
1. Introduction
Equatorial plasma bubbles (EPBs) are large-scale irregularities that occur during nighttime in the F region of the 
equatorial ionosphere (for example, Abdu, Batista, et al., 2009; Huang et al., 2013; Pimenta et al., 2003; Sahai 
et al., 1994; Sobral et al., 1981; Tsunoda & Livingston, 1982). Equatorial plasma bubbles are characterized as a 
decrease of the ionospheric plasma density. Around the sunset time, the pre-reversal enhancement of the electric 
field (PRE) (Rishbeth, 2000) causes a rapid uplift of the equatorial F-layer, originating in its bottom-side a large 
density gradient. Under this condition, the F region bottom-side becomes unstable and EPBs can be generated by 
the Rayleigh–Taylor instability (RTI) (Haerendel, 1973; Kelley, 2009). However, the RTI needs a perturbation 
such as atmospheric gravity waves (GWs) (Abdu, Kherani, et al., 2009; Fagundes et al., 1995; Hysell et al., 1990; 
Woodman & LaHoz, 1976) or large-scale wave structures (LSWSs) (Thampi et al., 2009; Tsunoda, 2006; Tulasi 
Ram et al., 2012, 2014) to be initiated.

The general features of EPBs have been extensively investigated using both ground- and space-based obser-
vations (Abdu et al., 1983, 1991, 2003, 2012; Abdu, Batista, et al., 2009; Abdu, Kherani, et al., 2009; Arruda 
et al., 2006; De Rezende et al., 2007; Huang et al., 2002, 2013; Magdaleno et al., 2017; Makela et al., 2004; 
Maruyama, 1984; McNamara et al., 2013; Muralikrishna et al., 2007; Park et al., 2015; Paulino et al., 2011; 
Pimenta et al., 2003; Takahashi et al., 2014, 2015, 2016, 2018; Tsunoda, 1981). However, only a limited number 
of studies have been carried out regarding to EPBs meridional (north-south) development observations. Using 
OI630 nm airglow all-sky imagers at geomagnetically conjugate sites, Otsuka, Shiokawa et al. (2002) showed that 
EPBs are highly symmetric with respect to the geomagnetic equator. The observations were conducted at Sata 
(31°N, 130.7°E; MLat: 24°N), Japan, and Darwin (12.4°S, 131°E; MLat: 22°S), Australia, which allowed them to 
investigate fossil EPBs. Sobral et al. (2009) studied the evolution and developed stages of EPBs using geomagnet-
ically conjugate observations during the conjugate point equatorial experiment (COPEX) campaign (Abdu, Bati-
sta, et al., 2009). They used OI630 nm airglow all-sky imagers at Boa Vista (2.8°N, 60.7°W; MLat: 9.6°N) and 
Campo Grande (20.5°S, 54.7°W; MLat: 13.6°S). The authors showed that EPBs were symmetric and aligned with 
the geomagnetic field lines, indicating that the zonal (west-east) wind effect during the eastward motion of the 
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plasma is an integrated effect along the flux tube. Since the polarization electric field produced inside the EPBs 
maps simultaneously to both hemispheres along the geomagnetic field lines (Mendillo & Baumgardner, 1982; 
Kelley, 2009), we should expect highly symmetric EPBs. On the other hand, Su et al. (2006) and Sidorova (2021) 
using ISS-b (∼972–1220 km altitude), ROCSAT-1 (∼600 km altitude), and AE-E (∼300–475 km altitude) satel-
lites data analyzed the latitudinal distributions of the EPBs during periods of moderate to high solar activity. 
Both studies reported a clear inter-hemispheric asymmetry during equinoxes and solstices periods. In addition 
to that, Sau et  al.  (2017) showed an asymmetric EPB using OI630 nm airglow all-sky images at Tirunelveli 
(8.7°N, 77.8°E; MLat: 1.7°N) and Kolhapur (16.7°N, 74.3°E; MLat: 11.5°N) on Saint Patrick's Day geomagnetic 
storm of 2015 (17 March). The asymmetry was related to a decay in the polarization electric field within the 
EPB. However, the authors focused on small structures such as bifurcation (Shiokawa et al., 2004; Yokoyama 
et al., 2014) within the EPB.

