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Abstract In this work, it is demonstrated that substorm-driven penetration electric fields can efficiently
enhance the upward plasma transport, favoring the development and structuring of plasma irregularities and the
occurrence of scintillation on L-band signals. While most previous studies focus on investigating penetration
electric fields during intense geomagnetic storms, here, the period used (April 01-05, 2020) was under very
mild geomagnetic activity (—27 nT < SYM-H < 6 nT), so that interplanetary and disturbance dynamo
contributions are minimized. This period comprised the same seasonal and solar flux conditions, while
undergoing multiple short-lived substorms, making it well-suited to evaluate unequivocally: (a) to what extent
substorm-driven penetration electric fields alter electrodynamical processes over low latitudes, and (b) how
effective they are in contributing to the structuring of the early nighttime ionosphere and the subsequent
occurrence of severe scintillation on L-band signals. Ground-based and space-based multi-instrument data sets
were used. The results show that, even under weak geomagnetic activity, substorm-driven penetration electric
fields—despite being subtle and short-lived—play a decisive role, enhancing the upward drifts, favoring the
development of equatorial plasma bubbles and severe scintillation. The findings indicate that substorms with
onsets coinciding with early nighttime are more impactful. This decisive contribution is more likely to be
identified during late spring and early fall in the northern hemisphere (or vice versa in the southern hemisphere),
when the prereversal vertical drifts are moderate—neither too small nor too large—and may have direct impacts
on the day-to-day variability of equatorial plasma bubbles.

Plain Language Summary Most studies about the connection between events in the magnetosphere
and ionosphere focus on periods with highly disturbed conditions and revealed that remarkable ionospheric
phenomena are typically observed over low latitudes. During these events, however, the phenomena observed
are likely to reflect contributions from multiple sources encompassed by the intricate solar-magnetospheric-
ionospheric coupling. Consequently, a clear understanding about contributions from individual underlying
mechanisms is difficult to achieve. In this work, we decided to explore this relatively under-researched topic.
More specifically, we used ground-based and space-based data observed under very mild geomagnetic
conditions—but with multiple short-lived substorms—to identify unambiguously the contributions from
substorm-driven penetration electric fields to the formation of the structures known as Equatorial Plasma
Bubbles (EPBs) and the occurrence of scintillation on L-band signals. We found that, despite being relatively
subtle and short-lived, these penetration electric fields—that were overlooked in the past—can be decisive in
regulating the occurrence of EPBs and scintillation, particularly when arising in the early nighttime. Our results
also indicate that they may be a key factor in the day-to-day variability of EPBs, although their contribution
would be more readily identified during specific seasonal and geomagnetic conditions.

1. Introduction

The role of the magnetosphere-ionosphere coupling in regulating the structuring of the low-latitude ionosphere
during geomagnetic active periods has been subject of research for several decades. The first insights on this
connection probably came from the studies of Matsushita (1954), Rastogi (1962), and Nishida (1968, 1971),
followed by the works of Wolf and Jaggi (1973), Jaggi and Wolf (1973), and Onwumechili et al. (1973). The
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unambiguous identification of the storm-time electric fields in data over low latitudes was first reported by Fejer
et al. (1979) and Gonzales et al. (1979). Kelley et al. (1979) further expanded the discussion including consid-
erations about northward turnings of the interplanetary magnetic field after a previously southward oriented state.
The southward and subsequent northward oriented stages of the interplanetary magnetic field typically coincide to
what today is usually referred to as “undershielding” and “overshielding” conditions, respectively, when the so-
called “penetration electric fields” can reach low latitudes (Kikuchi et al., 1978, 1996).

