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Why can the auroral-type
sporadic E layer be detected over
the South America Magnetic
Anomaly (SAMA) region? An
investigation of a case study
under the influence of the
high-speed solar wind stream
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The low-electron flux variability (increase/decrease) in the Earth’s radiation belts
could cause low-energy Electron Precipitation (EP) to the atmosphere over
auroral and South American Magnetic Anomaly (SAMA) regions. This EP into
the atmosphere can cause an extra upper atmosphere’s ionization, forming the
auroral-type sporadic E layers (Esa) over these regions. The dynamicmechanisms
responsible for developing this Esa layer over the auroral region have been
established in the literature since the 1960s. In contrast, there are several
open questions over the SAMA region, principally due to the absence (or
contamination) of the inner radiation belt and EP parameter measurements
over this region. Generally, the Esa layer is detected under the influence of
geomagnetic storms during the recovery phase, associated with solar wind
structures, in which the time duration over the auroral region is considerably
greater than the time duration over the SAMA region. The inner radiation belt’s
dynamic is investigated during a High-speed Solar wind Stream (September
24-25, 2017), and the hiss wave-particle interactions are the main dynamic
mechanism able to trigger the Esa layer’s generation outside the auroral oval.
This result is compared with the dynamic mechanisms that can cause particle
precipitation in the auroral region, showing that each region presents different
physical mechanisms. Additionally, the difference between the time duration
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of the hiss wave activities and the Esa layers is discussed, highlighting other
ingredients mandatory to generate the Esa layer in the SAMA region.

KEYWORDS

inner radiation belt, South America Magnetic Anomaly, auroral-type sporadic E-layers,
particle precipitation, hiss waves, pitch angle scattering

Highlights

• The low-energy electron injections (≤100 keV) between L* = 2.8
and 3.0 are observed during the conjunction between VAP-B
and Santa Maria station.

• The level of low-energy electron precipitation (EP)
predominant defines the base height of the Esa layer.

• Themaximum peak of the ionization rate integrated defines the
maximum critical frequency of the Esa layer.

1 Introduction

The generating mechanism of the auroral-type sporadic E (Esa)
layers detected in the auroral oval has been well understood since
the 1960s (Rees, 1963). In the auroral oval, low energy electron
precipitation (EP) originating from the magnetosphere and Solar
Energetic Particles (SEPs) are primarily responsible for producing
auroral-type sporadic E. These mechanisms operate exclusively in
the auroral regions (Whitehead, 1970). In addition, Esa layers can
be generated in the low/middle-latitude, specifically over South
America, due to the presence of the South American Magnetic
Anomaly (SAMA) (Batista and Abdu, 1977; Moro et al., 2022a;
Da Silva et al., 2022). Esa layers over South America have a different
generating mechanism from those in the auroral zone, which
is thought to be related to the geometric configuration of the
geomagnetic field (Pinto andGonzalez, 1989) that contributes to the
inner boundary of the inner radiation belt being deeper compared
to the other point of the same latitude around the globe (Roederer,
1967).These pronounced departures in geomagnetic field symmetry
promote proton contamination in the electron measurements, as
well as the low-energy electron precipitation over the SAMA region,
which results in a significant impact on the local ionosphere, such
as the generation of the auroral-type sporadic E layer, detected since
the 1970s (Batista and Abdu, 1977). The electron energy range able
to generate the Esa layers over the auroral oval is ≥1 keV (Rees,
1963; Cai and Ma, 2007), while over the SAMA region, it is between
0.5 keV and tens keV (see Da Silva et al., 2022). The dynamic
mechanisms responsible for electron precipitation in both auroral
ovals and the SAMA region are completely different (Da Silva et al.,
2022). Therefore, they can generate different characteristics in these
Esa layers when detected in these distinct regions, such as the time
duration, intensity, position in altitude, as well as frequency range
(Resende et al., 2022b).

The low-energy EP over the auroral oval can be originated
in the outer radiation belt. They can occur through the wave-
particle resonances driven by the whistler-mode chorus, plume, and
magnetosonic waves. Generally, the low-energy EP over the auroral
oval occurs during the geomagnetic storms and substorms under

the influence of the different solar wind structures (Horne et al.,
2009; Rodger et a., 2010; Meredith et al., 2011). The generator
mechanisms of the Esa layer over the auroral oval regions are
well known, principally due to the exclusive dependence on low-
energy EP of this kind of sporadic E layer in these regions
(Resende et al., 2022b).

Conversely, the main dynamic mechanism responsible for
causing the low-energy EP over the SAMA region under the
influence of an Interplanetary Coronal Mass Ejection (ICME) is
the pitch angle scattering driven by hiss waves (Da Silva et al.,
2022). Therefore, this low-energy EP can trigger the generator
mechanisms of the Esa layer over this peculiar region during the
recovery phase of the geomagnetic storm (Batista and Abdu, 1977;
Moro et al., 2022a; Da Silva et al., 2022). On the other hand, the
dynamic mechanism over the SAMA region able to trigger the
generator mechanisms of the Esa layer under the influence of
a High-Speed solar wind Stream (HSS) needs to be identified,
including the role of the magnetospheric waves in the low-energy
EP over this region. Thus, the inner radiation belt dynamic and
its impact on the local ionosphere will be discussed to answer the
question in the title of this paper, considering the influence of an
HSS.

