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Abstract Digisonde data showed a peculiar behavior in the nighttime lower ionosphere over Cachoeira
Paulista (CXP, 22.7°S, 45°W, dip ∼35°), a low‐latitude station located inside the South American Magnetic
Anomaly (SAMA) during the main phase of the extreme magnetic storm on 11 May 2024. The E region
appeared in observational data at high altitudes after sunset, which is unexpected. In sequence, it performed an
unusual descending movement due to the disturbed electric field. The extra ionization responsible for forming
the nocturnal E layer is due to the precipitation (EPP) of low energic (<30 keV) particles. Moreover, a diurnal
cusp‐type Es layer (Esc) appeared simultaneously, which has never been reported in the literature at such hours.
Thus, the results further suggest that the EPP may have caused an oscillation in the thermosphere, forming the
Esc usually seen in the daytime. Therefore, this study shows the different mechanisms acting together during this
magnetic storm, creating a daytime ionosphere after sunset over the SAMA region, as confirmed by
observational data and simulations.

1. Introduction
Sporadic E layers (Es) are zones of denser ionizations located at around 100–150 km altitude. They are classified
into different types that are well‐known in the literature, being divided according to the formation mechanism
distinguished by lowercase letters in ionosonde data (ionograms) (Mathews, 1998; Resende et al., 2013;
Whitehead, 1961). The Es layers are composed of molecular ions (O2

+, NO+, N2
+, O+) and mainly metallic ions,

such as Fe+ and Mg+, that allow them to be continuously observed in data (Kopp, 1997). The main physical
formation process at low‐ and midlatitudes refers to wind shear, characterized by the accumulation of charged
particles at the null points of the zonal wind shear vertical profile (Haldoupis, 2011). Specifically, meridional and
zonal components of the tidal winds (U) carry the ions horizontally, and the magnetic field (B) presence results in
a vertical UxB force, creating a new layer at the location of the wind reversal. Electrons following the vertical
magnetic field line maintain plasma neutrality. The daytime types “c” (cusp), “h” (high), “l” (low), and the
nighttime “f” (flat) are found in ionograms over the low/mid‐latitudes. Thus, layers of these types are formed by
the wind shear mechanism.

Stations located in the Brazilian sector are of particular interest for the ionospheric investigation because of the
presence of the South American Magnetic Anomaly (SAMA), characterized by a weak magnetic field intensity
concerning the other global locations (Abdu et al., 1981, 2005; Batista & Abdu, 1977; Da Silva et al., 2022). Abdu
et al. (1973) analyzed the interaction between the magnetosphere, the inner radiation belt, and ionosphere over
SAMA, which was present closer to the Atlantic at that time but moved to Southern Brazilian regions such as
Cachoeira Paulista (CXP, 22.7°S, 45°W, dip ∼35°). The authors showed an azimuthal drift in the electron
precipitation inside SAMA during the sudden commencement (SC) of the magnetic storm that occurred on 4
August 1972. Furthermore, the authors detected the absorption of the cosmic noise intensity (CNA ‐ cosmic noise
absorption) in riometer data, mainly observed in the same magnetic storm recovery phase. Later, Moro
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et al. (2012) investigated the CNA events using the South American Riometer Network (SARINET) operated
inside the SAMA during the 3 September 2008, magnetic storm. The results are similar to those reported by Abdu
et al. (1973), in which the CNA happened in the recovery phase.

The electron precipitation effect in the SAMA was also analyzed using ionosonde data. The main results are the
occurrences of the auroral (“a”) Es layer type (Esa), spreading trace that can reach high‐frequency values (Batista
& Abdu, 1977; Moro et al., 2022). The Esa layer is seen mainly in the magnetic storm recovery phase, as the CNA
absorption mentioned before. The explanation for this behavior is still under discussion. Nonetheless, it is
believed that the interaction process in the sun‐magnetosphere‐ionosphere in the inner radiation belt would be
slower during the main magnetic storm phase since there are still processes in the outer radiation belt. In fact,
Batista and Abdu (1977) and Da Silva et al. (2022) showed that the Esa layer occurs due to a process called pitch
angle diffusion in which the resonance of low‐energy electrons with Hiss waves breaks the first invariant
(magnetic moment invariant) and/or second invariant (longitudinal invariant). Thus, particles between 0.5 and
30 keV would enter the atmosphere, causing an abrupt ionization, forming this Esa layer that is characteristic for
auroral regions.

Abdu et al. (2005) studied the extra ionization process over the SAMA stations around the quiet period. Since the
SAMA is a broad geographic region with lower geomagnetic field intensity than the rest of the globe, the entry of
particles can occur continuously, explaining the increased conductivity in these regions. This process is called
collisional, and it happens because low‐energy electrons enter the SAMA region due to a lower mirror point
(∼100 km). Thus, there is an interaction with ions and neutral particles at the E‐region heights, increasing
ionization. This process is called Coulomb scattering. During disturbed periods, this intensification is much
higher, which causes an atypical E‐region development at night (Santos et al., 2016). Therefore, the nighttime E
region in ionograms indicates an increased ionization due to particle precipitation in SAMA during geomagnetic
storms.

The Es layer formed by wind shear does not suffer significant influence during the disturbed periods and has its
seasonal variations as seen in several works in the literature (Arras et al., 2008; Christakis et al., 2009; Conceição‐
Santos et al., 2019; Moro et al., 2023). In fact, the particle precipitation can cause the nocturnal E region or the Esa
layer. However, other Es layer types, such as “c”, “f/l”, and “h”, are not modified due to this extra ionization since
they are formed by metallic ions which the production and loss processes take a long time (Mathews, 1998)
independently of the geomagnetic conditions. Also, Resende et al. (2021) show that the disturbed electric fields
driven by Prompt Penetration Electric Field (PPEF) (Balan et al., 2008) and Disturbance Dynamo (DDEF) (Blanc
& Richmond, 1980) do not affect the Es layer behavior over CXP.