Since the early days of the discovery that the magnetospheric-driven changes at high latitudes were connected to
low latitudes, many studies were performed in an effort to understand and quantify the influence of these
penetration electric fields in the low-latitude phenomenology (Huang et al., 2005, 2006, 2007; Kelley
et al., 2003), and to demonstrate the consequences of the penetration electric fields over low latitudes through
numerical simulation models (Huba et al., 2005). These studies indicated that only a fraction of the magnitude of
the interplanetary penetrating electric fields reaches the equatorial region. That fraction is usually referred to as
“efficiency factor” (e.g., Huang et al., 2007; Kelley et al., 2003; Kelley & Retterer, 2008). Therefore, the most
drastic electrodynamical changes over low latitudes are expected to occur under strong geomagnetic activity. That
is, perhaps, the reason why far more attention has been drawn to ionospheric phenomena during intense
geomagnetic active periods. The periods of mild geomagnetic activity, on the other hand, have been considered as
being devoid of significant contributions from the magnetosphere-ionosphere coupling. It is usually argued that
the fraction of the penetration electric fields able to reach low latitudes under mild geomagnetic activity, in
principle, would not cause noticeable changes in the ionospheric phenomena.

Recent works present evidence that, aside the influence of penetration electric fields during large geomagnetic
storms, contributions from substorm-driven penetration electric fields are also important drivers of electro-
dynamical changes over low latitudes, especially near dusk and early nighttime (Fejer et al., 2021, 2024; Fejer &
Navarro, 2022; Rout et al., 2019). Fejer et al. (2021), for instance, suggested that these substorm-driven pene-
tration electric fields could enhance the prereversal drift velocities even during moderate geomagnetic activity. In
a follow-up study, Fejer and Navarro (2022) used high time resolution upgraded Jicamarca radar drift obser-
vations to demonstrate that the equatorial electrodynamics is more sensitive to substorm-driven penetration
electric fields than previously thought, and that substorms are, potentially, the main driving factors during
extended intervals of steady southward oriented Bz. Fejer et al. (2024) analyzed the equatorial ionospheric re-
sponses to a geomagnetic storm in 23-24 April 2023 and found that the disturbance drift model proposed by
Manoj and Maus (2012) underestimated the contribution from the penetration electric fields in most of the hours
considered, suggesting that additional driving processes were needed to explain the electrodynamical changes
observed over the equator. Fejer et al. (2024) also found evidence that substorm-driven short-lived penetration
electric fields can be more prominent in the pre-midnight sector than in the daytime, that is, its impact in the early
nighttime can be larger than what previous studies had proposed. Even with these recent research efforts, the
longitudinal, latitudinal, and the solar flux dependence of these substorm-driven short-lived penetration electric
fields are not completely understood.

In addition to that, because substorms very often coexist with changing interplanetary parameters, the unam-
biguous evaluation of their contribution to the equatorial electrodynamics is challenging. Under the intricate
solar-magnetospheric-ionospheric coupling during moderate and strong geomagnetic activity, the prompt re-
sponses observed over low latitudes are likely to be a consequence of penetration electric fields driven by multiple
sources. One possibility to isolate the contribution of substorm-driven penetration electric fields to the equatorial
electrodynamics is to analyze data observed during periods of very mild geomagnetic activity.

In this work, ground-based and space-based multi-instrument data obtained during a period under very mild
geomagnetic activity are used in an effort to unequivocally assess: (a) to what extent substorm-driven penetration
electric fields change the electrodynamical processes over low latitudes; and (b) how effective substorm-driven
penetration electric fields are in contributing to the structuring of the early nighttime low-latitude ionosphere and
the subsequent occurrence of severe ionospheric scintillation on the Global Navigation Satellite System (GNSS)
signals. The main processes and phenomena to be studied are the transport of the ionosphere to higher altitudes
and the related vertical component of the plasma drift, the corresponding development of equatorial spread-F/
Equatorial Plasma Bubbles (EPBs), and the ensuing ionospheric scintillation on GNSS signals. To do so, data
from Digisonde, ground-based scintillation monitors and from the Global-scale Observations of the Limb and
Disk (GOLD) instrument (Eastes et al., 2017) were used in association with solar wind parameters as obtained
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from the Advanced Composition Explorer (ACE), and magnetic field indices from the SuperMAG database. The
next sections present, respectively, details about the data sets, instruments and methods used, the results and
discussion, and the concluding remarks.

