irregularities. However, ambient F-region plasma
drifts cannot be reliably derived in regions of strong spread F echoes
and when the plasma is strongly inhomogeneous in the east-west
plane over the altitudinal range of about ~200-800 km. Therefore,
measurements from these coherent scatter regions are routinely
removed from the Jicamarca drift. In the present study, we used 5-
min spread-F free drifts averaged from 250 to 500 km for the vertical
component and from 250 to 450 km for the zonal. We deleted height
averaged drifts with standard deviations larger than 30 and 100 m/s
for the vertical and zonal components, respectively, and zonal drifts
with magnitudes larger than 200 m/s. The standard deviations of our
height averaged drifts are ~1 during the day and ~10 m/s during
the night (up to ~06 UT) for the vertical component, and ~10 m/s
during the day and ~25 m/s at night (up to ~04 UT) for the zonal.
Over Jicamarca, an eastward (northward) electric field of 1 mV/m
corresponds to an upward (westward) drift of ~40 m/s.

We also used 5-min Advanced Composition Explorer (ACE)
satellite solar wind measurements of the GSM Y and Z components
of the interplanetary magnetic field (IMF), solar wind dynamic
pressure and speed, and Y (east-west) component of the motional
solar wind electric field time-propagated to the noon magnetopause
obtained from the NASA Goddard database (https://omniweb.
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(Top panel) Auroral AE and SME electrojet indices. (Bottom panel)
Vertical disturbance drifts and corresponding predictions from the
Scherliess-Fejer model using AE and SME indices as input parameters.
The small arrows indicate substorm onset times.
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(Top three panels) Solar wind IMF Bz and By, motional east-west

electric field, SuperMAG ring current (SMR), auroral current (SMU/SML)
indices, and substorm onset times (small arrows). (Bottom panel) Early

night height averaged Jicamarca vertical plasma drifts during the 7-8
geomagnetic storm.
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gsfc.nasa.gov/), and also ground-based ring current and auroral
magnetic field SMR, SMU, SML, and SME (equivalent to the SYM-
H/Dst, AU, AL, and AE) indices obtained from the SuperMAG
database (http://supermag.jhuapl.edu/). These geomagnetic indices
were derived from ~300 ground-based magnetometer data with a
temporal resolution of 1 min (Gjerloev, 2012). The preliminary AE
indices were obtained from the World Data Center (WDC) for
Geomagnetism, Kyoto AE index service.

3 Results

Figure 1 shows solar wind parameters from the ACE satellite and
geomagnetic indices from SuperMAG measured during the 23-24
April 2023 severe geomagnetic storm. This coronal mass ejection
(CME) driven storm started at 09 UT on the 23rd. Following the
initial slow strengthening of the southward IMF Bz and increase
of the ring current, the storm became strong after 1737 UT. The
storm first main phase lasted up to ~2140 UT with the SMR ring
current index reaching a minimum of —184 nT. In the second main
phase, which lasted from 0134 to 0407 UT on the 24th, the SMR
had a minimum of —203 nT at 0403 UT. The Kp index reached
values of 8+ and 8 during the first and second storm main phases,
respectively.

Figure 1 shows that the IMF Bz was southward and nearly
steady with values of ~10 nT up to about 1737 UT when it turned
increasingly southward reaching about —20 nT at 1820 UT. Later, it
did not change much up to ~21 UT when it first turned strongly
northward, and then decreased to small northward and southward
values for ~3 h. After large northward and southward variations at
~01 UT, the IMF Bz became strongly southward to about —30 nT,
and then slowly decreased up to ~12 UT on the 24th. The IMF By
had generally small values up to ~20 UT, was ~-20 nT up to ~01
UT when it underwent sign changes before becoming very small,
and then turning steadily negative (toward dusk) up to ~11 UT on
the 24th. The solar wind dynamic pressure had large values and
amplitude fluctuations from ~28 UT on the 23rd to ~02 UT on
the 24th. The solar wind speed increased strongly from ~1730 UT
to 22 UT on the 23rd, which is indicative of strong solar wind-
magnetosphere coupling conditions (e.g., Newell et al., 2008), and
then decreased slowly. The solar wind motional electric field was
weakly eastward prior to ~1,730 UT when it increased to ~10 mV/m
up to ~21 UT on the 23rd, then it turned strongly westward up to
~23 UT on the 23rd before oscillating with small amplitudes up to
~01 UT on the 24th. Later, it underwent large amplitude fluctuations
followed by a large eastward increase and a slow gradual decrease
up to ~11 UT on the 24th. The SMU was ~500 nT on the 23rd,
underwent a large increase associated with the large corresponding
increase in the dynamic pressure during 19-20 UT on the 23rd, and
had generally small values afterwards. The SML values were large
and with large fluctuations indicating significant substorm activity
with their onset times indicated by small arrows. Figure I shows
numerous fast recurring (quasi-periods of ~30 min) substorms from
~16 UT to the end of the storm first main phase (~22 UT) and from
~2340 UT to ~05 UT on the 24th. Later, there were also a few more
substorms up to ~11 UT on the 24th.