In this paper, we report EPBs meridional (north-south) development observations using detrended total electron 
content (dTEC) plots over the Brazilian sector. Four global navigation satellite systems (GNSS) receivers located 
along the same magnetic meridian were used to calculate the dTEC plots. 655 nights with EPBs occurrence were 
analyzed. On some nights, EPBs presented an apparent asymmetry with respect to the geomagnetic equator. 
Therefore, we present the general characteristics of these asymmetries and discussions about possible causes.

2. Observations
Each global positioning system (GPS) satellite at an altitude of 20,200  km transmits a dual-frequency radio 
signals (f1 = 1575.42 MHz and f2 = 1227.60 MHz), which allow us to calculate the slant TEC (STEC). The STEC 
is the number of electrons integrated between GPS satellite and the ground-based dual-frequency GNSS receiver 
along a column of 1 m squared cross section. Each satellite transmits a pseudorandom noise (PRN) for its iden-
tification. Each frequency (f1 and f2) provides both phase delay (Φ1,2) and pseudo-range (P1,2). Φ1,2 and P1,2 are 
proportional to STEC. A nanosecond delay corresponds to 2.852 TEC units (TECU) and a TECU corresponds to 
1 × 10 16 electrons/m 2. The relative STEC (STECR) can be obtained from the STEC calculated using both phase 
delay (STECΦ) and pseudo-range (STECP) as follows.

𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑅𝑅 = 𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆Φ + ⟨𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑃𝑃 − 𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆Φ⟩. (1)
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In Equations 2 and 3, b1,2, m1,2, ξ1,2, λ1,2, and N1,2 are the hardware delays, the error due to multipath, the error due 
to noise, the phase wavelength, and phase ambiguities, respectively (Coco et al., 1991; Dear & Mitchell, 2006; 
Mannucci et al., 1998; Otsuka, Ogawa, et al., 2002; Sardon & Zarraoa, 1997). The vertical component of STECR 
(TECR) is calculated by multiplying the STECR by a slant factor (S), that is, TECR = S × STECR. S is the ratio 
between the path length of the ray signal within the ionosphere and the thickness of the ionosphere. The TECR 
error increases with the slant factor. Therefore, only GPS satellite elevation angles greater than 30° are computed 
in TECR (Barros et al., 2018; Otsuka, Ogawa, et al., 2002; Takahashi et al., 2016). The TECR is calculated for each 
pair GPS satellite-GNSS receiver with a sampling interval of 30 s.

2.1. EPBs Detection

Equatorial plasma bubbles cause severe scattering and diffraction on GNSS signal, resulting in rapid random 
fluctuation in TECR (Basu et al., 1999; de Jesus et al., 2020; Doherty et al., 1994). These rapid random fluctu-
ations can be used to detect EPBs signature by calculating the dTEC. The dTEC is calculated subtracting the 

𝐴𝐴 𝑇𝑇𝑇𝑇𝑇𝑇𝑅𝑅 trend (1 hr running average) from the TECR(t) (Figueiredo, Wrasse, et al., 2017; Figueiredo et al., 2018; 
Tsugawa et al., 2006, 2007) as follows.
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𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑(𝑡𝑡) = 𝑑𝑑𝑑𝑑𝑑𝑑𝑅𝑅(𝑡𝑡) − 𝑑𝑑𝑑𝑑𝑑𝑑𝑅𝑅(𝑡𝑡 ± 30min). (4)

In this work, EPBs are defined as a dTEC oscillations with amplitudes larger than ±1 TECU. The threshold 
of ±1 TECU was chosen to avoid the influence of other disturbances such as medium- and large-scale trav-
eling ionospheric disturbances. Similar methodology has been described by Haase et  al.  (2011), Takahashi 
et al. (2015, 2018, 2021), Li et al. (2020), and Tang et al. (2020). Figure 1 shows examples of nights with (a and 
b) and without (c and d) EPBs occurrence.