The low-energy EP is not a unique ingredient in developing
the sporadic E layer over SAMA. The wind shear mechanism
is fundamental to the Es layer development at low and middle
latitudes. These Es layer occurrences are classified as blanketing
(Esb) layers. In this process, the molecular and the metallic ions
are converged in thin layers due to the tidal wind components. In
fact, the zonal and meridional winds in opposite directions carry
the ions, and due to the magnetic field, the Lorentz force causes
a vertical movement of these ions. Thus, there is an accumulation
of the ions in the null points of the tidal winds generating a dense
thin ionization layer compared to the background (Chimonas and
Axford 1968).Therefore, the upper atmospheric wind conditions are
also important and must be considered (Rees, 1963; Cai and Ma,
2007; Resende et al., 2022b; Resende et al., 2022c).

2 Data set and methodology

A case study under the influence of an HSS was selected to
analyze and to compare the physical processes related to the auroral-
type sporadic E (Esa) layers detected over the low/middle-latitude
and auroral regions.This comparison between the physical processes
in the outer and inner radiation belt will answer the questions
about this kind of sporadic E layer detected outside the auroral
region. The satellite and ground-based data are employed to develop
these analyses. The interplanetary medium conditions, the dynamic
mechanisms, such as the wave-particle interaction in the radiation
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belts, and their impact on the ionosphere over the SAMA region will
be discussed to be better understood.

The HSS’s characteristics are discussed from parameters
measured by the Magnetic Field Experiment (MAG) and Solar
Wind Electron, Proton, and Alpha Monitor (SWEPAM) onboard
theAdvancedComposition Explorer (ACE) satellite, which provides
the solar wind parameters at the L1 Lagrangian point (Stone et al.,
1998). The geomagnetic index (Auroral electrojet - AE) available
at OMNIWeb (https://omniweb.gsfc.nasa.gov/) is used to describe
the different substorm periods. The Esa layers are detected over the
SAMA’s center using the ionosonde installed at Santa Maria (29.7°S,
53.8°W, dip (I): ∼-37°, L: 1.16). The ionosonde measurements at
Tromso (69.7°N, 18°E, dip (I): ∼78°, L: 6.45) will be used only for
the comparison with the SAMA’s results. The dip, or geomagnetic
inclination (I), is the angle between the horizontal plane and the
total field vector (e.g., Chulliat et al., 2020).

The low-energy EP over the SAMA’s center and auroral oval
regions are discussed using the measurements in situ (radiation
belts) of the low-energy electron injections from the Magnetic
Electron Ion Spectrometer (MagEIS) instrument (Blake et al., 2013),
and Helium, Oxygen, Proton, and Electron (HOPE) instrument
(Funsten et al., 2013) onboard Van Allen Probe B (Mauk et al.,
2013). The MagEIS data has been reprocessed by Claudepierre et al.
(2015) to correct for proton contamination close to perigee. The
SAMA region is significantly contaminated by protons, and it is
impossible to use the available low-orbit satellite data to measure
low-energy EP directly. The low-energy electron injections are also
analyzed through the time evolution of phase space density (PhSD
[c/(cm MeV))3 sr−1]), which PSD data was obtained from MagEIS
instrument onboard Van Allen Probe B available at https://rbspgwa
y.jhuapl.edu/psd.

The whistler mode chorus waves outside the plasmapause
(hundreds of Hz up to about 10 kHz) (Gurnett and O'Brien, 1964),
plume whistler mode waves in plasmaspheric plumes (Su et al.,
2018; Li et al., 2019), and whistler mode hiss waves inside the
plasmasphere (20 Hz to a few kHz) (Meredith et al., 2004) are
analyzed. The whistler waves are plasma waves, right circularly
polarized, observed in the magnetosphere (Helliwell, 1965), in
which can interact resonantly with the low-energy electron to
launch these particles to the loss cone, followed by the precipitation
into the atmosphere in the auroral oval and SAMA regions
(Horne et al., 2009; Rodger et al., 2010; Li et al., 2019; Da Silva et al.,
2022). Therefore, the power spectral densities of the magnetic
field and total electron density are used to detect these whistler
mode waves and the plasmapause position (Lpp), respectively. The
polarization properties, such as the wave Normal Angle (WNA),
ellipticity, and planarity, are calculated through the singular value
decomposition method (Santolík et al., 2003). These parameters are
obtained from the Electric and Magnetic Field Instrument Suite and
Integrated Science (EMFISIS) (Kletzing et al., 2013) onboard Van
Allen Probes (Mauk et al., 2012).

