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Equatorial plasma bubbles (EPBs) can lead to signal degradation, affecting the
measurement accuracy. Studying EPBs and their characteristics has gained
increasing importance. The characteristics of EPBs were investigated using the rate
of total electron content (TEC) index (ROTI) maps under different solar and magnetic
activity conditions during two periods: July 2014—July 2015 (solar maximum activity
with F10.7: 145.9 X 1072* W-m=-Hz™) and July 2019—July 2020 (solar minimum activity
with F10.7: 69.7 X 1072 W-m2.Hz™?). We also divided this analysis according to the
magnetic activity levels based on Kp and Dst (disturbance storm time) indices, classified
as follows: quiet+ (Kp <3 and Dst >-30 nT), quiet— (Kp <3 and Dst <-30 nT), disturbed
weak (=50 nT <Dst <-30 nT), moderate (-100 nT <Dst <-50 nT), and intense (Dst
<-100 nT). The ROTI is calculated using the slant TEC with the carrier phase, and its
keograms are used to extract the zonal velocity and distance. Our statistical
investigation shows the occurrence rate, duration, zonal drift velocity, and inter-
bubble zonal distance of EPBs over the Brazilian sector. The latitudinal extension
and zonal drift velocity of EPBs are higher during the solar maximum than those in the
solar minimum. In addition, EPBs are found with unusually long durations, remaining
until the morning (~12 UT), and 10% of EPB observations occurred on the winter
solstice.

KEYWORDS
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Highlights

o ROTI maps were used to study the characteristics of EPBs over the Brazilian sector for
different solar and magnetic activities.

« The magnetic activity was divided according to Kp and Dst indices.

o There are significant differences in the behavior of EPBs between quiet and disturbed
periods and between the solar maximum and minimum.
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1 Introduction

Equatorial plasma bubbles (EPBs) have been extensively studied
globally (e.g., Burke et al, 2004; Nishioka et al., 2008; Kepkar et al,
2020), especially over the Brazilian sector (e.g, Abdu et al, 2003;
Pimenta et al., 2003; Abdu et al., 2009; Paulino et al., 2011; Abdu
et al., 2012; Takahashi et al., 2014; Takahashi et al., 2015). EPBs are well-
known as large-scale ionospheric plasma depletions that occur at the
magnetic equator, elongating along the magnetic field lines (Rishbeth,
2000). The Rayleigh-Taylor instability (RTT) is the main mechanism
that initiates EPBs (Haerendel, 1973; Kelley, 2009), with driving from
the rapid uplift of equatorial F-layer (E x B) perturbations on its bottom
side. These irregularities can cause signal degradation in global
navigation satellite systems (GNSS), such as cycle slips and a loss of
lock, which significantly impact the measurement accuracy.
Consequently, the study of EPBs and their characteristics has
become increasingly important (Ansari et al., 2023).

Studies have focused on investigating the EPB characteristics
(e.g., occurrence rate, duration, zonal drift velocity, inter-bubble
zonal distance, and latitudinal extension) and how they vary
monthly, seasonally, and with solar and magnetic activities (e.g.,
Nishioka et al., 2008; Kumar, 2017; Li et al., 2020; Timogin et al,,
2020). Nishioka et al. (2008) performed an EPB occurrence study
using global positioning system (GPS) receiver data collected from
2000 to 2006. The authors showed that December solstice
occurrences were higher than those at the June solstice over the
Atlantic sector. On the other hand, Li et al. (2020) studied the EPB
occurrence rate in Hong Kong between 2013 and 2019, and they
showed that the most significant occurrence was on the equinoxes.
Similar findings were reported by Kumar (2017) in the Indian sector
and Sun et al. (2016) in the Chinese sector. These authors revealed a
high occurrence of EPBs on equinoxes during both solar maximum
and minimum periods.