Figure  1a presents the EPBs occurrence on the night of January 16 to 17, 2015. TEC Maps (upper panel), 
OI630 nm unwarped images (second panel), ionograms (third panel), dTEC GPS tracks (forth panel), and dTEC 
time series (bottom panel) are presented. The geographic and geomagnetic coordinates of the instrumentation 
used in this work are listed in Table 1. The geomagnetic coordinates were obtained by International Geomagnetic 
Reference Field 2012 (IGRF12) (Thébault et al., 2015).

TEC Maps, OI630  nm images, and ionograms are for the times around 23:10 UT (Universal Time  =  Local 
Time + 3h, at 45° W), 00:50 UT, 01:40 UT, and 05:10 UT. OI630 nm images and ionograms were measured by 
an all-sky imager and a Digisonde Portable Sounder-4 (DPS4), respectively. Both instruments are localized at Boa 
Vista (BV). In the TEC Maps, the vertical low TEC belts (black arrows) are most likely EPBs signatures (Barros 
et al., 2018; Takahashi et al., 2014, 2016, 2018). Same EPBs signatures can be seen in the BV OI630 nm images and 
BV ionograms as a dark bands (Otsuka, Shiokawa, et al., 2002; Sobral et al., 2009; Takahashi et al., 2015; Wrasse 
et al., 2021) (red arrows) and a spread-F (Abdu, 2016; Agyei-Yeboah et al., 2021; Tulasi Ram et al., 2008) (red 
arrows), respectively. The dTEC GPS tracks are for the PRNs 14, 23, 31, and 32 at sub-ionospheric point (SIP). The 
SIP indicates the place where the signal of the GPS satellite crosses the ionospheric F-layer at an altitude of 350 km 
(Haase et al., 2011). The color shades indicate the amplitude of dTEC oscillations. The green arrows indicate the 
absence of EPBs and the red arrows indicate the presence of EPBs. The dTEC time series is the period from 20:00 
UT to 09:00 UT. It was considered all PRNs (26 PRNs) inside the BV OI630 nm field of view.

At 23:10 UT, no EPB occurrence is seen near BV in the TEC Map, BV OI630 nm images, BV ionograms, and 
dTEC. On the other hand, at 00:50 UT, 01:40 UT, and 05:10 UT we can clearly see the presence of EPB in the 
BV OI630 nm images, BV ionograms, and dTEC. The dTEC is able to detect EPB occurrence from the onset time 
until their disappearance and a wide spectrum of EPB scale size. Large dTEC fluctuations indicate strong EPB 
growth (at 00:50 UT and 01:40 UT), while small dTEC fluctuations indicate weak EPB (at 05:10 UT). Moreover, 
dTEC shows a good agreement with EPBs time occurrence reported in the literature, starting around sunset time 
and lasting several hours (de Jesus et al., 2020; Makela et al., 2004). The dTEC GPS tracks also seemed to agree 
with BV OI630 nm images about EPB localization.

Although the TEC Maps clearly show the presence of EPBs in the southern part of Brazil, no EPB can be seen in 
the TEC Maps near BV. TEC Maps are based on GNSS receivers' distribution. The majority of GNSS receivers is 
located in the southern part of Brazil. The GNSS receivers' distribution in the northern part of Brazil, especially 
in the Amazon region, are very few. In order to compensate for the lack of data, TEC is smoothed temporally. In 
general, the spatial resolution is ∼50 km in the southern part of Brazil and larger than 500 km in the northern part 
(Takahashi et al., 2016). TEC Maps' spatial resolution does not allow us to identify the EPBs occurrence in the 
northern part of Brazil, especially in the northern side of geomagnetic equator.

Figure 1b presents the comparison between TEC Maps, BV OI630 nm images, BV ionograms, dTEC GPS tracks, 
and dTEC time series on the night of January 17 to 18, 2015. It clearly shows the EPBs occurrence at 00:00 
UT, 02:40 UT, and 03:40 UT. Figure 1c and 1d are typical examples of nights with no EPB occurrence. Note 
that the dTEC time series presented small oscillations that may be associated to other disturbances (Figueiredo 
et al., 2018; Takahashi et al., 2018, 2021), but no oscillation was larger than ±1 TECU. The good agreement 
between TEC Maps, BV OI630 nm images, BV ionograms, and dTEC confirms that the dTEC is able to monitor 
the EPBs in high spatial and temporal resolution.