3 Interplanetary medium parameters
during the influence of a HSS

The solar wind parameters, interplanetary magnetic field (IMF),
and AE index are presented in Figure 1. The interplanetary medium

conditions are here described, emphasizing the substorms duration
associated with an HSS that reached L1 Lagrangian point on 24
September 2017. Panel (a) and (b) shows the solar wind velocity
(Vp) and proton density (particles/cm-3), respectively, in which
solar wind velocity reached the maximum value (420 km s−1) close
to 04:00 UT and 08:30 UT, respectively, on September 25. The
proton density reached values above 30 particles/cm−3, followed
by a decrease in a few hours. The maximum proton density
value is almost concurrent with the negative Bz component of
the IMF (panel d - red line). Bx (panel c - red line) and By
(panel c - blue line) components of the IMF are not so strong and
remain preferentially positive and negative, respectively, in which
the Alfvenic fluctuations are observed in Vx component during
some periods as shown in Supplementary Figure S1 (Supporting
Information). The concept of Alfvénicity in the context of solar
wind refers to the degree to which the solar wind plasma and
magnetic field exhibit characteristics associated with Alfvén waves.
The Alfvénic fluctuations of the IMF are commonly observed
during the long recovery phases of the HSS (Da Silva et al., 2019;
Da Silva et al., 2021b). This behavior in IMF, generally is observed
simultaneously with moderate substorms activities, followed by
intermittent intervals of enhanced magnetospheric convection that
contribute to the low-energy electron injections into the radiation
belts (e.g., Forsyth et al., 2016).

The auroral electrojet (AE) index (panel e) reached the
maximum value close to 450 nT almost simultaneously with the
strong value of the proton density. The subsequent AE index peaks
are not strong, reaching values from 75 nT to 345 nT. It means
that the substorms associated with this HSS are considerably weak.
It suggests that the low-energy electron injections in the inner
magnetosphere under the influence of these substorms may also be
weak both in flux intensity and in-depth that the particles reach in
the radiation belts, compared to the low-energy electron injections
in the inner magnetosphere under the influence of ICMEs (e.g.,
Da Silva et al., 2022). In subsequent sections, this behavior will be
discussed to highlight the different physical processes at the L1
Lagrangian point and their impact on the inner magnetosphere and
ionosphere.

4 Auroral-type sporadic E layer
detected over the SAMA region

The ionograms from the Digisonde located at Santa Maria
station detected the auroral-type sporadic E layer (Esa) over the
SAMA region only during two periods (06:00 UT—07:00 UT and
22:05 UT—22:25 UT on 25 September 2017, in which are under
the influence of the HSS that reached at L1 Lagrangian point on 24
September 2017. Figures 2A, B shows the Esa layers detected during
the first and second periods, which are indicated through the red
arrows. Curiously, these Esa Layers detected over the SAMA region
are generated under the influence of Alfvenic fluctuations in the
Vx component, as shown in Supplementary Figure S1 (Supporting
Information), which illustrates the linear correlation coefficients
between Solar wind and Alfvén velocities. A high correlation
coefficient can be associated to an Alfvenic nature of the solar wind,
in which this observation is particularly evident in the top and
bottom panels of the first row in Supplementary Figure S1, showing
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FIGURE 1
(A) Solar wind velocity (Vp); (B) Proton density (Np); (C) Bx component and By component of the Interplanetary Magnetic Field (IMF); (D) B total (Bt) and
Bz component of the IMF; and (E) Auroral electrojet (AE) index. The IMF components are in GSM coordinates. The green box is referent to the period of
analysis. The HSS reached L1 Lagrangian point on 24 September 2017.

a high correlation between the fluctuations in the x component
indicating a high Alfvenic solar wind (e.g., Da Silva et al., 2019;
Da Silva et al., 2021b). The Esa Layers detected over the SAMA
region under the influence of ICMEs were not previously observed
concurrent with Alfvenic fluctuations but simultaneously with the
recovery phase of the storm (see Batista andAbdu, 1977;Moro et al.,
2022a; Da Silva et al., 2022). As discussed in the following sections,
these different behaviors at L1 Lagrangian point trigger different
physical processes in the magnetosphere and, consequently, in the
ionosphere.

Two types of Es layers over Santa Maria are observed, the Esa
layer, formed due to particle precipitation, and the blanketing (Esb)
layer, formed by wind shear. In fact, as Santa Maria is a transition
region between the low and middle latitudes, the winds have high
amplitudes, forming the Esb layers (Moro et al., 2022b). Generally,
these winds are driven by the diurnal, semidiurnal, and terdiurnal
tides present in the E region.Unfortunately, SantaMaria has nowind
measurements during this related event. However, Andrioli et al.

(2009) studied the mean winds and tides over Santa Maria from
2005 to 2007, and they showed a dominance of the diurnal tide in
September with a maximum occurrence around 6:00 UT (zonal)
and 12:00 UT (meridional) at around 100 km. Thus, the wind
shear significantly influences the Es layer development over Santa
Maria.

The competition between the particle precipitation and wind
shear is seen mainly in panel (b) of Figure 2. It is noticed that the
beginning of the F region trace is higher than 3 MHz. This behavior
means that the Es layer blocked the F region in these hours, proving
the action of the winds. Additionally, themaximum frequency in the
cases of Figure 2B reached high values (more than 5 MHz, shown in
red arrows). On the other hand, this fact was not observed in panel
(a) of Figure 2, which is indicative that the particle precipitation was
the principal mechanism of the Es layer formation at hours around
06:00 UT.