The occurrence patterns of EPBs over the Brazilian sector
showed distinct characteristics compared to other regions of the
globe. In general, EPBs in Brazilian stations are observed during
nighttime hours in the summer months and last 4-6 h (Sobral et al.,
2002). Barros et al. (2018) analyzed total electron content (TEC)
maps over the Brazilian sector for the period from 2012 to 2016,
showing that the months between September and March had the
highest number of EPB occurrences. Furthermore, the authors
showed the presence of a latitudinal gradient in both the zonal
drift velocity and inter-bubble zonal distance of EPBs, consistent
with previous studies (Sobral et al., 1981; Pimenta et al., 2003; Barros
et al,, 2018). The zonal drift velocity varies from ~200 m/s at the
equator to ~50 m/s at low latitudes. In comparison, the inter-bubble
zonal distance ranges from ~1,000 to 600 km, from the equator to
30° latitude. In addition, EPBs can exhibit a latitudinal extension
of £35° (Barros et al., 2018).

Another focus is the geomagnetic storm effects on EPB generation
and evolution (e.g., Aarons, 1991; Fejer et al., 1991; Sastri et al.,, 2002;
Abdu et al., 2003; Huang et al., 2005; Tulasi Ram et al., 2008; Wan et al,,
2019; Timogin et al,, 2020; Vankadara et al., 2022). Timogin et al. (2020)
observed the suppression of EPBs during the St. Patrick’s Day
2015 geomagnetic storm in the Indian sector. The authors attributed
that this behavior could be caused by westward disturbance dynamo
electric fields (DDEFs) or eastward prompt penetration electric fields
(PPEFs). They concluded that the electric field induces a downward
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movement of the equatorial F-region at dusk, inhibiting the RTL. A
recent study by Ogwala et al. (2022) about the ionospheric irregularity
characteristics over Nigeria shows that the enhancement or suppression
of ionospheric irregularities during a geomagnetic storm is influenced
by the local time of the sudden storm commencement (SSC),
determining when electric fields penetrate equatorial/low latitudes.
Furthermore, Abdu et al. (2009) observed two different effects of
geomagnetic storms on EPBs in the Brazilian sector, which are as
follows: 1) EPB suppression due to the westward PPEF and 2) EPB
intensification when the polarity of the electric field is eastward,
improving the pre-reversal enhancement (PRE) conditions. During
geomagnetic storms, EPBs can exhibit atypical behavior, with latitudinal
extensions exceeding 40° compared to the geomagnetically quiet periods
(e.g, Huang et al.,, 2007; Cherniak and Zakharenkova, 2016; Li et al.,
2018). These expanded latitudinal extensions imply that the apex height
of EPBs can vary from ~300 to ~2,500 km (Ma et al., 2020). In addition,
Vankadara et al. (2022) studied the evolution and drifting features of
plasma irregularities over India during geomagnetic storms. Their
findings revealed the presence of plasma irregularities at the equator,
which subsequently expanded poleward with a time delay.

The main purpose of this work is to study the occurrence and
characteristics of EPBs, and to compare their variability according to
the solar activity and geomagnetic disturbance levels. Since most
statistical studies analyzed EPBs without implying the geomagnetic
disturbance levels, our analysis contributes to enhancing the
understanding of EPB characteristics in the context of
geomagnetic disturbances and solar activity. The analyzed period
was from July 2014 to July 2015 (solar maximum) and July 2019 to
July 2020 (solar minimum). The rate of TEC index (ROTI) map is
used as a methodology for detecting EPB structures, and keograms
are used to obtain the zonal velocity and distance. Our findings
indicate that the latitudinal extension and zonal drift velocity of
EPBs were reduced during the solar minimum compared to the solar
maximum. Furthermore, this study presents observations of EPBs
exhibiting an atypical behavior during geomagnetically disturbed
periods, including prolonged durations with EPBs persisting into the
morning hours (~12 UT), occurrences of pre-dawn EPBs, and
approximately 10% of EPBs observed on the winter solstice.
Therefore, this paper is organized as follows: Section 2 presents
the methodology used in this work, divided into 1) the dataset and 2)
the ROTI calculation. The results and discussions are presented in
Section 3, which is separated into three topics related to EPB
in Section 4, we summarize the

characteristics. ~ Finally,

conclusions of this work.

2 Methodology
2.1 The dataset

The Brazilian network for continuous monitoring of the GNSS
systems (RBMC), as shown in Figure 1, was used to estimate the
ROTT over the Brazilian sector. Furthermore, the Kp and Dst indices
are both measures used to quantify the level of magnetic activity or
disturbances in the Earth’s magnetosphere. The Kp index is a global
geomagnetic activity index that provides a measure of the average
disturbance level of the Earth’s magnetic field over a specific time
interval. It ranges from 0 to 9, where values from 0 to 3 indicate quiet
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FIGURE 1

Location of the Brazilian network for the continuous monitoring of the GNSS (RBMC). The red line is the magnetic equator for the year 2015 ata 350-

km altitude.