2.2. dTEC Analysis

Four GNSS receivers have been used to calculate dTEC and then monitor the EPBs meridional development 
along the same magnetic meridian. The GNSS receivers are located at Boa Vista (BOAV), Itacoatiara (ITAM), 
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Figure 1. Examples of nights with (a–b) and without (c–d) equatorial plasma bubbles (EPBs) occurrence. In the total electron content (TEC) Maps, the red line, dashed 
black line, white dot, and the white box represent the geomagnetic equator (at 350 km altitude), solar terminator (at 350 km altitude), Boa Vista (BV) all-sky imager 
localization, and BV all-sky imager field of view, respectively. The black (TEC Maps) and red arrows (BV OI630 nm images, BV ionograms, detrended total electron 
content (dTEC) global positioning system (GPS) tracks, and dTEC time series) indicate EPBs signatures. The green arrows (dTEC GPS tracks and dTEC time series) 
indicate no EPB occurrence. In the dTEC GPS tracks, the start and end time of the observations are marked near the GPS satellite tracks.
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Colíder (MTCO), and Cuiabá (CUIB). BOAV and CUIB GNSS receivers 
are located at geomagnetically conjugate points as well as ITAM and MTCO 
GNSS receivers (see Table 1). These four GNSS receivers allow us to track 
the EPBs from equatorial to low-latitude regions by detecting dTEC oscilla-
tions with amplitudes larger than ±1 TECU.

Figure  2 shows the dTEC plots for the GNSS receivers of Table  1 on 13 
January 2015. Figure 2 (a) presents the dTEC GPS tracks for PRNs 12 and 
14. In order to study the EPBs along the same magnetic meridian, only dTEC 
GPS tracks near the GNSS receivers were considered. In this paper, we used 
only dTEC GPS tracks inside a radius of 2° around each GNSS receiver. 
No GPS satellite track was inside the circle around ITAM GNSS receiver 
between 22:00 UT and 24:00 UT. Figure 2 (b), (c), and (d) present the dTEC 
time series for BOAV, MTCO, and CUIB GNSS receivers, respectively. As 
mentioned in Section 2, dTEC variations larger than ±1 TECU are consid-
ered as EPBs signatures. Figures 2b–2d show EPBs signatures near BOAV 

and MTCO GNSS receivers after sunset, but no signatures were observed near CUIB. Figures 2e and 2f present 
the BV OI630 nm unwarped image at 23:59 UT and BV ionogram at 24:00 UT, respectively. The red arrows 
indicate the presence of EPBs in the dTEC GPS track, BV all-sky image, and BV ionogram. Figure 2g presents 
Campo Grande (CG) ionogram at 24:00 UT. No spread-F could be seen in the CG ionogram. Therefore, EPBs 
seems to have presented an asymmetric form on 13 January 2015.

Instrument Obs. sites Geo. coord. Geomag. coord.

GNSS receivers Boa Vista 2.9°N, 60.7°W 9.6°N, 19.8°E

Itacoatiara 3.0°S, 58.4°W 3.3°N, 19.8°E

Colíder 10.8°S, 55.4°W 5.0°S, 19.9°E

Cuiabá 15.6°S, 56.1°W 8.8°S, 19.7°E

All-sky imager Boa Vista 2.5°N, 60.4°W 9.2°N, 19.8°E

DPS4 Boa Vista 2.8°N, 60.7°W 9.6°N, 19.8°E

Campo Grande 20.5°S, 54.7°W 13.6°S, 19.7°E

FPI São João do Cariri 7.4°S; 36.6°W 12.3°S, 21.0°E

Table 1 
Geographic and Geomagnetic Coordinates of the Instrumentation Used in 
This Work