The ionograms from Digisonde located at Tromso station are
presented and compared with the ionograms from Santa Maria
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FIGURE 2
Ionograms from Digisonde located at Santa Maria station, which detected Esa layers only during the periods between 06:20 UT - 06:35 UT
(03:30-03:35 LT, panel (A), and 22:05 UT - 22:20 UT (19:05 LT - 19:20 LT panel (B) on September, 25. The red arrows indicate the presence of the Esa
layers. The color code in these ionograms represents the echo direction of the received signal. The thin “trace” at approximately 80 km is a technical
artifact resulting from an error in the Digisonde processor.

station. The Tromso station detected Esa layers almost the entire
period of the HSS influence, except close 06:00 UT on 25 September
2017. Supplementary Figure S2 (Supporting Information) shows the
Esa layer detected between 21:00–23:30 UT on 24 September 2017
(panel a), and 22:00–22:45 UT on 25 September 2017 (panel b).
The explanation of the absence of the Esa layer close 06:00 UT is
directly related to the lack of plasma waves in the outer radiation
belt at this period, which will be observed in Section 6. The Esa
layers have a spreading trace over Tromso, as observed in Santa
Maria. This behavior was discussed in Resende et al. (2022c), in
which the pitch angle scattering driven by whistler mode chorus
waves can cause low-energy EP (Da Silva et al., 2021a) over the
auroral region. It is important to emphasize that the low-energy
EP is a unique ingredient for developing the Esa layer over the
auroral region. In contrast, the pitch angle scattering driven by
plasmaspheric hiss waves (in the inner radiation belt) contributes
to the particle precipitation over the SAMA (Da Silva et al., 2022),
and there is a competition between the EP and the winds during
the formation of the Esa layer over this region, which is observed
in Figure 2B.

5 Conjunction between the Van Allen
Probes and the ionosonde station over
the SAMA’s center

The mechanisms responsible for the low-energy EP over
auroral regions are widely studied, and the literature is well
established (Rees, 1963; Whitehead, 1970), which means the
generator mechanism of the Esa layer over this region is also well
understood. The low-energy EP originated in the outer radiation
belt can be analyzed here to discuss one crucial kind of physical
process responsible for causing the EP over the auroral region, so
it is not necessary to do the conjunction with the auroral region

in the study because the behavior observed over Tromso station
is similar to the other areas in the auroral oval. Another point is
the measurements from the VAP-AB in the outer radiation belt are
for a long time (apogee orbit). In contrast, the measurements in
the inner radiation belt are brief (perigee orbit), in which the main
analyses here will be concentrated in detail to explain the dynamic
mechanisms responsible for causing the low-energy EP over the
SAMA region.

These dynamic mechanisms within the inner radiation belt can
cause electron particle precipitation over the SAMA region. They
can trigger the physical processes responsible for generating the
auroral-type sporadic E layer in this low-latitude (Da Silva et al.,
2022). Thereby, using the Van Allen Probes data during their
perigee orbit, it is possible to study the inner radiation belt
conditions and their impact in the atmosphere for low L-shells
(Da Silva et al., 2022) around the Earth. The interest here is
in low L-shells over the SAMA region, which is necessary to
find the conjunctions between the Van Allen Probes and Santa
Maria station during the Esa layers detected on 25 September
2017.

Figure 3 shows the magnetic equator (red line) at 150 km of
altitude, Van Allen probes orbit (blue line), and their footprint
(blue dashed line) on 25 September 2017. The conjunctions can
be observed when the blue dashed line crosses the Santa Maria
station (red triangle), which is installed in the central region of the
SAMA (white iso-intensity lines with 23,000 nT). Panel (a) shows
the VAP-B orbit (6:00–6:30 UT) and panel (b) presents the VAP-
A orbit (21:30–22:30 UT), periods of the Esa layers’ detection over
SAMA. The conjunction between VAP-B and Santa Maria station
(red triangle) was observed at 06:22 UT on 25 September 2017, in
which the Magnetic Local Time (MLT) from VAP-B (MLT = 2.298)
and Santa Maria station (MLT = 2.326) were almost coincident. The
L values for both VAP-B and Santa Maria station were also almost
coincident, presenting L = 1.23 and L = 1.16, respectively. On the
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FIGURE 3
Magnetic equator (red line) at 150 km altitude, Van Allen probes orbit (blue line) and their footprint (blue dashed line) on 25 September 2017, for the two
periods of the Esa layers detected. Panel (A) 06:22 UT and Panel (B) 22:05 UT. Santa Maria stations (red triangle) and the central region of the SAMA
(white iso-intensity lines with 23,000 nT).

FIGURE 4
(top panel) the low-energy electron flux (energy channels: 75 and 169 keV) obtained from MagEIS instrument. (medium panel) the total electron
density obtained from the EMFISIS instrument. (bottom panel) the power spectral density of the magnetic field obtained from the EMFISIS instrument,
in which the red, yellow and black lines represent 0.9 fce, 0.5 fce and 0.1 fce. Blue box is referent to the conjunction period between VAP-B and Santa
Maria station. MagEIS and EMFISIS instruments are onboard the Van Allen Probe B.

other hand, the second period analyzed during this HSS observed
a coincidence between VAP-A and Santa Maria station at 22:05
UT only in MLT, in which both show MLT = 18.029 and 18.032,
respectively.