This study analyzes the atypical Esc layer presence during the nighttime period of the intense 10–11 May 2024,
magnetic storm main phase. The Esc layer appears as a continuous trace that starts from the E region and, for this
reason, is not detected at night by Digisondes. The occurrence of the Esc layer during this period has never been
mentioned in the literature. We show that the extra ionization that occurred during this magnetic storm in the CXP
region, which is located inside SAMA, triggered the detection of the E region. Also, it is believed that this
additional electron that entered the atmosphere caused oscillations in the plasma, enabling the Esc layer for-
mation. Furthermore, the E region had an abrupt descent, meaning that different mechanisms were acting besides
the extra ionization, such as disturbed electric fields. We also used an E/Es layer numerical model with a novel
particle precipitation input to prove that this unusual behavior over the CXP region is due to the extra ionization.
Finally, this work will discuss all these nocturnal processes during this disturbed period that may have contributed
to atypical phenomena in the SAMA region.

2. Data Set and Modeling
2.1. Digisonde Data

In this study, we used the data obtained from a radar that operates in high frequency (HF 3–30 MHz), a digital
ionosonde. Specifically, the digital ionosonde used in this work is a Digisonde Portable Sounder— 4D (DPS‐4D)
that transmits radio waves continuously in a 10‐min time resolution. The echoes captured by the receiver antennas
are shown through frequency‐by‐virtual height graphs called ionograms. Through the ionograms, it is possible to
observe the E and F regions as well as the Es layers using the SAO‐Explorer program that contains the Automatic
Real‐Time Ionogram Scaler (ARTIST) software to interpret the data. Thus, it is possible to obtain the Es layer
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frequencies, the fbEs (blanketing frequency), the frequency point in the upper ionospheric layer where the Es
layer blocks the transmitted electromagnetic signal, and the ftEs (top frequency) characterized by the maximum
frequency trace of the Es layer, and the virtual height of the Es layer (h’Es). Additionally, it is possible to classify
the different types of existing Es layers, such as “c”, “a”, “l/f”, “h”, and others, defined by the Union of Radio
Science (URSI Handbook) related to their formation mechanisms (Piggott & Rawer, 1978). More details about
the Digisonde and Es layer classification can be found in Reinisch et al. (2009) and Resende et al. (2013).

The map in Figure 1a shows the Digisonde locations in CXP and São Luís (SLZ, 2.3°S, 44.2°W, dip ∼8°) (green
triangles), the geomagnetic equator position (red line), and the white isolines indicate the magnetic field value
calculated by the International Geomagnetic Reference Field (IGRF) model in 2024 (22,000 nT for CXP and
25,000 for SLZ), illustrating the stations inside the SAMA. Notice that the magnetic field values around the
southern of Brazilian stations were lower than other global regions, as seen in the color bars in this figure. To
exemplify the typical behavior in quiet times, we show the Esc layer type in ionogram (red arrow) at 1640 UT
(13:40 LT) over CXP on 10 May 2024, hours before the magnetic storm occurrence (Figure 1b). As mentioned
before, the Esc layer occurrence is conditioned to the E region presence, which is detected in the daytime. This
ionogram also contains the fbEs (4.2 MHz), ftEs (4.6 MHz), and h’Es (118 km) parameters (black lines).

2.2. The Inclusion of Particle Precipitation Effects in the MIRE Model

The E Region Ionospheric Model (MIRE, in Portuguese) was created by Carrasco et al. (2007) and modified by
Resende et al. (2017) to simulate the electron density (Ne) of the E region and the Es layer over the Brazilian
stations. Currently, MIRE simulates the ionosphere between 86 and 140 km of height with a step of 0.2 km and a
time resolution of 2 min. This model solves the continuity and momentum equations for the main E region ions
(NO+,O+2 , N

+
2 , O

+). The metallic ions Fe+ and Mg+ are included to reproduce the Es layer. The electron density
Ne is obtained by:

Ne = [NO+] + [O+2 ] + [O
+] + [N+2 ] + [Fe

+] + [Mg+] (1)

The numerical solution for each ion in Equation 1 is based on the continuity that depends on the production, loss,
and transport terms. The transport term in MIRE is the ions' vertical velocity (Viz):

Viz =
ω2

i

(v2in + ω2
i )
[cos I ⋅ sin I ⋅UX +

vin

ωi
⋅ cos I ⋅Uy +

1
vin

e
mi

⋅ cos I ⋅ sin I ⋅Ex +
e

ωimi
⋅ cos I ⋅Ey

+
e

vinmi
⋅ (

v2in
ω2

i
+ sin2 I) ⋅Ez], (2)

Figure 1. (a) Map showing the low magnetic field values over the Brazilian stations, 22,000 nT for Cachoeira Paulista, and
25,000 nT for São Luís, characterizing the SAMA stations, (b) example of an ionogram over CXP at 1640 UT on 10th May
2024, showing the diurnal Esc layer and frequencies (ftEs and fbEs) and height (h’Es) parameters.
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where vin is the ion‐neutral collision frequency, I is the magnetic inclination angle, ωi is the ion gyrofrequency,mi
represents the mass of the ion, and e stands for the electric charge of the ion. The Ex, Ey, and Ez are the electric
field components. They become an important factor controlling the ion motion in some specific cases, such as
disturbed periods or close to the magnetic equator as explained in Resende et al. (2021).

Extra ionization occurred at nighttime over SAMA due to energetic electron precipitation. To analyze this effect,
we implemented a parametrization in MIRE to describe the ionization rate caused by the particle precipitation.
Hence, MIRE now considers the production of electron‐ion pairs at all the simulated heights. As we will observe
in the results, the inclusion of this effect transforms MIRE into an important tool for analyzing particle precip-
itation effects in SAMA during space weather events.