Figure 2. Detrended total electron content (dTEC) plots for the global navigation satellite systems (GNSS) receivers of Table 1 on 13 January 2015. (a) dTEC global 
positioning system (GPS) Tracks (PRN 14 and 22) at sub-ionospheric point. The red line, the magenta line, and the black dashed box represent the geomagnetic equator, 
the simulated equatorial plasma bubbles (EPB) on the height integrated OI630 nm airglow emission, and Boa Vista (BV) all-sky imager field of view, respectively. 
(b) Boa Vista (BOAV), (c) MTCO, and (d) Cuiabá (CUIB) dTEC time series. (e and f) present the BV OI630 nm unwarped image at 23:59 UT and BV ionogram at 
24:00 UT, respectively. (g) Campo Grande (CG) ionogram at 24:00 UT. BV and CG DPS4 localization are indicated by red boxes. The red arrows indicate the EPBs 
occurrence in the dTEC GPS track, BV all-sky image, and BV ionogram.



Journal of Geophysical Research: Space Physics

BARROS ET AL.

10.1029/2021JA030250

6 of 15

3. Results
We analyzed dTEC data obtained from BOAV, ITAM, MTCO, and CUIB 
GNSS receivers between January 2012 and February 2016. It was possible 
to analyze the EPBs meridional (north-south) development in 655 nights. 
This period includes both low and high solar activity with a mean solar flux 
(F10.7) equal to 126 × 10 −22Wm −2 Hz −2. The EPBs occurrence observed at 
BOAV, ITAM, MTCO, and CUIB GNSS receivers for each month of the year 
is shown in Figure 3. The gray bars represent the total number of nights with 
EPBs. Most of EPBs were observed between October and March. The EPBs 
occurrence were very low between April and September. It can be noted from 
Figure 3, that no EPBs were observed between May and August due to the 
criteria of EPB identification discussed in Section 2.

3.1. EPBs Meridional Development

The analysis of the dTEC plots revealed that EPBs can present an apparent 
asymmetry with respect to the geomagnetic equator. We have identified two 
types of asymmetries. In some occasions, the north side of EPBs reached 

higher latitudes compared to the south side. In this case, EPBs were observed only at BOAV, ITAM, and MTCO 
GNSS receivers, what we called north asymmetry. In some other occasions, the south side of EPBs reached 
higher latitudes compared to the north side. Equatorial plasma bubbles were observed only at CUIB, MTCO, 
and ITAM GNSS receivers, what we called south asymmetry. Figure 4 presents the (a) north and (b) south asym-
metry occurrence for the period between January 2012 and February 2016 seen in the dTEC plots. The highest 
north (south) asymmetry occurrence was observed from December to January (March to April and September 
to October) and lowest from March to April and August to September (December to January). The frequency 
of asymmetries is indicated over each bar. For example, in January, 15% of EPBs presented a north asymmetry, 
2% presented a south asymmetry, and 83% were symmetric with respect to the geomagnetic equator. In general, 
EPBs presented an asymmetry in 196 nights, which correspond to ∼30% of the occurrences. It is worth to note 
that asymmetries are dominant during the equinox season (March, April, August, and September).

3.2. Numerical Simulation Results

The observed meridional asymmetric EPB structures represent new and relevant findings for the nighttime 
dynamics of the equatorial and low-latitude ionosphere. One possible cause of the asymmetry might be related to 

Figure 3. Equatorial plasma bubbles (EPBs) occurrence at Boa Vista 
(BOAV), Itacoatiara (ITAM), Colíder (MTCO), and Cuiabá (CUIB) global 
navigation satellite systems (GNSS) receivers between January 2012 and 
February 2016.

Figure 4. Monthly occurrence of equatorial plasma bubbles (EPBs) (a) north and (b) south asymmetry for the period 
between January 2012 and February 2016. The percentages indicate the frequency of asymmetric occurrence related to the 
number of nights with EPBs occurrence.
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thermospheric wind system (Abdu et al., 2006; Huba & Krall, 2013; Krall et al., 2009, 2013; Maruyama, 1988; 
Maruyama & Matuura, 1988; Mendillo et al., 1992; Rodríguez-Zuluaga & Stolle, 2019; Zalesak & Huba, 1991).