2. Instruments, Data Sets and Methods

In order to evaluate the contribution of the substorm-driven penetration electric fields to the evolution of the low-
latitude ionospheric plasma transport to higher altitudes and the resulting density irregularities and scintillation,
data from 5 consecutive nights were analyzed. The nights used were April 01-05, 2020. These nights are well-
suited to allow the proposed analysis of isolated contributions from substorm-driven penetration electric fields for
the following reasons: (a) they are consecutive nights, therefore not suffering from seasonal or solar flux changes;
(b) the period selected was either geomagnetically quiet or under very mild geomagnetic activity; and (c) the
nights belong to the end of the spread-F season over the longitudes considered, and EPBs were not expected to be
observed due to the low solar flux conditions (F10.7 = 70 solar flux units, and the GOLD daily average Qgy was
between 1.281 and 1.306, in erg cm™s™"). An inspection of GOLD images (not shown here) revealed that the last
noticeable EPB occurrence over the region considered was on 20 March 2020.

The data used was obtained from the Digisonde deployed in Fortaleza, Brazil (geographic longitude: 38.54°W,
geographic latitude: 3.72°S, dip latitude: 8.76°S). The data was manually scaled using the SAO Explorer soft-
ware, and the information used were the true height of the peak of the F-region density (hmF2) and the vertical
drift derived therefrom as (dhmF2/dt). It must be mentioned that the location of the Digisonde is slightly off-
equator, therefore, it is reasonable to assume that the estimated altitude of the peak of the F-region density
(hmF2) and the upward vertical drift are smaller than the actual values over the dip equator (e.g., Abdu
et al., 2009; Sousasantos et al., 2020). Consequently, the values are more qualitative in that regard.

The GOLD data used was the F-region peak density (Level 2—NMAX), typically referred to as NmF2. The
GOLD observations cover the early nighttime over the longitudes considered and are well-suited to evaluate at
least two aspects of the ionosphere related to this work. The first is the location of the Equatorial Ionization
Anomaly (EIA), which is a qualitative measure of the vertical transport of plasma over the dip equator through the
Fountain Effect. The second is the unambiguous detection of the occurrence of large-scale plasma density ir-
regularities. The observations used correspond to hours around 23:10 UT (~20:30 LT). The frames were selected
based on the time at which spread-F was first observed in the ionograms from the Digisonde.

Ground-based scintillation measurements from a monitor Septentrio PolaRx5S located in Natal, Brazil
(geographic longitude: 35.20°W, geographic latitude: 5.84°S, dip latitude: 12.60°S) were also used. The monitor
is part of the INCT/CIGALA/CALIBRA network (de Paula et al., 2023; Monico et al., 2022). The information
used was the amplitude scintillation index S, (Ryle & Hewish, 1950; Yeh & Liu, 1982), that can be defined as the
standard deviation of I/ (I), where I is the received signal intensity, and the brackets represent ensemble averages.
The standard deviation and average were estimated using signal measurements sampled at 50 Hz over intervals of
60 s. Only data observed by satellites with elevation angles >20° were used. The station and the elevation angle
criterion were chosen so that the field of view (FOV) encompasses the location of the Digisonde station while also
having several Ionospheric Pierce Points (IPPs) on the locations where EPBs were observed by the GOLD in-
strument. At the same time, the elevation angle constraint avoids the use of data suffering from multipath errors.

The interplanetary parameters used were the GSM interplanetary magnetic (Bz) and electric (Ey) field compo-
nents obtained at the High-Resolution OMNI (HRO) (King & Papitashvili, 2005, 2010, 2013), available at https://
omniweb.gsfc.nasa.gov/form/omni_min.html. The geomagnetic indices used were the SYM-H, equivalent to the
Dst index but with higher resolution (e.g., Wanliss & Showalter, 2006), and the SuperMAG SML and SMU
indices (equivalent to the AL and AU indices) obtained at http://supermag.jhuapl.edu/ (Newell & Gjerloev, 2011).
The SML and SMU indices were derived from 1-min resolution data observed by approximately 300 ground-
based magnetometers (Gjerloev, 2012).