Figure 2 presents again in the three top panels the ACE solar
wind electric field and the SuperMAG ring current and auroral
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geomagnetic indices with substorm onset times. The fourth and
fifth panels show the height averaged Jicamarca vertical and zonal
plasma drifts with their standard deviations superposed on the
corresponding quiet-time drift patterns. Figure 2 indicates that,
prior to the storm onset, there were generally only small equatorial
upward and eastward perturbation drifts over Jicamarca. The
sudden increase of geomagnetic activity at 1737 UT resulted in
an initial rapid increase followed by a nearly steady decrease of
the ring current index over the storm first main phase. In this
period, the upward perturbation drifts increased first rapidly, at
the storm onset, and then more slowly up to ~1930 UT when
they increased strongly again, likely due to the large increase
in the solar wind dynamic pressure (see Figure 1) and resulting
increase in the SMU index. The corresponding short-lived vertical
perturbation drifts, which are indicative of undershielding prompt
penetration and substorm activity, lasted up to ~21 UT when the
solar wind electric field reversed following the IMF Bz strong
northward turning. Over this main storm phase, the equatorial
zonal drifts did not show significant disturbance effects, except
for the large and very brief first eastward and then westward
perturbations at ~1930 UT, when the vertical drifts changed
rapidly in response to the large sudden change in the solar wind
dynamic pressure.

The solar wind electric field was mostly westward from ~21
UT on the 23rd to ~01 UT on the 24th, except for brief and
fast eastward turnings. Over this period, the equatorial vertical
perturbation drifts were strongly downward, in general, due to
westward disturbance dynamo and prompt penetration electric
fields with occasional upward perturbation fields (e.g., near 2300
UT and 0030 UT). Figure 2 shows very large eastward disturbance
drifts over this period, and also brief large eastward and westward
drift perturbations during times of rapid vertical drift changes. The
large and slowly varying late afternoon to early evening eastward
disturbance dynamo drifts in Figure 2 are the largest ever recorded
at Jicamarca over this period.

Figure 1 shows very large fluctuations in IMF Bz and By at ~01
UT, near the onset of the storm brief second main phase. Later,
the initially very large southward IMF Bz slowly decreased up to
11 UT on the 24th, and the initially very small westward IMF By
systematically increased to about —30 nT. From 0130 to 06 UT, the
corresponding solar wind eastward electric field changed from 20
to 16 mV/m. Over this period, Figure 2 shows very large, substorm
driven, vertical and zonal drift fluctuations superposed on large
undershielding driven upward and westward drifts up to about 01
LT. Substorm driven perturbations were particularly strong during
~03-05 UT with vertical drift fluctuations of ~120 m/s at ~0430
UT. We will point out later that disturbance dynamo electric fields
did not appear to have contributed significantly to the nighttime
upward drifts before ~04 UT. This premidnight period highlights
simultaneous very large contributions from multiple storm-time
electrodynamical mechanisms to equatorial disturbance electric
fields. As noted earlier, the errors on the drift measurements were
significantly larger in the postmidnight sector due to very low signal-
to-noise ratios.

Figure 3 shows from top to bottom the solar wind electric field,
auroral electrojet indices, Jicamarca vertical drifts, and backscattered
power from 3-m equatorial spread F plasma irregularities from 02
to 09 UT. We note that measurements from these coherent scatter
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regions were not used in estimating the plasma drifts. Spread F
irregularities first developed at ~0330 UT (2230 LT) following the
vertical drift reversal to upward, they weakened at 0420 UT with the
reversal to downward, and then strengthened strongly and rapidly
rose to ~700 km following the large increase of the upward drifts at
~0440 UT. Later, their height range and strength varied considerably
up to 0820 UT most likely due to highly variable vertical drifts likely
caused by strong substorm activity. The weak late night and early
morning irregularities were likely driven by disturbance dynamo
drifts, as discussed below.