In order to investigate the influence of the thermospheric winds on EPBs evolution, we used a numerical model 
based on Rayleigh-Taylor mechanism (Carrasco et al., 2014, 2017). In this simulation the ionosphere is assumed 
as a coordinate system, where x-, y-, and z-axis are positive eastward, southward, and upward, respectively. The 
main equations of the F region instability growth rate are the continuity equation for the ion O + (Equation 5), the 
divergence-free current (Equation 6) and the ions steady state velocity (Equation 7) as follows.

𝜕𝜕𝜕𝜕
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𝑔𝑔
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]

. (7)

The subscripts e and i refer to electrons and ions, respectively. The plasma is assumed to be electrically neutral, 
that is, Ne  =  Ni  =  N. β, 𝐴𝐴 �⃗�𝐸 , 𝐴𝐴 �⃗�𝐵 , 𝐴𝐴 𝐴𝐴𝐴 , Ωe,i, 𝐴𝐴 �⃗�𝑈 , and 𝐴𝐴 𝐴𝐴𝐴𝑒𝑒𝑒𝑒𝑒 are the recombination rate for O +, electric field, geomag-
netic field, neutral wind, gravity, gyro frequency, and the collision frequency, respectively. We assumed the 
electric and geomagnetic fields in the following form: 𝐴𝐴 �⃗�𝐸 = �⃗�𝐸0 − ∇⃗Φ and 𝐴𝐴 �⃗�𝐵 = −𝐵𝐵0𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑖𝑖 − 𝐵𝐵0𝑐𝑐𝑠𝑠𝑠𝑠𝑐𝑐�̂�𝑘 . Where 

𝐴𝐴 �⃗�𝐸0 = 𝐸𝐸0𝑥𝑥𝑖𝑖 − 𝐸𝐸0𝑧𝑧�̂�𝑘 and 𝐴𝐴 ∇⃗ = (𝜕𝜕∕𝜕𝜕𝜕𝜕) 𝑖𝑖 + (𝜕𝜕∕𝜕𝜕𝜕𝜕) �̂�𝑘 . Φ, 𝐴𝐴 𝐼𝐼  , 𝐴𝐴 �⃗�𝐸0 , and B0 are the electrostatic potential, geomagnetic dip 
angle, ambient zonal electric field, and the geomagnetic field intensity at the geomagnetic equator, respectively. 

𝐴𝐴 �⃗�𝑈 = �⃗�𝑈𝑥𝑥𝑖𝑖 − �⃗�𝑈𝑦𝑦𝑗𝑗  , where 𝐴𝐴 �⃗�𝑈𝑥𝑥 is the zonal wind and meridional wind. Assuming 𝐴𝐴 𝐴𝐴𝐴𝑒𝑒𝑒𝑒𝑒∕Ω𝑒𝑒𝑒𝑒𝑒 ≪ 1 and using Equation 6, 
we can obtain a equation for Φ in a differential form as follow.
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 (8)

Moreover, Equation 5 can be written in terms of the plasma velocities components, Vix and Viz.

𝜕𝜕𝜕𝜕

𝜕𝜕𝜕𝜕
= −𝛽𝛽𝜕𝜕 −

𝜕𝜕

𝜕𝜕𝜕𝜕
(𝜕𝜕𝑁𝑁𝑖𝑖𝜕𝜕) −

𝜕𝜕

𝜕𝜕𝜕𝜕
(𝜕𝜕𝑁𝑁𝑖𝑖𝜕𝜕) . (9)

Where Vix and Viz are given by:

𝑉𝑉𝑖𝑖𝑖𝑖 =
𝜈𝜈𝑖𝑖

Ω𝑖𝑖𝐵𝐵
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𝜕𝜕Φ

𝜕𝜕𝑖𝑖

)
−

𝐸𝐸0𝑧𝑧

𝐵𝐵
+

1

𝐵𝐵

𝜕𝜕Φ

𝜕𝜕𝑧𝑧
+

𝑔𝑔

Ω𝑖𝑖

, (10)