TABLE 1 The quiet category is subcategorized into quiet+ and quiet— periods,
and the disturbed category is subcategorized into weak, moderate, and
intense periods, where they are established according to Kp and Dst indices.

Category Subcategory Kp Dst (nT)
Quiet+ Kp <3 Dst >-30
Quiet
Quiet— Kp <3 Dst <-30
Weak Kp >3 —-50 <Dst <-30
Disturbed Moderate Kp >3 —100 <Dst <-50
Intense Kp >3 Dst <-100

periods, while values from 4 to 9 represent disturbed periods (e.g.,
Fejer etal,, 1991; Liu et al., 2018). On the other hand, the Dst index is
a measure of the strength and intensity of geomagnetic storms that
occur in the Earth’s equatorial region. It is commonly used to
distinguish different levels of geomagnetic storm activity (e.g.
Gonzalez et al., 1994).

The datasets were further subdivided according to the level of
magnetic activity into quiet (Kp <3) and disturbed (Kp >3) periods,
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considering their hourly average. The quiet period was subdivided into
quiet+ (Kp <3 and Dst >-30 nT) and quiet— (Kp <3 and Dst <—30 nT)
periods. The disturbed period was categorized into 1) weak
(=50 nT <Dst <-30 nT), 2) moderate (—100 nT <Dst <-50 nT), and
3) intense (Dst <—100 nT), according to Gonzalez et al. (1994). All
categories are summarized in Table 1.

Furthermore, the characteristics of EPBs are presented as a
function of the solar cycle. The data collected between July
2014 and July 2015 (F10.7: 145.9 x 107> W-m >Hz ') represent
the solar maximum activity, while the period between July 2019 and
July 2020 (F10.7: 69.7 x 107>* W-m >Hz") represents the solar
minimum activity.

2.2 The ROTI calculation

In this work, we use ROTI maps to detect EPBs. We used the
slant TEC (STEC) to obtain the ROTI calculated using the carrier
phase (Eq. 1). Carrier phases are obtained from the receiver-
independent exchange format (RINEX) file for
satellite-GNSS receiver pair, with a 15-s sampling interval.

each
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(A) ROTI map on the IPP, at 01:00 UT on 14 January 2015, and (B) same ROTI map using the interpolation method.

L L\ fif; ¢
STEC = 2-2 °
<f1 fz) F-fK M

where the frequencies f; and f, are 1575.42 and 1227.60 MHz,
respectively. Ly and L, are the phase measurements corresponding
to f1 and f,, K is 40.3 m*/s>, and c is the speed of light. Only
elevation angles greater than 30° were computed.

After that, the rate of TEC (ROT) is found by the STEC
difference between two measurements (ASTEC) divided by the

time difference in the same interval (At).

_ ASTEC

ROT
At

)

This calculation is performed for each pseudorandom noise
(PRN) separately. Following this, we performed a detrended ROT
for 30s.

The standard deviation of the detrended ROT is the ROTI, given
by Eq. 3 (Pi et al., 1997). The ROTI time resolution is 5 min.

ROTI = \/< detrended (ROT)?* > — <detrended (ROT)>2. (3)

The ROTI has a scale length of approximately 6 km, which is
widely accepted for EPB detection as in most cases, a single EPB
can extend up to 5° (~600 km) in longitude and 20° (~2,200 km)
in latitude (Barros et al., 2018). ROTI maps are generated every
10 min. Figure 2 shows the ROTI map at the ionospheric piercing
point (IPP) height of 350 km for each PRN (Figure 2A) and
interpolated to cover the entire Brazilian sector (Figure 2B).
Interpolation is performed for 1 x 1 element, corresponding
to 0.5° x 0.5° observation cells in the latitude and longitude. If no
data cover this area, the cell is resized for 3 x 3 elements,
corresponding to 1.5° x 1.5°. This method is applied in up to
21 x 21 elements corresponding to 10.5° x 10.5° (Takahashi et al.,
2016).