We used the parametrization described by Fang et al. (2010) and discussed by Da Silva et al. (2022), which is
based on satellite data. The parametric model computes the total ionization rate (cm− 3 s− 1) at a specific altitude
for each energy level (keV), given an incident electron energy flux Qm(ε) (keV cm− 2 s− 1). We selected the best‐fit
Maxwellian function in Fang et al. (2010) to model the latter, represented by:

Qm(ε) =
Qo

2Eo
3E exp(−

E
Eo
), (3)

where Qo is the total energy flux (keV cm− 2 s− 1), Eo is the best‐fit characteristic energy (keV), selected as
7.1 keV, and E is the energy range that precipitates in the E region, which varies from 0.5 to 30 keV. The selected
value of Qo in Fang et al. (2010) that produced the best‐fit results compared to the standard model was 1 erg (or 6.
242 × 108 keV). In this work, we adjusted Qo to obtain the nighttime density in MIRE that matches the obser-
vational data. Hence, we could infer the total energy flux in the ionosphere during the studied period.

3. Results
3.1. Synopsis of the Extreme Event on 10–11 May 2024

The most intense magnetic storm of the solar cycle 25 until today occurred recently and was caused by multiple
Interplanetary Coronal Mass Ejections (ICMEs) incidents on the Earth on 10–11May 2024, reaching the G5 level
(extreme event). Figure 2 shows the overview of the interplanetary conditions and ground‐based magnetic indices
between 10 and 12May 2024. These ICMEs caused a strong geomagnetic storm (Gonzalez et al., 1994; Tsurutani
et al., 1995) that directly affected the ionosphere. The parameters are the interplanetary magnetic field Z
component (IMF Bz—panel a), the magnetopause standoff distance (Rmp—panel b) from Shue et al. (1998)
model, the SME index (panel c) obtained from the SuperMAG magnetometer network data, which is, in turn,
equivalent to the Auroral Electrojet, and the SYM‐H index (panel d) to show the disturbance storm time. The
interplanetary medium conditions at the L1 Lagrangian point were obtained from OmniWeb database (https://
omniweb.gsfc.nasa.gov/index.html), and the SME and SYM‐H indices were derived from magnetometers data
and available at https://supermag.jhuapl.edu/indices and https://wdc.kugi.kyoto‐u.ac.jp, respectively.

The IMF Bz component had a southward direction with a minimum value of − 41 nT at 00:45 UT on 11May 2024,
favoring the magnetospheric convection electric field penetration (Abdu, 1997). These disturbed electric fields,
known as undershielding, penetrate the auroral regions, and they are propagated through transverse waveguide
modes (TMO) along magnetic field lines, reaching and influencing the ionosphere of low latitudes and equatorial
regions (Kikuchi, 2005). This electric field from the undershielding process is eastward during the day and
westward during the night. As seen in Figure 2a, the IMF Bz recovered after the minimum value (around 02:30
UT) and returned to the north direction at∼06:00 UT, which helped the establishment of the overshielding electric
field, meaning that the electric fields had the opposite direction to the undershielding process (westward during
the day and eastward during the night). The red line refers to the beginning occurrence of the Esc layer at 02:00 UT
on 11 May 2024, which will be discussed later.

Figure 2b shows the Rmp, which achieved ∼a 5 Earth radius (RE∼6,371 km), implying a significant magneto-
sphere compression that lasted up to 11 May 2024, at 12:00 UT. It means that a considerable amount of energy
entered the Earth's atmosphere, causing modifications in the ionosphere behavior at all latitudes (Abdu, Kherani,
Batista, & Sobral, 2009; Abdu et al., 2006; Balan et al., 2008; Batista et al., 1991; Sobral et al., 2001). One of these
changes in the ionosphere is the electron particle precipitation driven by radiation belts (Da Silva et al., 2022). The
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significant increase in the SME index values greater than 4,000 nT indicates a substantial energetic particle quantity
infiltrated the auroral regions. This condition probably allowed the disturbed electric fields to penetrate and activate
the ionospheric dynamo. The SYM‐H index, highlighting the ICME arrivals in the Earth's magnetosphere on 10
May 2024, caused a Sudden StormCommencement (SSC) at 1715UT of 88 nT. This figure shows that the SYM‐H
reached − 518 nT at 0214 UT on 11May 2024. A feature of this magnetic storm is that the energization of the ring
current was so intense and fast during this extreme event that the decrease of the SYM‐H index after the SSC was
very abrupt. Thus, the negative values of this index lasted until days after the main phase of the magnetic storm.

3.2. The Nighttime E Region and Esc Layer Occurrences Over SAMA

The E region is a layer that follows the behavior of a Chapman layer in which the electronic density depends on
the cosine of the zenith angle. The continuity equation calculates the electron density profile in which chemical

Figure 2. Three‐days overview of interplanetary conditions and ground‐based magnetic indices from May 10 to 12, 2024,
(a) The interplanetary magnetic field component Bz, (b) the magnetopause standoff distance Rmp, (c) the SME index, and
(d) the SYM‐H index.
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processes are much faster than transport terms and, therefore, only depend on the production of ions and their
neutralization by loss processes. Thus, there is a maximum ionization around local noon, and its electronic density
is significantly reduced at night (Hargreaves, 1992). This implies that equipment that uses the reflection of radio
waves in ionized layers, such as Digisondes, does not detect this layer after sunset (Reinisch et al., 2009).

The main indication that an extra ionization occurred in the ionosphere is the presence of the E region during the
nighttime in observational data, as seen in Figure 3. This figure shows some selected ionograms between 21:50
UT (18:50 LT (LT=UT‐3)) and 00:10 UT (21:10 LT) for CXP on 10–11May 2024. In this period, as observed in
Figure 2d, the magnetic storm was in the main phase. At 21:50 UT, we only observed the F region, which is
typical for quiet days. The unusual process started at 22:00 UT when we detected a different layer at high heights
around 215 km (h’E indicated by the vertical red arrow). The E layer height evolution differs significantly from
typical behavior observed during quiet periods (not shown here). By 22:10 UT, this layer is clearly identified as a
nighttime E‐layer, which exhibited a rapid descent movement from 22:00 UT until 23:10 UT. After this period,
the nocturnal E layer experienced a mild oscillation, and the E region establishes in their typical heights (reaching
up to a maximum of 150 km) and remained mostly stable, as seen in the ionograms. In contrast, at higher altitudes,

Figure 3. Ionograms at Cachoeira Paulista collected from 21:50 UT on 10 May 2024 until 00:10 UT on 11 May 2024, showing the nocturnal E layer.
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the F region showed an upward drift until 22:50 UT. Therefore, a very interesting point is the unusual opposite
movements of the E and F regions. Although the nighttime E region is shown in Figure 3 until 00:10 UT, it lasted
until 04:00 UT (01:00 LT).