𝑉𝑉𝑖𝑖𝑖𝑖 =
𝜈𝜈𝑖𝑖

Ω𝑖𝑖

𝑈𝑈 −
𝜈𝜈𝑖𝑖

Ω𝑖𝑖𝐵𝐵

𝜕𝜕Φ

𝜕𝜕𝑖𝑖
+

𝐸𝐸0𝑥𝑥

𝐵𝐵
+

𝜈𝜈𝑖𝑖

Ω𝑖𝑖

𝐸𝐸0𝑖𝑖

𝐵𝐵
−

1

𝐵𝐵

𝜕𝜕Φ

𝜕𝜕𝑥𝑥
−

𝜈𝜈𝑖𝑖

Ω
2

𝑖𝑖

𝑔𝑔𝑔 (11)

To solve the system formed by Equations 8–11 is necessary to know how β, E0x, E0z, B, U, N, Ωi, and νi vary 
in time and height. The collision frequency was obtained from Bailey and Balan (1996). E0x was deduced from 
the BV DPS4 data using the method described by Bittencourt and Abdu (1981) and Carrasco (2005). E0z was 
obtained from the expression provided by Forbes (1981). The geomagnetic field was obtained from IGRF12. The 
horizontal wind components were obtained from Horizontal Wind Model 2014 (HWM14) (Drob et al., 2015) and 
the neutrals densities from NRLMSISE00 (Picone et al., 2002).

Equations 8 and 9 were solved numerically using the successive over-relaxation method (SOR) (McCracken & 
Dorn, 1964) and predictor-corrector method with flux-corrected transport (FCT) technique (Boris & Book, 1973; 
Murawski & Goossens, 1994), respectively. Periodic boundary conditions were imposed in the zonal direction for 
both Φ and N. In the vertical direction, ∂N/∂z = 0 and ∂Φ/∂z = 0 at 200 and 800 km of height. A small perturba-
tion is applied on the bottom-side of the plasma density and described by the following.
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𝑁𝑁𝑝𝑝(𝑥𝑥𝑥 𝑥𝑥𝑥 0) = 𝑁𝑁0𝑝𝑝(𝑥𝑥)

[
1 − 𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴

(
𝜋𝜋𝑥𝑥

𝜆𝜆

)]
. (12)

Where N(x, z, 0) is the plasma density at t = 0, N0 is the background initial plasma density and can be obtained by 
International Reference Ionosphere 2016 (IRI-2016) (Bilitza et al., 2017). A is the amplitude and λ is the wave-
length of the perturbation. The amplitudes of the initial perturbation were obtained following the criteria estab-
lished by Carrasco and Batista (2012). More details of the simulation can be found in Carrasco et al. (2014, 2017).

Figure 5 shows contour plots of the height integrated OI630 nm airglow emission as a function of zonal distance 
and latitude. The geomagnetic field and atmospheric neutral densities were obtained for the geomagnetic coordi-
nates of 0° and 19.7°E. The zonal wind (vz) was assumed to be constant and equal to 100 m/s. In Figure 5a and 5b 
trans-equatorial meridional wind (vm) was equal to 30 m/s (northward) and −30 m/s (southward), respectively. 
Note that a trans-equatorial meridional wind blowing to north (south) causes the north (south) asymmetry with 
respect to the geomagnetic equator.

Figure 6 shows a comparison between height integrated OI630 nm airglow emission as a function of zonal distance 
and latitude for the 56.23 Rayleighs isolines. Equatorial plasma bubbles were simulated using trans-equatorial 
meridional wind equal to 60 (blue), 30 (purple), −30 (green), and −60 (red) m/s. The zonal wind was constant 
and equal to 100 m/s. The results show that the EPBs asymmetric development and their growth rate varies with 
the intensity of trans-equatorial meridional wind. The increase of the meridional wind causes a greater asymme-
try and a larger EPBs growth.

In Figure 2 it is possible to see an overlap between dTEC GPS tracks and 
the simulated EPB on the height integrated OI630 nm airglow emission for 
the night of 13 January 2015 (magenta line). In this numerical simulation, 
the zonal and meridional wind velocities were constant and equal to 100 and 
60 m/s, respectively. The agreement with the observation and the numeri-
cal simulation indicates the importance of the meridional wind on the EPBs 
evolution with respect to the geomagnetic equator.