Frontiers in Astronomy and Space Sciences

The characteristics of EPBs were studied using the ROTI
keogram methodology, as described in previous studies (e.g.,
Buhari et al,, 2015; Buhari et al., 2017). The ROTI keogram is a
ROTI data collection displayed as a geographic longitude vs. the
universal time (UT) diagram, as shown in Figure 3A. The method to
obtain the keograms is based on the fixed geographic latitudes in
ROTI maps. The fixed geographic latitudes considered were 0°S, 5°S,
10°S, 15°S, 20°S, 25°S, 30°S, and 35°S, as shown in Figure 3B.

Figure 3A shows a sequence of ROTI maps, while Figure 3B
shows elongated structures propagating eastward, which are
identified as meridionally oriented EPBs at each fixed latitude.
Thus, with the detection of these structures, it becomes feasible
to calculate the zonal distance between two structures (dg) and the
zonal drift velocity (vg), given by the line passing through the middle
of each structure, according to Eqs 4, 5:

dg = Lon, — Lon; (4)
and
L — L
v = e (5)
-4

where Lon is the longitude and ¢ is the time.

The zonal distance and zonal drift velocity calculation
methodology were validated in previous works using TEC and
ROTI keograms (e.g., Buhari et al., 2014; Barros et al., 2018).

Finally, some procedures were established to consider the
structures observed as EPBs:

a) The ROTI must present values greater than 1 TECU/min (e.g.,
Zakharenkova and Cherniak, 2021).

b) The duration must be longer than 1h (e.g., Barros et al,, 2018).

c) The detected structure must be well-defined, with elongations
greater than 10° latitude (e.g., Barros et al., 2018).
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(A) Sequence of ROTI maps from 21 to 08 UT on 13 and 14 January 2014, and (B) ROTI keograms for fixed geographic latitudes of 0°S, 5°S,

10°S, 15°S, 20°S, 25°S, 30°S, and 35°S.

3 Results and discussions

3.1 Characteristics of EPBs observed in the
quiet period

In this analysis, a total of 231 days were identified as the quiet

period (Kp <3) at the solar maximum, with 106 days (45.9%) exhibiting
EPB occurrences. During the solar minimum, 330 quiet days were
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observed, with 156 EPB detections (47.3%). Figure 4 shows the
occurrence rate for (a) the solar maximum activity (red scale) and
(b) the solar minimum activity (blue scale) in this period. The y-axis
shows the month of observation, and the x-axis refers to UT. The black
dotted vertical lines are the dusk and dawn terminators at an altitude of
350 km (the same as the IPP height).

It should be noted that in Figure 4, EPB occurrences were more
frequent during the solar maximum than those in the solar
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minimum, as expected from the findings of previous studies (Basu
et al,, 2002; Xiong et al., 2010; Kumar, 2017). The peak occurrences
were between October and March, from 22 UT to 5 UT (Sobral et al.,
2002; Barros et al., 2018), in both solar activities. The seasonal
pattern also shows a good agreement with the seasonal variation
found in the literature (Burke et al., 2004; Barros et al., 2018; Kepkar
et al,, 2020). The observed seasonality has been attributed to the
seasonal variation of the PRE, which controls EPB generation and
development (Abdu et al., 1981; Tsunoda, 1985; Sobral et al., 2002).
This enhancement happens when thermosphere winds interact with
the ionospheric conductivity along the sunset terminator. The
geomagnetic field declinations can affect the PRE and EPB
seeding. Specifically, the geomagnetic field declination over the
Brazilian region is higher (~20°W) than that in other locations,
creating different seasonal conditions (Abdu et al., 1981; Sobral et al.,
2002). Tsunoda (1985) demonstrated that the geomagnetic
declination influences the seasonal patterns of irregularity
occurrence globally, using data from radio-wave scintillation. The
authors found that the influence of the geomagnetic declination and
geographic latitude of the dip equator governs the seasonal variation.
They observed that the highest scintillation occurrences are on the
December solstice as the negative (westward) declination increases
in the American-African region. Similarly, the highest scintillation
occurrences are observed in the June solstice in the Indian-Pacific
region, which appears to be connected to a corresponding gradual
rise in the positive (eastward) declination.