The nighttime E region also occurred in São Luís (SLZ), a station near of the magnetic equator and further from
SAMA, as shown in Figure 1. Figure 4 shows the ionograms between 21:00 UT on the 10th and 05:00 UT on the
11th of May 2024, in increments of an hour. During this time, a weak trace similar to the E region appeared
between 01:00 and 04:00 UT (red arrow). At 03:00 UT, the E region was more evident, and the ordinary and
extraordinary traces became clearer. In the hours following 05:00 UT, the E layer began to disappear. The F
region absence in the ionograms is explained by its rapid rise due to the disturbed eastward penetration electric
field since this period is at sunset, which will be discussed after. Thus, an eastward PPEF intensified the pre‐
reversal enhancement (PRE), raising the F layer and causing the super‐fountain effect. Several authors have
already studied this fact (Abdu, Kherani, Batista, & Sobral, 2009; Batista et al., 1991), which explains the F‐
region absence in the ionograms from 23:00 UT.

The primary outcome of this study was the Esc layer detected in ionograms at nighttime for the first time during
this extreme geomagnetic storm. Figure 5 shows the development of the Esc layer in ionograms over CXP be-
tween 01:50 UT (22:50 LT) and 0340 UT (00:40 LT). First, we called attention to a different trace, similar to the
Esc layer, at low frequencies (fbEs ∼ 2 MHz; ftEs ∼ 2.5 MHz) and high altitudes (h’Es > 180 km). The ftEs and
h’Es are indicated by red arrows in Figure 5. This trace was observed between 01:50 UT and 02:10 UT and can be
classified by an “h” type for their height localization. Subsequently, this layer exhibited a downward movement,
and the Esc layer is clearly identified at 02:20 UT. At this moment, the Esc layer settles at heights of 130–140 km
until it disappears at 03:30 UT. Notice that the Es layer downward movement is now less abrupt than in earlier
instances. The h'Es was at 147 km at 02:20 UT and decreased to 137 km by 03:00 UT. The Es layer height
evolution is common during daytime as shown in Conceição‐Santos et al. (2019), and Moro et al. (2023). The
main point here is that this behavior is occurring at nighttime, which has never been observed. In fact, we only
detect the Esf trace at night, as noted in previous climatological studies regarding the Es layer over SAMA stations
(e.g., Conceição‐Santos et al., 2019; Moro et al., 2023; Resende et al., 2013).

Figure 4. Ionograms over São Luís between 21:00 UT on the 10th and 05:00 UT on the 11th of May 2024, in increments of half an hour, showing the E region at
nighttime.
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Finally, we observed another important point here which the trace's second reflection, confirming that it is not an
irregular layer. Additionally, we saw that as the Esc layer becomes evident, the spread F in the F region almost
completely disappeared. The spread F was strong again at 0350 UT (not shown here) when the Esc layer was no
longer detected in Digisonde data.

4. Discussion About the Extra Ionization Over the SAMA Region
In this strong magnetic storm, we notice that a convection electric field may be penetrated, as indicated by the
sharp increase of Bz and SME index at 2200 UT in Figures 2a and 2c. The eastward PPEF explains the rise of the F
region observed in the ionograms over CXP and SLZ (Abdu, 1997; Abdu et al., 2006; Blanc & Richmond, 1980;
Fejer, 1997; Fejer et al., 2008). On the other hand, the rapid downward drift of the E region over CXP suggested
that there were other effects besides electric fields, such as ambipolar diffusion, and neutral winds. This behavior
can be seen in the plasma vertical motion (Vz) expression:

Vz = VD cos I ± UF cos I sin I − wD sin2 I, (4)

where VD represents the true vertical drift velocity at the magnetic equator, which is influenced solely by the
electric field. In fact, VD can be estimated using the equation dh′F

dt − βH at an equatorial station (h′F is the F
region virtual height, β is the recombination coefficient, and H is scale height). Additionally, I is the magnetic
inclination angle, UF is the meridional wind in the F region (positive northward), and wD is the diffusion term
(Nogueira et al., 2011; Resende et al., 2021).

Figure 5. Ionograms over Cachoeira Paulista between 01:50 UT and 03:40 UT on the 11th of May 2024, showing the nighttime Esc layer.
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The vertical drift at CXP (Vz) can be seen as the sum of the true vertical drift from the magnetic equator (VD ) and
the effects of winds and diffusion. It is important to emphasize that VD over the equator is only used to estimate
the electric field contribution to vertical movement at low latitudes. Thus, Equation 4 demonstrates that the E
region downward drift over CXP (between 130 and 215 km, as shown in Figure 3) is influenced by the ambipolar
diffusion and winds since this behavior occurs at nighttime and CXP is located further away from the magnetic
equator. In other words, we believed that the diffusion and neutral winds were responsible for the observed
vertical downward movement in the E region heights.

Santos et al. (2016) investigated the magnetic disturbed days around magnetic storms over the Brazilian and
Peruvian sectors. Such work aimed to analyze the change in the zonal drift direction at night (disturbed zonal
drift). This process was associated with the entry of energetic electrons in the main phase of the magnetic storm,
which occurs concomitant with ring current enhancement, causing an additional ionization and increasing Hall
conductivity. This process, in turn, triggers a disturbed drift toward the westward in the nighttime. The details of
the study by Santos et al. (2016) are separated from the results presented here. However, the authors showed that
an extra ionization process was necessary for the observed phenomena. Previous works such as Abdu et al. (1981,
2005) mentioned that the E region during the nighttime over SAMA regions is convincing evidence for ionization
enhancement caused by energetic particle precipitation. These authors evidenced that the nighttime E region
presence in ionograms over CXP is associated with the particle precipitation mechanism.