3. Results and Discussion

The results and the discussion are presented in next four subsections. First, an analysis about the early nighttime
background ionospheric conditions for the nights considered is presented, discussing the distinct trends observed
on April 02 and 03, 2020. In the sequence, the structuring of the ionosphere and the development of EPBs under
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the enhanced upward drifts on April 02 and 03, 2020, is discussed. The third subsection presents the results and
discussion related to the evolution of the ionospheric scintillation on the nights considered, showing that only on
April 02 and 03 ionospheric scintillation occurred. Finally, the fourth subsection shows evidence supporting the
hypothesis that the enhanced upward drifts observed on April 02 and 03, 2020, and the subsequent development of
EPBs and severe ionospheric scintillation were primarily due to substorm-driven penetration electric fields.

3.1. Dissimilar Evolution of the F-Region Altitudes in the Early Nighttime

Figure 1 shows 5 “profilograms”, that is, graphical representations of the vertical electron density profiles over
time as observed by the Digisonde. Each panel from (a)—(e) corresponds to the profilogram over the early
nighttime for the nights of April 01-05, 2020, respectively. The electron density values are detailed by the colors
at the right-hand side color bar. The black dashed line corresponds to the electron density peak height (hmF2). The
values up to hmF2 were observed, but the values above the peak are modeled by the SAO Explorer software. The
gray bars on panels (b) and (c) represent the hours when spread-F was observed in the ionograms. Only early
nighttime hours between 20:00 UT-23:50 UT (~17:26 LT-21:16 LT over the station) were considered, so that the
periods with the most drastic changes in the equatorial ionosphere is covered, including the Prereversal
enhancement (PRE) of the vertical drift (e.g., Farley et al., 1986) and the typical generation of EPBs and scin-
tillation (Sousasantos, Moraes, et al., 2024).

On the nights of April 01, 04, and 05, 2020 (panels a, d, and e, respectively) a very subtle elevation of the
ionosphere up to about 21:20 UT (~18:46 LT) can be noticed, but only in the lowest portion of the profiles. As the
hmF?2 altitudes highlight, that was not efficient on transporting the ionosphere upward, and the general trend is of
downward motion with time. Therefore, the PRE was very weak and, as expected, no spread-F occurred in any of
these nights.

On the nights of April 02 and 03, 2020 (panels b and c, respectively), on the other hand, the upward motion was
clearly enhanced when compared to the other nights, especially around the PRE peak time, and the development
of spread-F was observed on the subsequent ionograms. These variations in the altitudes of the F-region over the
nights considered have a close relation to the changes in the eastward electric field over the dip equator. Since the
profiles belong to consecutive nights under the same seasonal and solar flux conditions, it is likely that these short-
lived changes were driven by external contributions such as penetration electric fields.

Figure 2 shows a more rigorous analysis focusing on the temporal evolution of the hmF2 and the associated
vertical drift (dhmF2/dt) during the early nighttime over the 5 nights considered. Panel (a) exhibits the hmF2 for
the 5 nights with black lines representing the nights with no spread-F occurrence and red and magenta lines
indicating the hmF2 for April 02, 2020, and April 03, 2020, respectively, as described by the legend. The vertical
blue dashed line demarcates the hour when the upward trend on the red and magenta lines started to be noticed
(20:30 UT, i.e., ~17:56 LT).

The results on panel (a) show, with no ambiguity, that while on April 01 (black solid line), 04 (black dashed line),
and 05 (black dotted line) the F-region was transported mostly downward, on April 02 (red solid line) and 03
(magenta line) the F-region was clearly transported upward. The difference in altitudes reached more than 74 km
(contrasting April 03 and 05 at 21:50 UT, i.e., ~19:16 LT). On panel (b) the same hmF2 information was used to
derive the vertical drift velocities (v = dhmF2/dt). The vertical drift values for April 01, 04, and 05 are mostly
negative (downward), but on April 02 and 03 the values are positive, and a clear PRE can be noticed, reaching
values close to ~15 m/s. As mentioned earlier, the Digisonde station is slightly off-equator (dip latitude 8.76°S),
therefore, the actual hmF2 and PRE values over the dip equator can be expected to be larger than those presented
in Figure 2.