The discussions regarding the dynamic mechanisms inside the
radiation belts will use only the data from the VAP-B due to the non-
perfect conjunction using VAP-A and the proton contamination of
the MagEIS instrument onboard VAP-A at the perigee.

6 Low-energy electron
injections/precipitations and whistler
mode wave activities within the
radiation belts

The flux injections in this paper means the flux enhancements
in different energy ranges (e.g., Sarris et al., 1976; Gabrielse et al.,
2014) into the inner radiation belt (L-shell <2), which has been
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FIGURE 5
(top panel) Wave Normal Angle, (medium panel) ellipticity, and (bottom panel) Planarity are obtained from the EMFISIS instrument onboard Van Allen
probe B at 6:00-9:00 UT on September 2017 (blue box period in Figure 4). These parameters are calculated through the singular value decomposition
method (Santolík et al., 2003).

observed since 1990 decade, e.g., in Vampola and Korth, (1992),
Baker et al. (1994), Xiao et al. (2009), and Shi et al. (2016), based
on CRESS, SAMPEX, POLAR, and Van Allen Probes data mission,
respectively. Cosmic Ray Albedo Neutron Decay (CRAND) is an
important process to produce electrons locally in the inner radiation
belt region during quiet geomagnetic periods (see Xiang et al., 2019;
Li et al., 2023), although the decay rate of neutrons is considered
relatively constant, in which could not explain the fast variability of
the low-energy electrons flux in the inner radiation belt during the
perturbed geomagnetic periods. High-energy electrons injections,
i.e., > 100 keV are due to radial transport (see Li et al., 2023
and references therein) and magnetotail dipolarizations under
substorms (Kim et al., 2021). The inner belt low energy electrons
(<100 keV) dynamics can also follow processes similar to the higher
energy populations. The enhancements of low energy electrons are
observed more often (Reeves et al., 2015) and it can be related
to fast magnetosonic wave interacting (Turner et al., 2015) under
geomagnetic storms (Zhang et al., 2021).

Therefore, the main physical processes to explain the electrons
flux injections in the inner radiation belt during the perturbed
geomagnetic periods are interactions of the electrons with the
fast magnetosonic waves, specifically in the Pi2 frequency range
inside the plasmasphere (e.g., Zhao et al., 2014; Turner et al., 2015;
Zhang et al., 2021; Li et al., 2023). The Pi2 cavity mode waves can

explain the sudden enhancements of low-energy electrons at low L
shells because this mode presents the electric field as an antinode
within the plasmasphere, as discussed by Takahashi et al. (2003), in
which the azimuthal electric field oscillation can interact resonantly
with drifting energetic electrons, violating the third adiabatic
invariant, and resulting in acceleration and radial injections crossing
magnetic field lines (conserving the first and second adiabatic
invariants) (e.g., Li et al., 1998; Turner et al., 2015).

On the other hand, three types of waves can scatter in low-
energy electron resulting in loss of inner radiation belt electrons
through resonance interactions (Li et al., 2015; Green et al., 2020;
Hua et al., 2020; Li et al., 2023). Green et al. (2020) suggests that
the lightning-generated whistlers (2–12 kHz) are important for
scattering electrons from several hundred keV to several MeV at L
∼1.5. VLF transmitter waves play an important role in electron loss
(e.g.,Wang et al., 2018).Theplasmaspheric hisswaves (∼50−10 kHz)
can be responsible for the electron precipitation at the outer
plasmasphere of tens to hundreds keV, as observed by Reeves et al.
(2016), and below tens keV, as observed byKhazanov andMa (2021).
Therefore, the hiss waves are analyzed in this work due the interest
in the scattering in energy level below 10 keV.

Figure 4 shows the low-energy electron injections for the
energy channels of 75 keV and 169 keV (top panel) and the
power spectral density (PSD) of the magnetic field (bottom panel)

Frontiers in Astronomy and Space Sciences 07 frontiersin.org

https://doi.org/10.3389/fspas.2023.1197430
https://www.frontiersin.org/journals/astronomy-and-space-sciences
https://www.frontiersin.org/journals/astronomy-and-space-sciences#articles


Silva et al. 10.3389/fspas.2023.1197430

FIGURE 6
The Phase Space Density (PhSD) as a function of L* at μ = 10 MeV/G
and K = 0.11 G1/2RE during the conjunction between VAP-B and Santa
Maria station. PSD data was obtained from MagEIS instrument onboard
Van Allen Probe B available in https://rbspgway.jhuapl.edu/psd.