However, the magnetic field is still weaker compared to the rest of the globe (around 25,000 nT‐ Figure 1). Also,
this region is strongly influenced by disturbed electric fields from PPEF (Abdu, 1997) and DDEF (Blanc &
Richmond, 1980). During this magnetic storm, several atypical behaviors occurred that are not linked to the
purpose of this work. Among them, we can mention the super‐fountain effect, in which the F region rose
excessively, confirming the eastward penetration electric field, and the plasma diffused through the field lines to
higher latitudes (reaching 40° and not shown here) (Balan et al., 2009).

Thus, the E region occurrence over SLZ in atypical hours is another evidence of the additional ionization probably
due to the particle precipitation mechanism. Resende et al. (2013) and Denardini et al. (2016) showed a spread
trace of the Es layer during recovery magnetic storm phases, and it was associated with electric particle pre-
cipitation. They named this trace the auroral Es layer (Esa layer). Nevertheless, they stated that other studies
would be necessary to conclude that particle precipitation would act on the Es layer over regions far from the
SAMA center. Recently, Resende et al. (2020) analyzed a strengthened and spreading Es layer over Boa Vista
(BV, 2.8°N, 60.7°W, dip ∼18°), a low latitude region over the Brazilian sector, which is also far from the SAMA
center. They observed this Es layer during the recovery phase of the magnetic storm of 21–22 January 2016. In
their conclusion, the authors associated this atypical Es layer with a westward electric field during the disturbance
dynamo effect. Resende et al. (2020) discarded the possibility of particle precipitation based on other studies, such
as Fürst et al. (2009), Ginet et al. (2007), and Da Silva et al. (2016), who mentioned that regions located in the
northwest boundary of the SAMA may not receive significant influence of the electron energetic particles. Abdu
et al. (2014) also mentioned that the particle precipitation influence in the equatorial region is due to the E‐F
region coupling, increasing the Hall and Pedersen conductivities ratio (∑H/∑P) and modifying the zonal drift
velocity. Recently, Resende et al. (2021) analyzed 22 magnetic storms and they did not observe any atypical
behavior in the Es layer over CXP. Thus, there is still a discussion about how effective particle precipitation
processes are in regions far from the SAMA center.

Two processes explain the entry of energetic particles into SAMA. One is the collisional process by Coulomb
scattering in which low‐energy particles from the inner radiation belt enter the mirroring points at 100 km (Abdu
et al., 1981, 2005). Another process is the interaction of Hiss‐type magnetospheric waves with electrons, espe-
cially those of low energies (0.5 keV to tens keV), which causes pitch angle scattering, violating the first and/or
second adiabatic invariant (Da Silva et al., 2022). This second process is what explains the presence of the Esa
layer in the ionograms in the SAMA region, which has already been studied in the literature (Batista &
Abdu, 1977; Da Silva et al., 2022; Moro et al., 2022). The auroral trace or Esa layer occurs mainly in the recovery
phase of the magnetic storm. The previous publications suggested that the reason for the condition to generate the
Esa layer over SAMA is the particle injections from the magnetotail, which are associated with the substorms. In
fact, the Esa layer typically indicates particle precipitation mechanism action. However, we believe that the Esa
layer occurrence relies on a background mechanism that facilitates the formation of typical Es layers, such as
types “l” and “f”, which are influenced by tidal winds. The tidal wind components were low this month, in which
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the zonal diurnal tide amplitude usually is around 5–10 m/s in May over CXP (Batista et al. (2004)). Thus, this
tidal wind behavior results in weak or absent typical Es layers during the nighttime, the Esa layer was not observed
during this event.

Therefore, our focus in this study is on the main phase of the magnetic storm in which the E region appeared at
night, even in regions far from the SAMA center. As the E region was observed at the beginning of the magnetic
storm's main phase, we supposed there was an increase in the collisional process due to the particle entry into
SAMA.

4.1. The Atypical Esc Layer Over the SAMA Region

We emphasize here three uncommon dynamical processes that occurred during the Esc layer development such as
(a) the nocturnal Esc only appeared due to the E layer presence, (b) some intensification oscillation that became
the wind shear mechanism effective to allow the Esc layer formation, and (c) the anti‐correlation between spread F
and the Esc layer trace. As discussed in the previous sections and shown by the simulations, we believed that the
extra ionization due to the particle precipitation was the explanation for the E region's presence. Once the E region
is detected, the Esc layer can appear since there is a continuous trace of the E region (Piggott & Rawer, 1978).

An interesting fact is related to the Es layer formation on the hours/days before the CME arrived, in which this
layer appeared weak with frequencies around 2–4 MHz. Precisely, the Es layers were weak during the daytime on
10 May 2024 (see example of Figure 1b), and it disappeared after the sunset. This behavior is expected since the
tidal wind amplitudes are low in May and June, as seen in Batista et al. (2004). During the autumn, the meridional
and zonal winds for diurnal and semidiurnal do not reach values more than 30 m/s over Cachoeira Paulista and,
consequently, the Es layers are much weaker compared to summer and spring seasons (Resende et al., 2017).

The different types of Es layers are distinguished by their appearance in ionograms, which are linked to the
underlying physical mechanisms. Es layers of types “l” and “f,” which form at lower altitudes (∼100 km), tend to
have longer durations because they are influenced by the zonal component of tidal winds and the significant
presence of metallic ions at these altitudes. The meteor ablation and interaction ion‐neutral collision has an
effectivity around ∼100 km altitude, where the Esf/l layer traces frequently (Haldoupis, 2011). As metallic ions
(Fe+ and Mg+) have a longer lifetime (Kopp, 1997), the flat and low Es layer types appear in ionograms at all
hours of the day.

In contrast, the formation of Esc and Esh layers is attributed to the other components of tidal winds, mainly the
meridional component. Esh layers form above 150 km due to semidiurnal meridional tidal winds and display
downward movement, which contributes to the development of the Esc layer. The Esc layer is primarily influ-
enced by the diurnal components of tidal winds. As their trace is continuous with the E region and acts on
molecular ions, the Esc layer is a daytime phenomenon.