The important result to be emphasized here is that on April 02 and 03, 2020, the considerably different plasma
vertical transport was presumably driven by penetration electric fields. Later it will be demonstrated that these
were substorm-driven penetration electric fields under very mild geomagnetic activity. In the next subsections the
results will show that these subtle substorm-driven contributions led to drastic changes in terms of EPB devel-
opment and ionospheric scintillation.
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3.2. The Development of EPBs Under the Enhanced F-Region Upward Drift

As demonstrated in the previous section, on April 02 and 03, 2020, the PRE was considerably larger when
compared to all the other nights considered. Previous works proposed that spread-F and EPBs only evolve when
the PRE vertical drift peak reaches a given threshold. In an early work, Abdu et al. (1983) suggested a value of
15 m/s as this threshold. Later, Abdu et al. (2009), using data from the Conjugate Point Equatorial Experiment
(COPEX), proposed a threshold of 22 m/s. The results from Kil et al. (2009) also indicate that, for a probability of
EPB occurrence >50%, the minimum threshold value required is ~20 m/s. According to the discussion presented
earlier it is legitimate to assume that on April 02 and 03 that threshold was reached over the dip equator. If the
reasoning above is correct, EPBs must be absent on April 01, 04, and 05, but must be observed on April 02 and 03.
Recent studies have suggested that seeding source disturbances, resulting from forcing from below, could
counterbalance a weak or absent PRE (e.g., Yizengaw & Groves, 2020), thereby providing favorable conditions
for EPB development. However, in the cases presented here, it is important to reiterate that on April 02 and 03, in
contrast to the other nights, the F-region was elevated to higher altitudes, and the threshold for the PRE vertical
drift peak was reached (prior to spread-F occurrence), therefore not requiring any additional counterbalancing
forcing from below.

To confirm unambiguously the absence/occurrence of EPBs on the nights considered, data from GOLD is pre-
sented on the panels of Figure 3. Panels (a)-(e) show the NmF2 observations for the nights of April 01-05,
respectively. The hour of the observations used on these panels is 23:10 UT (~20:30 LT) and corresponds
approximately to the time when spread-F was first observed in the Digisonde data. The NmF2 values are
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Figure 2. Profiles of hmF?2 (a) and the corresponding vertical drift (b) for the nights considered. A clear difference can be noticed for 04/02 and 04/03, when substorm
onsets coincided with the local evening and early nighttime as will be presented later in this work.
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Figure 3. GOLD NmF2 data (colors) confirming the presence of EPBs on 04/
02 and 04/03 (panels b and c) and the absence of EPBs on all the other nights
(panels a, d, and e). The green dot and the green circle depict the location of
the scintillation monitor station (Natal) and the field of view considered. The
green triangle represents the Digisonde station of Fortaleza. The red solid line
shows the dip equator.

described by the color bar at the right-hand side. The red solid line indicates
the dip equator. The green dot shows the location of the scintillation monitor
and the green circle describes the field of view considering elevation angles
>20°. The green triangle corresponds to the location of the Digisonde station.

On panels (a), (d), and (e) two results can be readily noticed. The first is that
the Equatorial Ionization Anomaly (EIA) crests are considerably more con-
tracted equatorward when compared to the panels (b) and (c). That is a direct
confirmation of the results presented in the previous subsection and sub-
stantiate the hypothesis that additional driving processes increased the east-
ward electric fields in the early nighttime on April 02 and 03, 2020, which
resulted in an enhanced Fountain Effect. The second important result is that
on April 02 (panel b) and 03 (panel c) EPBs were observed, while no EPBs
occurred on all the other nights. Also, it is worth notice that on April 03, 2020
(panel c) the EIA crests had the most poleward latitudes and the EPBs are
more well-developed. Therefore, the differences in the upward drifts and F-
region altitudes during the early nighttime, as discussed in the previous
subsection, favored the development of EPBs, as confirmed by the GOLD
data. A consequence of these results is that subtle additional drivers can lead
to considerable differences in terms of EPB development. The primary
additional driver will be demonstrated to be substorm-driven penetration
electric fields in a later subsection.