4 Discussion

The interplanetary motional electric field and disturbance
dynamo electric field have long been known to play major roles
on equatorial storm-time plasma drifts (e.g., Kelleyetal,, 1979;
Blanc and Richmond, 1980; Fejer and Scherliess, 1997). In this
section, we initially examine to what extent our disturbance drifts,
obtained by removing the corresponding quiet-time values, can
be explained by prompt penetration disturbance dynamo drifts
predicted by empirical electric field models. Then, we briefly discuss
processes possibly responsible for our early night unusual plasma
drift observations.

Three empirical vertical drift models have been widely used in
storm-time equatorial electric field studies. The Fejer and Scherliess
(1997) model estimates equatorial storm-time prompt penetration
and disturbance dynamo vertical drifts using times series of
15 min averaged AE indices over the previous 28 h and transfer
functions derived from extensive Jicamarca radar measurements.
The other two widely used equatorial storm-time empirical models
both use ACE measured solar wind electric fields to infer equatorial
prompt penetration electric fields (vertical plasma drifts). They
were motivated by numerous earlier studies pointing out that the
magnetosphere-ionosphere system generally acts like a high-pass
filter in response to solar wind electric field variability (e.g., Kelley,
1989; Huang et al., 2007; Nicolls et al., 2007). Based on a number of
earlier studies, Kelley and Retterer (2008) suggested that, on average,
the ratio of the equatorial zonal prompt penetration electric field to
the dawn-to-dusk interplanetary electric field is 0.1 for southward
IMF and 0.03 for northward IMFE. This parametrization, referred
here as the Kelley-Retterer (K-R) model, have been used in a number
of follow up studies of daytime equatorial prompt penetration
electric fields (e.g., Huang, 2019; Huang, 2020; Huang and Zhang,
2021). The other solar wind electric field based equatorial zonal
prompt penetration electric field model was develop by Manoj et al.
(2008). Manoj and Maus (2012) combined the outputs of the
Manoj etal. (2008) and Scherliess and Fejer (1999) quiet-time
vertical drift model to provide real time global equatorial zonal
electric field predictions. The predictions from this model are
available at http://www.geomag.us/models/PPEFM.

Figure 4 shows, in the top panel, the solar wind electric field
for the period illustrated in Figure 2. The bottom panel shows
daytime and evening vertical drift perturbations obtained from
Figure 2 by removing the corresponding quiet-time values, the
prompt penetration drifts derived using the prescription suggested
by Kelley and Retterer (2008) and shifted by 17 min to account
the propagation time from the front of the magnetopause to
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the equatorial ionosphere, and the corresponding results from
the Manoj and Maus (2012) model. Although the K-R model
does not specify when the early night undershielding electric
fields change from upward to downward, in Figure 4 we extended
its daytime prescription up to 06 UT (01 LT) considering our
very large corresponding measured upward drifts. We note that,
in addition to prompt penetration electric fields, the residual
drifts were also clearly affected by other processes including
dynamic pressure changes, substorms and disturbance dynamo
electric fields.

For this storm, Fejer-Scherliess model predicts prompt
penetration vertical drifts (not shown) with the correct sign, but
with much smaller amplitudes than inferred from Figure 4. This
confirms earlier results indicating that this model is generally not
well suited for accurate modeling this highly dynamic storm-time
parameter. The longer-lived disturbance dynamo zonal electric
field predicted by this model for the 23-24 April storm will be
discussed later. Figure 4 indicates that the equatorial daytime short-
lived perturbation drifts are generally in reasonable agreement with
the prediction of the K-R model. We note that this is often not
the case. On the other hand, the Manoj and Maus (2012) model
disturbance drifts, which are proportional to the average time rate
of change of the solar wind electric field, significantly underestimate
the observed prompt penetration electric fields except between
before about ~21-24 UT (16-19 LT).