FIGURE 7
Resonant kinetic energy (in keV) for electrons as a function of hiss
wave frequency propagating in a high-density plasmasphere. The gray
vertical lines corresponds to the hiss wave frequency (in Hz) interval
band observed in the plasmasphere at 08:00 UT on September 25
(shown in Figure 4; Supplementary Figure S3).

obtained from MagEIS and EMFISIS instruments, respectively,
onboard Van Allen Probe B. Red, yellow and black lines represent
0.9 fce, 0.5 fce, 0.1 fce, in which fce is electron cyclotron
frequency. The total electron density (medium panel) is used
to identify the plasmapause position (Lpp). Plasmapause is a
boundary between the low-density and high-density plasma regions,

represented by the ratio variation between the maximum and
minimumelectrondensity (e.g., Lemaire, 1975;Thomas et al., 2021).
Their position is essential to confirm the plasmaspheric wave
activities.

Thewhistler mode chorus, plume, and plasmaspheric hiss waves
are observed in Figure 4 (bottom panel) for almost the entire
substorms period. The hiss waves are detected at all perigees, in
which the low power (∼10−8 nT2/Hz) is observed only during the
first perigee. The polarization properties, such as the wave Normal
Angle (WNA), ellipticity, and planarity, are presented in Figure 5.
They are calculated through the singular value decomposition
method (Santolík et al., 2003) to confirm the presence of the hiss
waves inside the plasmasphere (e.g., Li et al., 2015; 2019).WNA≤40°
(Figure 5 - top panel), ellipticity ≥0.5 (Figure 5 - medium panel),
and planarity close to 0.5 (Figure 5 - bottom panel) are observed
between 6:45-8:50UTon September 2017,which are the same values
observed by Li et al. (2015) and Da Silva et al. (2022) during the
detection of the hiss waves.

The low-energy electron injections (Figures 4 top panel) are
observed during all periods of analyzed along all L-shells and are
considerably more intense at the first 9 hours, which coincides
with the first AE index peaks (Figure 1E). The low-energy electron
injection peaks at high L-shells are concurrent with the whistler
mode chorus and plume waves (bottom panel), suggesting the
possible wave-particle interactions inside the outer radiation belt
that may cause the low-energy EP to the atmosphere of the auroral
regions.

The low-energy electron injection peaks (Figure 4 top panel)
between 06:15 UT and 08:30 UT (blue box) are observed with
more detail in Supplementary Figure S9.The concomitance between
the power of whistler mode hiss waves of ∼10−5 nT2/Hz (Figure 4
- bottom panel) and electron injection peaks is observed from
6:57 UT in Supplementary Figure S8. These results are similar to
those observed by Moro et al. (2022a) and Da Silva et al. (2022)
during the low-energy electron precipitation over the SAMA region
that contributed to the generator mechanism of the Esa layers.
Although the presence of the hiss waves power of ∼10−5 nT2/Hz
is evident from 6:57 UT (L-shell = 2.47), values of the hiss
power below 10−5 nT2/Hz are observed inside the inner radiation
belt (L-shell <2). Over the SAMA region, the power spectral
density values of ∼10−5 nT2/Hz are also observed just above
500 Hz.

The electron injections over the SAMA region are observed
close to 6:30 UT for the energy levels 75 keV and 350 keV
in Supplementary Figure S9 and energy levels <10 keV in
Supplementary Figure S10. It is essential to highlight that 6:30 UT is
a time during the passage of the Van Allen Probe B over the SAMA
region. The electron injection peaks <0.5 keV are also observed
in Supplementary Figure S10, almost simultaneously with the Esa
layer detected in Santa Maria station. This behavior observed in
the electron flux injections within the inner radiation belt over the
SAMA region concomitant with hiss wave activities suggests the
possible wave-particle interactions that may cause the low-energy
EP to the atmosphere of this region.

Although the whistler-mode hiss waves power of ∼10−5 nT2/Hz
is similar during the influence of this HSS and the ICMEs
(Moro et al., 2022a; Da Silva et al., 2022), the generator mechanisms
of the hiss waves inside the inner radiation belt are completely
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FIGURE 8
Total incident energy of electrons between 100 eV and hundreds of keV for Santa Maria station during the first (6:20 UT—blue line) and second (22:05
UT—red line) conjunction on 25 September 2017.

FIGURE 9
Ionization rate altitude profiles panels (A,D); ionization rate altitude integrated panels (B,E); and frequency range altitude for Santa Maria station panels
(C,F). The time analyzed refers to the period of the conjunctions between VAP-AB and Santa Maria station.

different for each solarwind structure. For example, the plasmapause
position generally is compressed during the recovery phase of
the storms associated with the ICMEs and relaxed under the
influence of the HSSs, which directly impacts the time duration and
position of this kind of wave activity. Consequently, it can cause
different impacts on the behavior of electron precipitation in the
atmosphere.