3.3. The Occurrence of Severe Scintillation on April 02 and 03, 2020

In the previous subsections, the results demonstrated that on April 02 and 03,
2020, the early nighttime upward plasma transport was significantly greater
when compared to the other nights considered. It was also shown that the
enhanced upward drifts on April 02 and 03 favored the development of EPBs.
In addition, these enhanced upward drifts possibly contributed to sustaining
the ionospheric background density over the early nighttime hours. In the
hours when EPBs were observed, the peak electron densities estimated from
the GOLD data (1.12 x 10° 1.45 x 10° 1.80 x 10°% 1.35 x 10° and
1.06 x 106 cm™>, for April 01-05, respectively) were up to ~37% and ~70%
higher on April 02 and 03, respectively, compared to April 05.

It is known that the ionospheric background density plays a crucial role in
determining the severity of the ionospheric scintillation (Sousasantos,
Rodrigues, et al., 2024). To evaluate to what extent the variations observed
have led to changes in the scintillation levels, the S, values on the nights
considered are presented in Figure 4. Both L-band frequencies, L1
(~1.6 GHz) and L2 (~1.2-1.3 GHz) are shown in black and red, respectively.
The horizontal black dashed line highlights the threshold S, = 0.2, above
which the signals are considered as being affected by ionospheric scintilla-
tion. Only data observed with elevation angles >20° were used.

At the one hand, on the nights of April 01, 04 and 05, 2020, not a single case
of S; > 0.2 occurred. On the other hand, on April 02, 2020, the occurrence of
S, reaching ~0.7 indicates the development of moderate-to-severe scintilla-
tion. On April 03, 2020, the S, incidence was even more pronounced,
reaching values of about 1.2, which is considered extremely severe (Sreeja
et al., 2020). Therefore, the differences in velocity and altitude observed on
April 02 and 03 (see Figure 2), although not extreme, drastically changed the
scintillation environment for the GNSS signals.

In order to demonstrate unambiguously that the scintillation observed was
caused by the plasma density deviations related to the EPBs, Figure 5 shows
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Figure 4. Scintillation index for the nights between 04/01-04/05 (upper to lower panels, respectively). The black/red dots
indicate the S, on L1/L2 signals.

the “skymap” of the S, (L2) at the IPPs observed by the scintillation monitor in Natal. Only the nights of April 02
and 03, 2020, are shown on the left and right panels, respectively. The colors (and sizes) of the dots are related to
the S, values described by the color bar at the right-hand side.

On both nights the larger S, values are mostly concentrated at the north and northeast portions of the field of view,
especially at the northeast. These are the same regions of the sky where EPBs were observed by GOLD, as shown
in Figure 3, therefore, it is legitimate to state that the scintillation observed was caused by the EPBs generated
under more favorable conditions on April 02 and 03, 2020.

East ~ oy B 1.20
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Figure 5. Skymaps of the IPPs observed in Natal for 04/02 (left) and 04/03 (right) showing the occurrence of moderate-to-severe and extremely severe scintillation,
respectively. The locations of the scintillation events are in conformity with those of EPBs on GOLD data (Figure 3).
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3.4. Evidence for Substorm-Driven Penetration Electric Fields as the Driving Process

The results presented in the previous subsections depict a clear interrelationship involving: (a) enhanced upward
drifts on April 02 and 03, 2020, indicating some additional driving process, unlike the other nights considered; (b)
the development of EPBs under these enhanced upward drifts; and (c) the occurrence of moderate-to-severe and
extremely severe scintillation on April 02 and 03, 2020, respectively, while all the other nights had no scintillation
for either of the GNSS L-band frequencies. Because the analyses considered subsequent nights under the same
seasonal and solar flux conditions, and since the changes observed seem to be short-lived, the most likely driving
process providing additional upward forcing could be penetration electric fields. However, as mentioned earlier,
the period selected was under very mild geomagnetic activity, therefore, substorm-driven penetration electric
fields must be considered. Substorm-driven penetration electric fields mechanisms are not fully understood to
date (e.g., Hui et al., 2017; Maruyama, 2020), with the penetration effect being assumed as caused by an
imbalance between Region I and Region II field-aligned currents (Maruyama, 2020). The exact manner in which
substorms generate this imbalance, however, remains unclear.