The solar wind dynamic pressure was very strong and
highly variable during ~18-02 UT (13-21 LT), as indicated in
Figure 1. Over this period, Figures 2, 4 show noticeable short-lived
penetration electric fields associated with dynamic pressure changes
and related substorm activity. Solar wind dynamic pressure increases
drive equatorial upward and westward plasma drifts (eastward
and northward electric fields) during the day (e.g., Tsunomura,
1999; Fejer and Emmert, 2003; Huang, 2020). The very large
increase in SMU and upward drifts at ~1940 UT, in particular,
was associated with a fast and large increase in the solar wind
dynamic pressure. In this case, the corresponding westward drift
perturbation is not as clear probably due to larger measurement
errors. Numerous substorms also occurred between 13 and 21
LT, as indicated in Figure 4. Magnetospheric substorms generally
drive only small daytime equatorial upward drifts. The strong
substorm during ~2,120-2135 UT, for example, just appear to
have slowed down the decrease of the upward drift following
the sudden weakening of the southward IMF Bz and solar wind
electric field.

Figure 5 shows in the top panel the preliminary WDC-Kyoto AE
and the SME indices for the 23-24 geomagnetic storm. The bottom
panel presents the daytime and early night Jicamarca perturbation
drifts, and the corresponding disturbance dynamo vertical drifts
predicted by the Scherliess and Fejer (1997) model. Surprisingly,
during this large storm, both auroral indices are generally in
good agreement. Figure 5 shows that the Scherliess-Fejer model
predicts only very small disturbance dynamo drifts up to ~04
UT (~23 LT) and increasing upward drifts thereafter up to ~09
UT (04 LT). The model does not predict, in particular, the large
disturbance downward drifts between ~21-02 UT (~16-21 LT),
which cannot be fully accounted for by overshielding prompt
penetration electric field effects. As mentioned earlier, over these
periods, the large eastward drift perturbations shown in Figure 2 are
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indicative of strong disturbance dynamo effects. We also note that
strong downward evening drift perturbations are a climatological
feature of the equatorial disturbance dynamo mechanism (e.g., Fejer,
2002; Navarro et al., 2019). Overall, these results clearly confirm that
the equatorial disturbance dynamo electric fields during this storm
were also highly unusual.

Figures 2, 5 showed unusually large and highly variable
perturbation plasma drifts during ~02-06 UT (~21-01 LT).
Fejer et al. (2021) used Jicamarca radar measurements during the
8 September 2017 large geomagnetic storm to highlight, for the
first time, very large early night equatorial vertical drift fluctuations
during a period of strong southward IMF Bz. They suggested that
these prompt penetration drifts were caused by strong substorm
activity and rapid dipolarization of magnetotail field lines during
IMF By recovery (e.g., Kokubun and McPherron, 1981; Wolf et al.,
1982; Fejer et al., 1990). This September 2017 event is illustrated
again in Figure 6 now using reanalyzed measurements. In contrast
to the September 2017 nighttime substorm event, however, the
very large vertical drift perturbations in the early night of 23
April 2023 were associated with steadily increasing westward IMF
By instead of its recovery. We note that the amplitudes of the
nighttime prompt penetration vertical drifts associated with the 7-8
September 2017 and 23-24 April 2023 substorms were much larger
than those associated with daytime magnetospheric substorms
measured under similar geophysical conditions, under such large
southward IMF Bz. The amplitudes of the daytime substorm-driven
vertical prompt penetration drifts during the main phase of the 8
September 2017 large magnetic storm, for example, were generally
smaller than 20 m/s (Fejer and Navarro, 2022). This suggests
that magnetospheric storm-time substorms drive larger equatorial
prompt penetration electric field in the premidnight sector than
during daytime.

Fejer et al. (2021) pointed out that the September 2017 substorm
event was also associated with strong temporal and spatial
structuring of equatorial spread F irregularities. Figures2, 3
strongly suggest that this was also the case for the spread F
irregularities observed during the 23-24 April 2023 geomagnetic
storm. This strong plasma irregularity structuring should cause
strong spatial and temporal variability on low latitude TEC
latitudinal profiles. We note that the drift velocities of the measured
3-m plasma irregularities cannot be determined with our radar
operating mode.