To discuss the differences between solar activity, we divided the
analysis into quiet+ (Kp <3 and Dst >-30nT) and quiet—
(Kp <3 and Dst <-30nT) periods, as mentioned previously.
Figure 5 shows a histogram of the number of EPB occurrences
for quiet+ (left side) and quiet— (right side) periods by fixed
geographic latitudes (0°S, 5°S, 10°S, 15°S, 20°S, 25°S, 30°S, and
35°S) (Figure 5A). Figure 5B shows the mean values of the zonal
drift velocity (vg) for the eight fixed latitudes, and Figure 5C refers to
the number of measurements available for distance calculations. It is
important to mention that each distance measurement requires at
least two structures. Lastly, Figure 5D shows the mean value of the
zonal distance between two structures (dy) for the fixed latitudes.
Error bar sizes in Figure 5 represent the standard deviation. The red
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bars represent the analysis during the solar maximum, and the blue
bars refer to the solar minimum. The black lines represent a linear
fitting, from which a zonal drift latitudinal gradient (Vvg) and a
zonal distance gradient (Vdg) were calculated (Barros et al., 2018).
Additionally, in this figure, we present the regression equations that
demonstrate the zonal distance gradient and the zonal drift velocity
latitudinal gradient, obtained from the slope of the linear equation.

It should be noted that the EPB occurrence number was
smaller during the solar maximum at 0°S, 5°S, 10°S, and 15°S and
was higher at 20°S, 25°S, 30°S, and 35°S (Figure 5A, in quiet+). In
general, on the quiet— period, we almost notice the same behavior
for the quiet+ period concerning the EPB’s number of
occurrences for the quiet— period, which is characterized to be
higher during the solar maximum (Figure 5A, in quiet-).
Figure 5B shows that the vg value was higher during the solar
maximum than the solar minimum, and in both cases, this
parameter decreased with the latitude. The dp value also
decreased with the latitude (Figure 5D).

Regarding the zonal drift velocities of EPBs, we noticed that they
were higher in the solar maximum than that in the solar minimum.
Our results are consistent with the literature. Paulino et al. (2011)
studied the EPB zonal drift velocity in a quiet period using airglow
images in Sdo Jodo do Cariri (7.4°S and 36.5°W) from September
2000 to April 2007. The authors showed that EPB zonal drift
velocities were higher during the solar maximum (~60 m/s) than
those during the solar minimum (~30 m/s).

3.2 Characteristics of EPBs observed in the
disturbed period

In this analysis, 165days were considered geomagnetically
disturbed (Kp >3) at the solar maximum, with 112 days with
EPBs (67.9%). Furthermore, 66 disturbed days at the solar
minimum with 37 EPB detections (56.1%) were observed. By
comparing these results with the geomagnetically quiet period
presented in Section 3.1, it can be highlighted that the percentage
of EPB occurrences was higher in the geomagnetically disturbed
period. In this context, it is important to mention that the number of
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EPBs data analysis corresponding to the quiet+ (left side) and quiet— (right side) periods in the solar maximum (red) and the solar minimum (blue). (A)

and (C) show the number of EPB occurrences and distance measurements, respectively. (B) and (D) show the mean values of v¢ and dg for 0°S, 5°S, 10°S,
15°S, 20°S, 25°S, 30°S, and 35°S. Error bars represent the standard deviation, and the black lines represent a linear fitting. The regression equations for the
solar maximum are represented in red and those of the solar minimum are given in blue.

quiet days (231 days) exceeds the number of disturbed days
(165 days).