To investigate in more detail the geomagnetic conditions during the observations reported here, the interplanetary
Bz and Ey components are shown in the upper panel of Figure 6, the SYM-H index in the middle panel, and the
SuperMAG auroral current indices SMU and SML (Newell & Gjerloev, 2011) in the lower panel. The upper
horizontal axis is local time (LT) at Fortaleza.

The upper panel shows that the values of Bz (red line) and Ey (black line) were, in general, very small, with
—5.99 nT < Bz <5.92 nT, and —2.48 mV/m < Ey < 2.62 mV/m, respectively. In the middle panel, the SYM-H
index corroborates that the period was under very mild geomagnetic conditions, with —27 nT < SYM-H < 6 nT.
During the period analyzed the largest value for Kp (not shown here) was 3.7 during 21:00-23:00 UT on April 03,
2020, which is classified as only “unsettled” (e.g., Filjar, 2008). According to Loewe and Prolss (1997), a weak
geomagnetic storm requires, in general, at least levels of Kp >4 and SYM-H/Dst <—-36 nT. All these inter-
planetary parameters and geomagnetic indices confirm that the period analyzed was under very mild geomagnetic
activity. Additionally, if the “efficiency factor” values proposed in previous works (e.g., Huang et al., 2007;
Kelley et al., 2003; Kelley & Retterer, 2008) are considered, it is unlikely that contributions from Ey would lead to
effective penetration electric fields.

The lower panel shows the SMU and SML indices. The blue shaded regions indicate the evening/early nighttime
on each night (between 17:00 LT and 21:00 LT at Fortaleza), referencing to the approximate hours when the
upward drift enhancement was noticed in the results of panel (a) of Figure 2, i.e., the time when the contributing
driving process was unambiguously perceived. In the lower panel of Figure 6, colors were used as a visual
resource to highlight the transition in the values of SMU and SML indices. These indices show that, although the
period was under very mild geomagnetic activity, the auroral indices had several short-lived steep increases, all
under southward Bz conditions. The red arrows indicate substorm onsets during the evening and early nighttime
on April 02 and 03, 2020, identified by the Newell and Gjerloev substorm criteria (Gjerloev, 2012; Newell &
Gjerloev, 2011). The black arrows indicate all the other substorm onsets also identified by the Newell and
Gjerloev substorm criteria. Newell and Gjerloev (2011) considered SML (and AL) 1-min cadence data using a 30-
mintes sliding buffer and identify an onset at a given time (t) if 4 conditions are satisfied: (a) SML(ty, + 1) - SML
(ty) <—15 nT; (b) SML(t,+2) - SML(t)) <—30 nT; (c) SML(t,+3) - SML(t,) <—45 nT; and (d)
ZﬁziOSML(to + i)/26 - SML(ty) < — 100 nT. More specifically, the onset is identified whenever a sharp and
sustained drop is observed, and it is assumed to take place at the last minute before condition (a) happens. All the
methods used to identify substorms are limited in some way, as informed at the SuperMAG website and
mentioned by Fejer and Navarro (2022). More recently, however, Lao et al. (2024) showed evidence that the
Newell and Gjerloev technique is one of the best available to identify substorm onsets.

One important aspect of the information presented in the lower panel is that the substorm onsets (with consid-
erable auroral current indices) only coincided with evening and early nighttime hours on April 02 and 03, 2020.
More specifically, on April 02, 2020, the substorm onsets occurred at ~19:31 UT and 23:10 UT (~16:57 LT and
20:52 LT). On April 03, 2020, the substorm onsets were at ~20:19 UT, 21:59 UT, and 22:40 UT (~17:45 LT,
19:25 LT, and 20:06 LT). These substorm onsets started approximately when the PRE is expected to occur near
Fortaleza (e.g., Abdu et al., 2009; Fejer et al., 1991).
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Figure 6. Interplanetary and geomagnetic conditions during the nights considered in this study. Upper panel: Interplanetary Bz (red line) and Ey (black line) components.
Middle panel: SYM-H index. Lower panel: SuperMAG SMU and SML indices. The blue shaded regions indicate the evening/early nighttime period. The red arrows
highlight the onset of substorms on early nighttime of April 02 and 03, 2020, according to the Newell and Gjerloev technique. The black arrows show the other
occurrences of substorm onsets.