Numerous model and experimental studies indicated that
during southward IMF Bz the evening and early night equatorial
prompt penetration vertical plasma drifts (zonal electric fields)
are upward (eastward) up to about 22 LT with peak upward
drifts (eastward electric fields) at ~19 LT (e.g., Tsunomura and
Araki, 1984; Senior and Blanc, 1987; Spiro et al., 1988; Fejer et al.,
1990; Fejer et al., 2008; Fejer and Scherliess, 1997; Tsunomura,
1999; Sazykin, 2000; Huang, 2015; Huang, 2020). As pointed out
earlier, disturbance dynamo effects are unlikely to have affected the
23-24 April 2023 storm late night vertical drift reversal. Therefore,
the occurrence of mostly upward vertical drifts up to ~01 LT
during strong southward IMF Bz and undershielding conditions
on the 23 April 2023 storm is highly unusual. To the best of our
knowledge, the only similar event reported occurred during the
7-10 November 2004 very large magnetic storm when on the 10th,
under strongly southward IMF Bz, the Jicamarca vertical drifts
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reversed to downward at ~01-02 LT (06-07 UT) (e.g., Fejer et al.,
2007; Kelley and Retterer, 2008; Kelley et al., 2010; Lu et al., 2012;
Huang and Zhang, 2021). As in our case, the IMF By was also
strongly negative during the 10 November 2004 storm late vertical
drift reversal. Unpublished Jicamarca radar measurements during
the 13-14 December large geomagnetic storm indicate that under
steady southward IMF Bz and frequent substorm activity, the
vertical drift reversal to downward occurred near local midnight.
In this latter case, however, the IMF By was very small. These
three storm-time late equatorial undershielding driven vertical drift
reversal events suggest highly unusual solar wind-magnetospheric-
ionospheric conditions.

Wolf (1970) pointed out that mid-
magnetospheric dynamo electric fields are controlled by the

and low-latitude

high-latitude convection and potential distribution, driven by
magnetic field aligned (Birkeland) currents, and strongly affected
by longitudinal and latitudinal variation of high latitude Pedersen
and Hall conductances. The divergence-free condition for the
ionospheric currents leads to poleward (equatorward) gradients
in the meridional electric field near dusk (dawn). Furthermore,
the enhanced auroral conductivities cause an eastward rotation of
the high latitude potential distribution (Wolf, 1970; Riley, 1994).
The combined effect of these processes is illustrated in Figure 6 of
Fejer (1997). Phase changes of the polar cap potential distribution
have significant effects on mid- and low-latitude magnetospheric
electric fields near to dawn and dusk (Wolfetal., 1982; Blanc,
1983; Senior and Blanc, 1987). RCM simulations presented by
Sazykin (2000) indicate that a rotation of the high latitude potential
distribution to later local times increases the premidnight eastward
and southward prompt penetration electric fields at all latitudes.
These simulations indicate that a 2-h rotation of the potential
to later local times cause the eastward to westward nighttime
electric field reversal to occur close to 24 MLT. In this case, the
simulation also indicates increased southward electric field (i.e.,
westward drifts) in the premidnight sector, which is consistent with
the results in Figure 2.

Rotations of the high latitude convection in local time have been
associated to solar cycle and seasonal changes and with IMF By
sign and magnitude changes. However, since these rotations have
opposite signs in the northern and southern high latitudes it is not
clear how they could explain our observations. We speculate that
strongly substorm activity and unusual high-latitude conductances
in the early night period have a significant role on late night
undershielding-driven vertical drift reversals. Clearly, additional
experimental and modeling studies are needed to explain our
complex observations.

In summary, we showed that very large equatorial disturbance
vertical and zonal plasma drifts were observed during the 23-24
large geomagnetic storm. The daytime disturbance prompt
penetration vertical drifts were generally proportional to changes
in the solar wind electric field but were also strongly affected by
solar wind dynamic pressure changes, and possibly by substorms
and disturbance dynamo electric fields. As is often the case, the
relative contributions of these different disturbance processes
cannot be fully determined. In terms of storm-time electrodynamics
studies, however, the main limitation of local time empirical
equatorial electrodynamic models (e.g., K-R and Manoj-Maus)
is that they do not fully take into account the near past history
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of geomagnetic activity which can significantly precondition the
ionospheric response.

The nighttime measurements showed unusually large amplitude
substorm-driven prompt penetration vertical drifts superposed
on large undershielding upward drifts up to about midnight,
which are not well reproduced by either current empirical or
theoretical models. Our results also suggest that the substorm-
driven prompt penetration electric field efficiency is much higher
in the premidnight sector than during the day. These short-lived
substorms significantly modulate the growth rate of the Rayleigh-
Taylor instability and therefore the structuring of equatorial
and low latitude spread-F irregularities. The development of
magnetospheric convection models including magnetospheric
substorms and extending down to equatorial latitudes is clearly
needed for improved predictions of the global ionospheric response
to magnetic storms.
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