In fact, the Esc layer has been detected only during the daytime until now. Conceição‐Santos et al. (2019) analyzed
the different Es layer types over two stations, Jataí (JAT, 17.9°S, 51.7°W, dip∼13.4°S), and São José dos Campos
(SJC, 23.2°S, 45.8°W, dip ∼21.0°S) during the year 2016 by seasons. Such stations are also under the SAMA
influence. Their seasonal analysis showed that the flat/low types (Esf/l) are the most frequent over both stations
than other types (Esc and Esh). The authors also observed that the Esc occurred in the daytime for all seasons
analyzed. Additionally, the Esc layer was more common in the autumn and spring, weakening as winter
approached. The same result was observed in a recent statistical study by Moro et al. (2023) over Santa Maria
(SMS, 29.7°S, 53.8°W, dip ∼37°S), a station in the SAMA's center. The Esc layer over the SMS was detected
exclusively during the daytime from July 2019 to June 2020. Moro et al. (2023) separated their results into
seasons, and the Esc appeared mainly in the spring and summer. The authors proposed that the Esc layer only
developed during the daytime because of higher ionization. In other words, the Es layer types formed above
120 km, such as “c” and “h”, would have their composition by molecular ions while the Es layers located in lower
altitudes would be produced by the metallic ions.

The Esc layer occurrence in this study was another verification that the extra ions were present during this
geomagnetic storm event. Since the winds are weak in this period and the Esc layer is only observed in the
daytime, other physical mechanisms had to act to explain the presence of this specific layer. Analyzing the entire
scenario already discussed here, a proposal would be that the entry of particles over the SAMA may have
generated oscillations in the atmosphere. Indeed, a new oscillation over short periods (∼2 hr) may have been
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triggered by Joule heating when particles precipitated in the ionosphere's height, resembling the auroral zones
(Guo et al., 2015). As this layer is located above 130 km, it is believed that this oscillation may have been
generated in situ. The abrupt descent movement between the times of 02:10 UT and 02:20 UT can be attributed to
the westward penetrating electric field as indicated by the F layer downward drift in Figure 7.

Lal (2006) found that severe geomagnetic storms influence the tropospheric acoustic gravity waves at equatorial
and low latitude stations over the Indian sector due to the density variation in the atmosphere. Another work done
by Mandal and Pallamraju (2020) in low latitudes over the Indian sector shows that the redistribution of energy
and momentum in the Earth's atmosphere during magnetic storms induced oscillations with a period of 1–2 hr. In
such work, the authors emphasized a correlation between the oscillations defined as gravity waves of the short
period and the intensification of the AE index. Hence, even in regions far from the auroral zones, oscillations may
occur due to the heating of the atmosphere as a whole. Thus, the entry of particles during this intense magnetic
storm that occurred on 10–11 May 2024, can have intensified these oscillations, making the wind shear mech-
anism effective and explaining the nighttime Esc layer presence over the SAMA. The Esc layer was probably
formed by the new molecular ions (N2

+ and O2
+) since it had little durability, lasting a few hours (∼2 hr).

Unfortunately, we do not have data that can confirm the existence of these fluctuations in the heights of E region.
However, as already analyzed in some studies, it is possible to infer the existence of short‐period oscillations and
gravity waves using Digisonde data around the absolute heights above 170 km (Abdu, Kherani, Batista, De Paula
et al., 2009; Abdu et al., 1982). As the Esc layer starts to appear at high heights (h’Es= 179 km), we examined the
wave fluctuations in electron density immediately preceding their development. Thus, the true heights in iono-
grams (hF) were also used to extract the wave oscillations over CXP, as shown in Figure 6. The color lines
represent the specific plasma frequencies at 2 MHz (red), 3 MHz (blue), 4 MHz (pink), and 5 MHz (green)
between 22:00 UT and 04:00 UT on 10–11 May 2024. Notice that we had the manifestation of the wave
oscillation in some hours (gray dashed lines), which has a downward phase propagation. We draw attention to the
period just before 02:00 UT, where the data show an apparent oscillation in low frequencies. Soon after this
oscillation, a new layer located at almost 190 km was observed as seen in Figure 5 (indicated by the orange arrow
in Figure 6). Thus, a possibility is that an in‐situ oscillation may have arisen in the neutral atmosphere due to Joule
heating caused by the entry of particles into the SAMA region, as occurs in auroral sites.

Although it is not the scope of this work, it is important to mention that during sunset times, there was an abrupt
upward drift in the F layer over the equatorial region of São Luís due to the eastward penetration of the electric
field, which led to the emergence of plasma bubbles, reaching the low latitude regions since they are aligned with
the magnetic field. For this reason, the spread F was observed in CXP, even being a period (month of May) when
plasma bubbles are typically weaker and confined to equatorial regions (Abdu et al., 1985). However, it was
observed that when the Esc layer trace appeared clearly (at 02:10 UT), the spread F started to weaken (Figure 5)
over CXP. The Esc layer and the absence of the spread F happened together, and it lasted until 03:30 UT. At 03:40
UT, the Esc layer disappears completely, and the spread F is observed in ionograms again. Therefore, the
observational data showed an anti‐correlation of these two phenomena: the Es layer and the spread F associated
with the plasma bubbles.

The explanation of the relationship between the development of equatorial spread F and the Es layer at low
latitudes is under discussion. Stephan et al. (2002) analyzed this relationship, calculating the modifications in the
integrated Pedersen conductivity in the flux tube for E and F regions (∑PE,∑P F) during the sunset hours that
affected the growth rate of the Rayleigh‐Taylor instability (γRT ), responsible for the plasma bubbles development.
In other words, the authors explained that with a strong Es layer present at sunset times, there would be a sig-
nificant increase in the integrated Pedersen conductivity, which would inhibit the appearance of irregularities in
the F region. This statement becomes clear to understand when we see how the bubble growth rate (γRT ) behaves
(Haerendel & Eccles, 1992):

γRT =
∑P F

∑N
P E +∑P F +∑S

P E
(VD − UF −

g
νin
)

∇n
n
− R, (5)

in which g is gravitational acceleration, νin refers to the ion‐neutral collision frequency, n is the electron density,
and R is the chemical recombination rate. As mentioned before, VD is the vertical plasma drift and UF is the
conductivity‐weighted flux tube integrated vertical wind. Equation 5 provides the necessary ingredients for the
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irregularities' occurrences in the equatorial regions. Generally, the preliminary condition is well‐known, and it
occurs during the pre‐reversal enhancement of the zonal electric field (PRE) (Abdu, Kherani, Batista, &
Sobral, 2009; Fejer et al., 2008), in which the νin and R are low when the F region uplifts. The PRE is a
consequence of the E and F regions uncoupling in the post‐sunset hours since the E region conductivity decays
significantly. However, a strong Es layer presence in such hours could lead to significant suppression of the γRT
due to the conductivity increase. In the study of Stephan et al. (2002), the cases occurred in quiet and disturbed
periods.