Figure 6 shows the occurrence rate of EPBs for (a) the solar
maximum activity (red scale) and (b) solar minimum activity (blue
scale) periods in geomagnetically disturbed conditions (Kp >3). The
y-axis shows the month of observation, and the x-axis refers to the
time in UT. The black dotted vertical lines are the dusk and dawn
terminators at the 350-km altitude. In this figure, it is possible to
notice that the highest occurrence rate was between October and
March, from 22 UT to 6 UT, 1h longer than the quiet period.
Additionally, we observe three uncommon findings: 1) the pre-dawn
EPB occurrence (e.g., on May 2015 at 07 UT, on February 2015 at
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08 UT, and on July 2015 at 08 UT); 2) 10% of EPBs occurred on the
winter solstice (e.g., May, June, and July 2015); and 3) the EPBs
presented longer durations (e.g., on May 2015, EPBs last until
12 UT). In some cases, EPBs crossed the dawn terminator line
(e.g., January, February, May, and July 2015, and October 2019).
The occurrence of pre-dawn EPBs during both solar maximum
and solar minimum activities, as depicted in Figure 6, highlights the
unusual behavior in their generation. As mentioned previously,
during disturbed periods, EPBs can be suppressed, intensified,
and generated in unusual times [e.g., pre-dawn (Su et al., 2009;
Sripathi et al., 2018; Carmo et al., 2022a; Carmo et al., 2022b)]. The
pre-dawn EPBs are supposed to be caused by three different
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Similar to Figure 4, but during the disturbed period (Kp >3). EPB occurrences for the period of (A) solar maximum are represented in red (from July
2014 to July 2015) and those of (B) solar minimum are represented in blue (from July 2019 to July 2020).
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generation mechanisms: 1) PPEF (Su et al., 2009), 2) DDEF (Carmo
et al.,, 2022a; Carmo et al., 2022b), and 3) both PPEF and DDEF
(Sripathi et al., 2018). These mechanisms could trigger the RTT and
generate EPBs in the pre-dawn hours.

Another characteristic is that 10% of EPB occurrences were in
winter during the disturbed periods, which is proportional to the
quantity of geomagnetic storm occurrence in winter during the
analyzed year. Sobral et al. (2002) also found that the EPB
occurrence rate was 10% during winter months. They attributed
this behavior to the electric field direction associated with either
PPEF or DDEF, which facilitates RTT development (Sobral et al.,
2002). In addition, the last unusual occurrence in this analysis,
concerning EPBs’ long duration, was attributed to the delay in the
emergence of the E-layer after sunrise, as explained by Carmo et al.
(2022b).

As mentioned previously, to further investigate the
characteristics of EPBs during geomagnetic storms, we divided
them according to their disturbance level: weak (left panel),
moderate (middle panel), and intense (right panel) of
Figure 7. Figure 7A corresponds to the EPB structure’s
number of occurrences by fixed geographic latitudes (0°S, 5°S,
10°S, 15, 20°S, 25°S, 30°S, and 35°S). Figure 7B shows the mean
values of vg for the eight fixed latitudes. A histogram of the
number of measurements available for distance calculations is
present in Figure 7C. Each distance measurement requires at least
two structures, which results in alower number of measurements.
Figure 7D shows the mean value of dg for the fixed latitudes.
Error bars in this figure represent the standard deviation. The
black lines represent a linear fitting, from which a zonal drift
latitudinal gradient (Vvg) and a zonal distance gradient (Vdg)
were calculated. Additionally, in this figure, we also provide
regression equations.

The number of occurrences (Figure 7A) and measurements
(Figure 7C) are higher at the solar maximum than at the solar
minimum, where no irregularities were detected at the solar
minimum in the intense period. Furthermore, the largest
number of observations is between 10°S and 15°S. Figures 7B,
D show that vg and dg decrease with the latitude in all cases.

Additionally, Sobral et al. (2002) showed that the EPB
occurrence rate at the solar maximum is ~80% higher than
that at the solar minimum, which also agrees with the results
presented in this study. We can observe quantitative differences,
such as the fact that the EPB occurrence at the solar maximum is
approximately three times greater than that at the solar
(2002)
occurrences of EPBs detected by the defense meteorological
satellite program (DMSP) satellites in the solar minimum may

minimum. Huang et al suggest that the lower

be related to low levels of electric fields in the equatorial
ionosphere. The authors showed evidence that the electric
fields in the ionosphere and magnetosphere were decreased
during the solar minimum. The authors identified three
factors that contribute to a higher occurrence of EPBs during
the solar maximum: 1) the extension of the effects of the dayside
dynamo into the ionosphere after sunset (Eccles, 1998), 2) the
uplift of the F-layer in the evening sector caused by gravity waves
(Kelley and Larsen, 1981), and 3) the expansion of the system of
the Hall current toward lower magnetic latitudes (Wilson et al.,
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2001). The evidence presented by Huang et al. (2002) supports
the results shown in Figure 7.