These results confirm the findings of Fejer and Navarro (2022) and illustrate the impact of substorm-driven
penetration electric fields during the evening and early nighttime hours. The results show that these electric
fields are very efficient in modulating the vertical plasma transport, even if they are relatively weak and short-
lived. Most importantly, since the geomagnetic activity was very mild throughout the period considered, the
results correspond to an unambiguous evaluation of the isolated contribution of substorm-driven penetration
electric fields to the equatorial electrodynamics. Therefore, as mentioned in previous subsections, the substorm-
driven penetration electric fields were the most likely driving process contributing to the enhanced upward drifts,
favoring the development of plasma bubbles and severe scintillation. A potential consequence of these results is
that these underlying contributions, which have been overlooked, can be one of the key factors in regulating the
day-to-day variability of EPBs, a subject critical to contemporary geospace and space weather studies. These
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substorm contributions are likely to be more easily identified during late spring and early fall in the northern
hemisphere (or vice versa in the southern hemisphere), when the prereversal vertical drifts are moderate—neither
too small nor too large. This will be investigated in more depth in future work.

4. Conclusion

In this work ground-based and space-based multi-instrument data obtained during April 01-05, 2020, were
analyzed to assess: (a) to what extent substorm-driven penetration electric fields change the electrodynamical
processes at low latitudes; and (b) how effective substorm-driven penetration electric fields are in contributing
to the structuring of the early nighttime low-latitude ionosphere and the subsequent occurrence of severe
ionospheric scintillation on the GNSS signals. In order to identify the substorm-driven contribution unequiv-
ocally, the period selected for the analyses was under very mild geomagnetic conditions (—=5.99 nT < Bz <
5.92 nT, —2.48 mV/m < Ey < 2.62 mV/m, and —27 nT < SYM-H < 6 nT). At the same time, multiple short-
lived substorms took place throughout the period selected, making it exceptionally well-suited for the evalu-
ations proposed.

Among all the substorm events considered, only two had onsets coinciding with the evening and early nighttime
over the longitudes considered. That happened on the nights of April 02 and 03, 2020. The striking result is that only
on those two nights, unlike the previous and subsequent nights, the electrodynamics over low latitudes was
considerably altered, with enhanced upward drifts during the PRE hours, what favored the development of EPBs
and, ultimately, led to moderate-to-severe and extremely severe scintillation on GNSS signals on April 02 and 03,
2020, respectively.

The main conclusions can be summarized as follows.

1. After evaluating a period under very mild geomagnetic activity, the results indicate, unequivocally, that even
with no significant disturbed time electric fields from interplanetary and disturbance dynamo origin, several
short-lived substorm-driven penetration electric fields drove upward drifts and increased NmF2 altitudes over
low latitudes.

2. Despite being subtle and short-lived, these substorm-driven penetration electric fields altered considerably the
electrodynamical processes over low latitudes, especially when their onsets are during the evening and early
nighttime. The contribution from these substorm-driven penetration electric fields can be sufficient to change
drastically the phenomenology at low latitudes. The additional contribution to the upward drifts in the evening
and early nighttime seems to be critical in defining the subsequent structuring of the equatorial and low-
latitude ionosphere.

3. Penetration electric fields during very mild substorms were previously considered to have negligible impact.
However, the results presented here demonstrate that they play a crucial role, favoring the development of
EPBs and the occurrence of severe scintillation on GNSS signals in a period that, otherwise, would be devoid
of such phenomena.

Data Availability Statement

The Digisonde data is publicly available at: https://giro.uml.edu/didbase/. The Global-Observations of the Limb
and Disk data is publicly available at: https://gold.cs.ucf.edu/data/ and at the NASA's Space Physics Data Facility
(SPDF) https://spdf.gsfc.nasa.gov/pub/data/gold/. The scintillation data is publicly available at: https://ismr-
querytool.fct.unesp.br/is/#. The interplanetary parameters are publicly available at: https://omniweb.gsfc.nasa.
gov/form/omni_min.html. The SMU and SML indices and substorm lists are publicly available at: https://
supermag.jhuapl.edu/.
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