Recently, the connection between the spread of F and Es layers was verified by Singh and Sripathi (2020) over
two coupling Indian stations, one located over the equatorial region and another at low latitude. These authors
performed their study during the magnetic storm occurrences in 2007–2015. Their observations and conclusions
are similar to the work of Stephan et al. (2002) for post‐sunset hours, which emphasizes that the strong Es layer
presence caused the decrease of PRE due to modifications in the field‐line‐integrated Pedersen conductivity,
affecting the plasma bubbles development. However, Singh and Sripathi (2020) advanced further in their anal-
ysis. They showed that it is possible that a relationship between the Es layers and the development of plasma
bubbles also occurs in the hours after sunset. In other words, these two phenomena would have a nightly cor-
relation or anti‐correlation. They credited their results to the disturbed electric fields that Resende et al. (2020,
2021) later verified in the literature for Brazilian regions. The effect of the electric fields would reach the E and F
regions separately and not in a coupled process.

Figure 6. The F layer true heights (hF) at plasma frequencies 2 MHz (red), 3 MHz (blue), 4 MHz (pink), and 5 MHz (green)
between 22:00 UT and 04:00 UT on 10–11May 2024. The gray dashed lines represent the wave oscillation and orange arrow
the Esc layer occurrence.

Figure 7. Electron density in log scale (electrons/cm3) as a function of Local Time and height (km) simulated by MIRE
considering (a) without particle precipitation, and (b) include the same extra particle precipitation flux given in Fang
et al. (2010).
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The effect of the energetic particle precipitation became evident once the E region was formed. Thus, there was
again a coupling between the E and F regions as if it was daytime. At this time, the increase in Hall conductivity
(∑H) connects the circuit between these ionospheric regions again, as Abdu et al. (2013) mentioned. However,
even with an increase in conductivity, the spread F did not disappear. The inhibition of spread F only occurred
when there was an Es (Esc) layer, showing that an increase in conductivity high enough was needed to cause
irregularity suppression (Singh & Sripathi, 2020). Furthermore, it was seen that the F layer tended to descend
during the spread F absence, which may be due to the westward disturbed zonal electric field. The disturbed
electric field could also inhibit the irregularity in the F region. Nevertheless, soon after the Esc layer disappears,
the F spread returns, which indicates that the disturbed electric field processes may be secondary. Therefore, it is
possible that to exist an anti‐correlation of these two phenomena, there must be a threshold of increase in con-
ductivity in the E region that overcomes the effect of the zonal electric field penetration. The value threshold will
be investigated in future works.

4.2. Modeling the Nighttime E Layer Due To Particle Precipitation

Abdu et al. (2005) analyzed the E region heights during the quiet times, and they showed that there is a higher
background electronic density in SAMA compared to regions outside it. They used the ftEs parameter of the Es
layer because ionosondes cannot detect the E region during these times, as we mentioned before. The authors
concluded that the collisional interaction between the low‐energy electrons and the neutral atmosphere is
continuous since the inner radiation belt reached ∼100 km over the SAMA. During the disturbed period, the
nocturnal E region can appear in ionograms, as seen in Abdu et al. (2013). When this behavior occurs, the authors
concluded that it is a great indication of particle precipitation mechanism acting in the ionosphere. To quantify
this behavior, we used the simulations obtained from MIRE, which successfully simulates the E region and Es
layer considering the chemistry processes, winds, and electric fields, as mentioned in Resende et al. (2017, 2020,
2021) and Moro et al. (2022).

Figure 7a presents the Height‐Time Map (HT) of the E region electron density profile, as simulated by MIRE
(color scale) over CXP on 11 May 2024. Figure 7b, on the other hand, depict the same profile but simulate that
extra ionization, including the flux given in Fang et al. (2010), which best matches the reference model found in
the literature. Here, we propose that the nighttime E region was formed due to an extra ionization driven by
electron particle precipitation over the SAMA region. We included the particle precipitation flux (Equation 3) in
MIRE for the first time to verify the nighttime behavior around 100–140 km. The purpose is to examine the extent
of low‐energy electron flux entering the atmosphere and how it could intensify the E region to the level detected
by Digisonde.

This simulation that excludes the extra ionization at nighttime caused by the particle precipitation, show a typical
behavior that is a high E region density in the daytime (06:00–18:00 LT) and low nocturnal values. As seen in
Figure 7a, the maximum ionization is around 105.5 electrons/cm3 12:00 LT. In nighttime, the values do not exceed
103 electrons/cm3. When we included a precipitation flux in MIRE using Qo = 1 erg (Figure 7b), one can see that
there is an increase in the E‐region electronic density at night hours. The E region electron density became 104

electrons/cm3 in that case.

To see the exact particle precipitation flux in the ionosphere during this magnetic storm, we fit the different
scenarios in the simulations. Thus, we could match the observational data driven by Digisonde and MIRE
simulations by increasing the extra ionization (Qo). Figure 8 compares the E region electron density (ne) using the
relationship ne = 1,24x104 ( f oE2) to provide better insight into the particle precipitation effect in the ionosphere
during the disturbed times (gray line). The foE refers to the critical frequency of the E region given in MHz, and
the final result is given in the log scale from 1900 LT to 0400 LT. Notice that the E region reached values higher
than 104.5 electrons/cm3. The blue and red lines are the MIRE simulations considering only the typical chemistry
processes and the particle precipitation with Qo = 1 erg, respectively. It is clear that the enhancement of the
particle precipitation total energy needs to be more intense than the reference to represent the observational data
obtained during the magnetic storm adequately.