3.3 Comparison of the characteristics of
EPBs at all geomagnetic activity levels

Figure 8 summarizes the result presented in Section 3. This
figure shows (Figure 8A) the EPB mean values of the zonal drift
velocity vg and (Figure 8B) the mean values of the zonal distance
between two structures dg for 0°S, 5°S, 10°S, 15°S, 20°S, 25°S, 30°S, and
35°S. This result is presented for each magnetic activity intensity,
quiet+ (blue), quiet— (green), disturbed weak (yellow), moderate
(red), and intense (dark red) periods. The solid lines correspond to
the solar maximum, and the dotted lines, to the solar minimum.

It should be noted that the vy value presents higher values in
the solar maximum than the solar minimum. In general, the vg
value varies between ~120 and ~130 m/s in the solar maximum
and between ~100 and ~108 m/s in the solar minimum at the
equatorial region (5°S). At low latitudes, the vg values are
~120m/s in the solar maximum and ~90 m/s in the solar
minimum at a low latitude (20°S). Sarudin et al. (2020)
showed that the EPB zonal drift velocity increases with the
solar activity. The authors explained that the F-region dynamo
is fully activated during the solar maximum as the increased
plasma density leads to greater pressure gradients caused by solar
heating, resulting in intensified winds. On the other hand, the
dynamo is not fully activated due to a lower plasma density
during the solar minimum. Consequently, the EPB zonal drift
velocity is expected to be greater during the solar maximum, and
it is in agreement with this work.

The dg value of EPBs exhibits similarities between the solar
maximum and minimum, from 10°S to 20°S. In general, dg and vg
values decrease with the increasing latitude. Barros et al. (2018)
studied the EPB occurrence from 2012 to 2016, without
distinguishing between the geomagnetically quiet and disturbed
periods. The authors observed that, on average, EPBs had
distances between two consecutive structures of ~920 km and a
zonal drift velocity of ~123 m/s, which is consistent with the results
presented in this work. Moreover, to illustrate the characteristics of
EPBs at different levels of magnetic activity, we provide some case
examples in Table Al in the Appendix.

Additionally, Table 2 provides the gradients, Vvg and Vdg;
the number of measurements for vg and dp in the solar
maximum; and the minimum for each correspondent of the
magnetic activity levels.

Table 2 shows that, on average, the Vvg value was ~4 m/s per
degree in the solar maximum, with the exception of the quiet—
period. The Vvg value was ~7 m/s per degree during the quiet period
in the solar minimum, being very different in disturbed periods (3
and 1 m/s per degree). The latitudinal variation presented agrees
with the analyses performed by Barros et al. (2018). These variations
were associated with latitudinal gradients in the zonal neutral wind
velocity (e.g., Sobral and Abdu, 1991; Martinis et al.,, 2003). We
emphasize that between 20°S and 25°S, in Figures 5, 6, 8, there is an
increase in vg at the solar maximum, resulting in the linear fitting
falling more slowly than at the solar minimum.
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TABLE 2 Gradient (Vv and Vd¢) and the number of measurements for v¢ and d¢ during the solar maximum and minimum in the quiet+, quiet—, weak, moderate,

and intense periods.

Vve (m/s/’) Vde (km/°) Number vg Number dg
Quiet+ 4 39 1,313 824
Quiet— 1 46 418 272
Solar maximum
Weak 4 29 1,331 835
Moderate 4 23 402 239
Intense 4 30 34 25
Quiet+ 8 80 1,426 790
Quiet— 7 127 227 109
Solar minimum
Weak 3 74 89 49
Moderate 1 — 5 2
Intense — — — —
Additionally, the EPB had a smaller latitudinal extension at the ~ proportional to the magnetic intensity. The exception

solar minimum than the solar maximum. Kepkar et al. (2020)
showed that the EPB latitudinal extension is strongly dependent
on the PRE, which will cause large magnitudes in the vertical drift of
the plasma in periods of the solar maximum. This explains what we
see in our results; the apex height that the EPBs reach will be smaller
and will, consequently, reach smaller latitudinal distances than the
solar maximum.

On average, the Vdg value was ~33 km per degree in all
analyzed cases during the solar maximum. The Vdg value was
more pronounced during the solar minimum, with a greater value
on the quiet— period (127.3 km per degree). The number of
measurements for vg and dg were significantly reduced at the
solar minimum, except for the quiet+ period, which was 7%
larger at the solar minimum than at the solar maximum.