Using the time evolution of the radial Phase Space Density
(PhSD) profiles at inbound/outbound regions of the Van Allen
Probe B it is possible to identify the electron injections energy
levels and local (L*) of the injections. Therefore, the PhSD as a
function of L*, calculated using a magnetic field model (TS04)
(Tsyganenko & Sitnov, 2005), at fixed first (μ = 10 MeV/G) and
second (K = 0.11 G1/2RE) adiabatic invariants (e.g., Hartley
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FIGURE 10
Ionograms from Digisonde located at Santa Maria station, which detected Esa layers only between 06:20 UT - 06:35 UT panel (A), and 22:05 UT -
22:20 UT panel (B) on September, 25. The red arrows show the Esa layer presence, and the blue line (6:20 UT and 22:05 UT) is referent the critical
modeled frequency (MHz) altitude.

and Denton, 2014; Da Silva et al., 2019; Da Silva et al., 2021a) are
presented in Figure 6. The PhSD profiles confirm the low-energy
electron injections (∼100 keV) between L* = 2.8 and 3.0 (close to
the inner radiation belt) during the conjunction betweenVAP-B and
Santa Maria station, which was also observed in the blue box of
Figure 4. It suggests the occurrence of the low-energy EP close to
the SAMA region.

The electron resonant kinetic energy is calculated using
the dispersion relation presented in Eq. 1 (see Helliwell, 1965;
Bittencourt, 1995; Alves et al., 2023) without the Lorentz factor.

ω− k⃗.v⃗e = nΩce (1)

Where:
k⃗ is the wave number vector
ω is the frequency
v⃗e is the electron velocity vector
Ωce is the electron gyrofrequency
The gyrofrequency low-order harmonics n = ±1,2,3…
The range of electron kinetic energy able to resonantly interact

with hiss waves is calculated using PSD of hiss waves in the time
interval shown in the blue box (Figure 4), specifically at 08:00
UT on September 25. The second harmonic number is considered
in the calculation, besides the ambient magnetic field at 379 nT
and the electron density of 470 cm−3. In the selected time instant,
the hiss emission occurred in broadband from 190 to 540 Hz
(Supplementary Figure S3 - Supporting Information), leading to a
resonant kinetic energy of ∼150 keV–60 keV, as shown in the gray
area in Figure 7.

Although most studies regarding the interaction between hiss
and electrons have shown strong efficiency in scattering electrons of
10 keV - 1 MeV energies, recently, studies presented by Khazanov
and Ma (2021) have shown that the hiss waves can scatter electrons
of energies below 10 keV down to tens of eV, which are coincident
with the main energy range of interest in this work.

7 Atmospheric ionization over the
SAMA and auroral oval regions
(100–200 km)

The ionization rate altitude profiles over the SAMA region
are calculated using an empirical model, which considers the
isotropically precipitating electrons (100 eV–1 MeV) (Fang et al.,
2010). The computed atmospheric ionization assumes that the
incident particles (differential number flux, cm−2 s−1 keV−1) have a
Maxwellian distribution (e.g., Da Silva et al., 2022).The atmospheric
ionization model (Fang et al., 2010) also can estimate the critical
ionospheric frequency (MHz) altitude profile, which may be
associated with the peak electron concentration [Ne (electrons/m

3)]
of the Es layer by the relation Fc = c√Ne, where c = 8.98 (e.g.,
Nikolaeva et al., 2021; Da Silva et al., 2022).

The atmospheric ionization is calculated assuming that
the incident particles, given by the differential number flux
(cm-2 s-1 keV-1) have a Maxwellian distribution, as defined by the
function:

ΦM(E) =
Q0

2E3
0
Eexp(− E

E0
), (2)

Where the free parameters are:
Q0 is the total energy flux in keV cm-2 s-1

E0 is the characteristic energy in keV
ΦM is the differential number flux in cm-2 s-1 keV-1

To estimate the incident energies and the atmospheric
conditions is necessary to consider the variation of the days of the
year and location, in which the geographic location (latitude and
longitude), geomagnetic indices (F10.7 and Ap) and height scale
(Supplementary Figure S4) are included in the model.

Initially, the total incident energy of electrons between 100 eV
and hundreds of keV and the height scale (km) is estimated for
Santa Maria station at 6:20 UT (first conjunction) and 22:05 UT
(second conjunction) on 25 September 2017, as presented Figure 8;
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FIGURE 11
Ionization rate altitude profiles panels (A,D); ionization rate altitude integrated panels (B,E); and frequency range altitude for Tromso station panels (C,F)
at 22:00 UT and 22:45 UT on 25 September 2017.

Supplementary Figure S6 (top panel - Supporting Information),
respectively.The total incident energy of electrons during the second
conjunction (Figure 8 red line) is slightly higher than the values
during the first conjunction (Figures 8 blue line), which can cause
influence the formationmechanisms of the Esa layer close to 100 km
of altitude.

Figure 9 shows the total ionization rate altitude profiles (panels
a and d), ionization rate altitude integrated (panels b and e),
and critical ionospheric frequency (MHz) altitude, named here
as frequency range altitude (panels c and f) for Santa Maria
station during the first (6:20 UT—blue line) and second (22:05
UT—red line) conjunctions. The total ionization rate altitude
profiles (panels a and d) presented significant values of the low-
energy electrons (0.5 keV–10 keV) between 100 km–200 km of

altitude for both analysis times. The previous sections suggested
that the hiss waves have caused the precipitation of low-energy
electrons to the atmosphere over the SAMA region through the
pitch angle scattering mechanism (Li et al., 2019; Khazanov and
Ma, 2021; Da Silva et al., 2022). However, the total ionization rate
(panels a and d) and integrated (panels b and e) at the second
conjunction is slightly more significant than the ionization rate at
the first conjunction.This result caused a direct impact on frequency
range altitude (panels c and f), in which the values above 3 MHz
were reached during the first conjunction (panel c) and above 5 MHz
during the second conjunction (panel f), which can trigger different
generator mechanisms of the Esa layer in these periods.