Therefore, the best acceptable result found in our simulation was 10 times more than the reference flux in Fang
et al. (2010), that is, by selecting Qo = 10 erg, showing in the orange line of Figure 8. In this case, the density
reached 104.6 electrons/cm3, agreeing with the electronic density driven by the foE values. This behavior showed
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that this geomagnetic storm event was very intense and uncommon, and it was capable to modify all the iono-
sphere over the SAMA. In fact, the simulations showed an interesting aspect that the ionosphere behaves as if it
were daytime, resulting in several phenomena that are atypical for nighttime hours.

The E region presence became possible detected the nighttime presence of a sporadic cusp‐type layer (Esc),
which, to the best of our knowledge, has not been previously documented in the literature. In our study, the
process was more complex due to the presence of SAMA. All phenomena occurred together, such as the entry of
particles into a region with a weaker magnetic field, disturbed electric fields influencing the rise and fall of the
ionospheric layers (E and F regions), the emergence of short‐period oscillations densifying a new layer (Esc
layer), and the weakening of the spread‐F during the occurrence of Esc layer.

Finally, our study indicates that energetic particles may be entering the atmosphere due to collisional processes by
Coulomb scattering. Thus, the low‐energy electrons entered the SAMA atmosphere at the lower mirror point of
100 km, which is lower compared to other stations. This process is continuous, occurring even during quiet
periods. However, it is believed that there was a sudden intensification due to the very intense magnetic storm,
affecting sectors such as SLZ. Thus, the additional number of charged particles ionized the elements in the E
region, primarily forming NO+ and O2

+. Consequently, this layer was detected by the Digisonde, providing
strong evidence of particle precipitation.

5. Conclusions
This study evaluated a peculiar behavior in the nighttime lower ionosphere over CXP, a low‐latitude station
located inside SAMA. The E region and Esc layer appear during the main phase of the strong magnetic storm that
occurred on 10–11 May 2024 (SYM‐H < − 500 nT). We analyzed the Digisonde data and performed simulations
to understand the dynamic processes of this atypical Es layer formation.

We observe a nocturnal E region in Digisonde data between 21:50 UT (18:50 LT (LT = UT‐3)) and 00:10 UT
(21:10 LT) for CXP on 10–11 May 2024, that is an indication of the extra ionization caused by particle pre-
cipitation. The nighttime E layer performed a quick decedent movement under the influences of disturbed neutral
wind and ambipolar diffusion which was responsible for the downward motion. Furthermore, we observe the E
region at SLZ, a region far from the SAMA region's center. The additional ionization over CXP and SLZ that
probably caused the E region is evidence of the particle precipitation mechanism.

Figure 8. The comparison between the electron density of the E region (log scale) between observational data (gray line), and
simulation of MIRE. Blue line refers the simulation with no particle precipitation inclusion, red line refers the particle
precipitation with the parametrization Qo, and orange line the particle precipitation with the parametrization 10 Qo.

Journal of Geophysical Research: Space Physics 10.1029/2024JA033167

RESENDE ET AL. 14 of 17

 21699402, 2024, 11, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2024JA

033167 by C
A

PE
S, W

iley O
nline L

ibrary on [02/12/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



To confirm our hypothesis about the particle precipitation, we included for the first time the flux of energetic
electrons in MIRE based on Fang et al. (2010). We analyzed the variation of the E region electron density in
different scenarios. The first simulation referred to the typical profile of the E region, which showed a maximum
ionization of 103 electrons/cm3 at night. When we added a precipitation flux with the reference value in Fang
et al. (2010) (Qo = 1 erg = 6.242 × 1011 eV), we observed an increase in the E region electronic density at night
hours around 104 electrons/cm3. However, we verified that an additional ionization increases of around 10 times
more that reference value is needed so that the simulation results match the observational data (foE).

Two processes explain the entry of energetic particles into SAMA. One is the collisional process by Coulomb
scattering in which low‐energy particles from the inner belt enter the mirroring points at 100 km. Another process
is the interaction of Hiss‐type magnetospheric waves with electrons, especially those of low energies (0.5 keV to
tens keV), which causes pitch angle scattering, violating the first and/or second adiabatic invariant. Based on the
MIRE simulations, we believed that the entry of particles was due to the mirroring point on the SAMA at a lower
height (collisional process), allowing the interaction with the neutral atmosphere, forming the E region. The fact
that the E region was present means that the ionosphere behaved as if it was daytime, resulting in several phe-
nomena that are atypical for nighttime hours.

The main result in the E region heights in this study was the Esc layer presence at nighttime never seen before in
Digisonde data. The Esc nocturnal development occurred due to the E layer presence. Here, we suggest a new
oscillation over short periods (∼2 hr) that Joule heating may have triggered when particles precipitated in the
ionosphere's height, resembling the auroral zones. As this layer is located above 130 km, it is believed that this
oscillation may have been generated in situ. We showed that short‐period oscillations, in which the wind shear
mechanism could be effective, create a new layer. Furthermore, we observed an anti‐correlation between spread F
and the Esc layer trace that was associated with an increase in the E region conductivity, causing a suppression of
the irregularity.

Finally, the combined results from the model and observational data had the potential to significantly advance our
understanding of the particle precipitation effect over the SAMA region, and the physical mechanism that can be
affected during this strong space weather event. This research could have a profound impact on our ability to
predict and mitigate the effects of such events, making it a crucial area of study for the future.

Data Availability Statement
The Digisonde data from Cachoeira Paulista and São Luís can be downloaded upon registration at the Embrace
webpage from INPE SpaceWeather Program in the following link: http://www2.inpe.br/climaespacial/portal/en/.
The interplanetary medium conditions at the L1 Lagrangian point were obtained from OMNIWeb database in
https://omniweb.gsfc.nasa.gov/index.html. The magnetic indices SME and SYM‐H are available in https://
supermag.jhuapl.edu/indices and https://wdc.kugi.kyoto‐u.ac.jp, respectively.
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