Figure 8A shows that the vg value in the quiet+ (blue) and
quiet— (green) periods presented a similar value, from 0°S to
25°S. In the solar maximum, the vg value is inversely
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behavior is related to the intense disturbance (dark red),
which had the highest velocity compared to the others. We
believe that during intense events, the PPEF and DDEF are
present, which can affect vg, making it difficult to attribute a
trend in relation to the magnetic intensity.

In summary, this analysis reveals that all the magnetic activity
intensities analyzed, i.e., quiet+, quiet—, disturbed weak,
moderate, and intense, exhibited a decrease in both the
latitudinal and the zonal drift velocity gradients. More studies
are necessary to deepen our understanding of the mechanism
driving these observations.

4 Conclusion

This study provides several advances regarding the occurrence
and characteristics of EPBs during different solar activity periods
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and magnetic disturbances levels. These advances are listed as
follows:

1. Identification of the peak occurrence period: the highest
occurrence rate of EPBs was between October and March,
from 22 UT to 05 UT in both the solar maximum and
minimum, due to the influence of the geomagnetic declination
and geographic latitude of the dip equator in the Brazilian region.
The same behavior occurred in quiet and disturbed periods.
However, during the disturbed period, it was observed that EPBs
lasted 1 h more in their duration (from 22 UT to 06 UT) due to
the effects of electric fields from disturbed periods.

2. Duration of EPBs: in the disturbed period, the EPB occurrence
rate was 10% in the winter solstice. In the same period, we
observe EPBs with a long duration, remaining in the morning
(~12 UT). This behavior is attributed to the geomagnetic storm
effects.

3. Higher occurrence of EPBs in the disturbed period: the
occurrence of EPBs was 11.8% more at the solar maximum
than that at the minimum. This is attributed to electric fields
in the ionosphere.

. Latitudinal extension: during the solar minimum, the latitudinal
extension of EPBs was smaller than that of the solar maximum,
which can be attributed to the fact that EPBs reached a lower apex
height during this period.

5. Higher v at the solar maximum: the EPB zonal drift velocity was
higher during the solar maximum than that during the solar
minimum, and this was attributed to intense winds in this
period. On average, the Vvp value was ~4 m/s per degree during
the solar maximum. However, during the solar minimum, the Vvg
value was ~7 m/s per degree during quiet periods and showed a
significant difference between disturbed periods (3 and 1 m/s per
degree).

. Pronounced Vdp value at the solar maximum: at the solar
maximum, the Vdg value was ~33 km per degree in all the
analyzed cases. However, at the solar minimum, the Vdg value
was the most pronounced, with a greater value on the quiet—
period (127 km per degree).
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TABLE A1 Examples at different levels of magnetic activity, including the date, magnetic activity level, minimum Dst value for the day, maximum Kp, average of vg,

standard deviation of v¢, average of dg, and standard deviation of dg, respectively.

Date Level Min Dst (nT) Max Kp Ve average (m/s) Std vg dr average (Km) Std dg
03/11/2014 Quiet+ -7 2 139.1 17.9 767.7 279.1
13/02/2015 Quiet+ -16 1 1436 18.5 852.3 204.1
30/01/2015 Quiet— -33 3 137.4 8.9 944.2 317.1
27/10/2014 Weak -49 4 129.7 202 7447 300.9
29/03/2015 Weak -40 4 96.9 27.2 684.2 107.9
23/12/2014 Moderate -57 4 109.5 205 665.2 1735
01/03/2015 Moderate -56 53 109.6 18.6 8172 266.4
17/03/2015 Intense -234 7.7 120.4 9.9 786.9 183.4
26/12/2019 Quiet+ -6 23 101.7 20.2 911.7 4235
11/02/2020 Quiet+ -9 3 120.0 9.7 857.6 1418
20/03/2020 Quiet— -32 27 99.3 21.1 — —
26/10/2019 Weak —40 4.7 91.6 35.4 748.6 221.0
27/10/2019 Weak -35 4 102.8 323 8322 304.7
18/02/2020 Moderate -52 37 110.3 265 931.4 194.9
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