The different values of the ionization rate during these
conjunctions were expected due to the behavior of the total incident
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energy of the electron presented in Figure 8. On the other hand, the
range of the low-energy electrons observed between 100 km–200 km
of altitude is far above the results presented in Da Silva et al. (2022)
for the same ionosonde station, principally due to the low/absence
values of the 5 keV and the absence of the 10 keV, which contributed
to the displacement of the Esa layer reaching values close to 150 km
of altitude. Therefore, the level of low-energy electron precipitation
(EP) predominant defines the base height of the Esa layer.

The critical modeled frequencies at 6:20 UT and 22:05 UT are
included in the ionograms (Figure 10), and the relationship between
the critical modeled frequencies and the maximum frequency
reached by the Esa layer can be observed. The Esa layer at 22:05
UT reached a frequency greater than at 6:20 UT (Figure 11 first
panels). It suggests a direct relationship exists between the ionization
rate altitude profiles and the characteristics of the Esa layer. The
electron energy levels ≥5 keV contributed to defining the Esa layer
base height close to 100 km of altitude at 22:05 UT and 6:20
UT (Figures 10A, B - first panels). Conversely, the values of the
ionization rate contributed to defining the maximum frequency
reached by the Esa layer, > 5 MHz at 22:05 UT (Figure 10B first
panel) and >3 MHz at 6:20 UT (Figure 10A first panel). Therefore,
knowing the dynamic mechanisms responsible for causing the EP
over the SAMA region, principally to estimate the range of electron
energy levels that will precipitate is crucial to understanding the
generator mechanisms of the Esa layer over this region.

The ionization rate altitude profiles, ionization rate altitude
integrated, and frequency range altitude to Tromso station are
presented in Figure 11. The time of analysis is 22:00 UT (panels a, b
and c) on 25 September 2017, to compare with the results observed
in Santa Maria station at 22:05 UT (Figures 9D, E, F). Although
the dynamic mechanisms that cause the EP over Tromso to be
different from the mechanisms over SAMA, at the ionosphere, the
formation mechanism of Esa layer in both regions has the EP as a
main ingredient. It means that the electron energy levels, and the
values of the ionization rate define the characteristics of the Esa
layers in both regions, such as the Esa layer base height and the
maximum frequency reached by Esa layer. Figure 9B (first panels)
and Supplementary Figure S5 (top panel - Supporting Information)
show that the Esa layer base height in Santa Maria is close to 100 km
of altitude and in Tromso is >130 km of altitude, respectively, while
the maximum frequency reached by Esa layer in Santa Maria is >
3 MHz and in Tromso is ∼ 4 MHz.

8 Concluding remarks

The dynamic mechanisms inside the inner radiation belt,
generally under the influence of the solar wind structures, can
cause the low-energy EP (0.5 keV–10 keV) into the atmosphere
(100–200 km) over the SAMA region. The pitch angle scattering
driven by plasmaspheric hiss waves is responsible for this range of
EP in this altitude over this region, which generally contributes to
the generation of the Esa layer during the recovery phase period of
the geomagnetic storm, associated with ICMEs (Batista and Abdu,
1977; Moro et al., 2022a; Da Silva et al., 2022).

The environment here is under the influence of an HSS.
This solar wind structure triggered the dynamic mechanisms able
to cause the low-energy electron injections (seed and source

populations) inside the radiation belts, followed by the low-energy
EP in the auroral and SAMA region. These dynamic mechanisms
also contributed to generating the plasma waves inside the radiation
belts under the influence of the Alfvenic fluctuations. Although
the substorms driven by this HSS were considered weak, the total
ionization rate altitude profiles in Santa Maria station presented
significant energy levels between 0.5 and 10 keV, which are greater
than the energy levels showed in Tromso station and presented by
Da Silva et al. (2022) Santa Maria station. It means that the level
of low-energy electron precipitation (EP) predominant defines the
base height of the Esa layer, which is close to 100 km at Santa Maria
station and 130 km at Tromso station. Additionally, the ionization
rate integrated defines the maximum critical frequency of the Esa
layer, which reached values > 3 MHz in Santa Maria and ∼ 4 MHz
in Tromso. This behavior suggests that the storm’s intensity is not
crucial to define the EP levels over the SAMA region once the Esa
layers were generated without high values of the AE index.

Therefore, the main ingredients responsible for generating the
Esa layer over the SAMA region are related directly to the total and
integrated ionization rate at the interest’s altitude. They are essential
to define the base height and the maximum critical frequency of
the Esa layer. Thereby, it is important to highlight that they are
dependent on several factors, such as the amount, period, and levels
of the electron flux injections in the inner radiation belt, the power
spectral density of the hiss waves, the period of the hiss wave
activities, and the resonance condition, which can have different
behaviors under the influence of the different solar wind structures.
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