4. Discussion
The present study aims to report the EPBs meridional development (north-
south) using dTEC plots, that is, to monitor the EPBs along the same 
magnetic meridian. Furthermore, it is to investigate a possible inter-hemi-
spheric asymmetry and the role of a trans-equatorial meridional wind on the 
EPBs evolution.

It is well known that the PRE plays an important role in the EPBs devel-
opment. During the daytime, an eastward electric field moves upward the 

Figure 5. Contour plots of the height integrated OI630 nm airglow emission rate as a function of zonal distance and latitude 
using (a) vm = 30 m/s and (b) vm = −30 m/s.

Figure 6. Comparison between height integrated OI630 nm airglow emission 
as a function of zonal distance and latitude for the 56.23 Rayleighs isolines 
using v = 60 (blue), 30 (purple), −30 (green), and −60 (red) m/s.
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equatorial F-layer due to the 𝐴𝐴 �⃗�𝐸 × �⃗�𝐵 drift. At night, this electric field reverses, moving the equatorial F-layer 
downward (Batista et al., 1986; Rishbeth, 1981, 2000). However, before its reversal, the 𝐴𝐴 �⃗�𝐸 × �⃗�𝐵 drift undergoes 
a rapid enhancement driven by the PRE (Abdu et al., 2000). The upward drift velocity and the F-layer height 
create propitious conditions for EPBs evolution (Abdu, 2005; Kelley, 2009). This way, the EPBs occurrence is 
controlled by the PRE intensity (Abdu et al., 1981, 2001; Batista et al., 1996; Sobral et al., 2002; Tsunoda, 1985). 
Several studies have shown that the dependence of EPBs on the season, solar cycle, and magnetic activity can 
be explained as resulting from the corresponding effects on the PRE (Fejer, 1991; Fejer et al., 1991, 1999). The 
EPBs seasonal pattern shown in Figure 3 presented a good agreement with the PRE seasonal variation observed 
by different techniques (Abdu et al., 1985, 2000; Barros et al., 2018; Fejser et al., 1999; Sahai et al., 1994, 1998
, 1999, 2000).

Equatorial plasma bubbles start at the F-layer bottom-side and usually reach the topside of the ionosphere within 
several minutes (Carrasco et al., 2014; Huba & Krall, 2013; Krall et al., 2009; Patra et al., 2014; Sidorova & 
Filippov, 2014; Sultan, 1996; Zalesak & Ossakow, 1980). During the upward movement, due to the equipotential 
nature of the geomagnetic field lines, EPBs are mapped away from the equator to lower latitudes and altitudes 
(Kelley, 2009; Mendillo & Baumgardner, 1982). This EPBs upward movement stop when the field-line-inte-
grated electron densities inside and outside the EPBs are the same or if there will be a decay of the EPBs polar-
ization electric field (Krall et al., 2010; Mendillo et al., 2005; Narayanan et al., 2016). When EPBs stop rising 
they are known as fossil EPBs (Krall et al., 2010; Mendillo et al., 1992). Otsuka, Shiokawa, et al. (2002) and 
Sobral et al. (2009) showed highly symmetric EPBs with respect to the geomagnetic equator. Using the dTEC 
plots, EPBs presented a symmetric development in ∼70% of nights (Figure 4), showing a good agreement with 
the results presented by Otsuka, Shiokawa, et al. (2002) and Sobral et al. (2009).

However, in ∼30% of nights with EPBs occurrence they presented an apparent inter-hemispheric asymmetry. 
Similar asymmetry in the EPBs distribution has been reported in previous works. Su et al. (2006) studied the 
global distribution of the EPBs occurrence using ROCSAT satellite data during moderate to high solar activ-
ity (1999 to 2004). The authors presented a south asymmetry during both equinoxes and June solstice, and 
a north asymmetry during December solstice. In addition to that, Sidorova (2021) analyzed the variability of 
the latitudinal distributions of the EPBs occurrence probability using AE-E, ROCSAT, and ISS-b satellite data 
during years of increased and maximal solar activity (1978 to 1979). They showed a north asymmetry during 
December solstice and a south asymmetry during June solstice. Sidorova (2021) argued that these characteristics 
observed in the latitudinal distributions of EPB may be due to meridional (trans-equatorial) wind effects. The 
inter-hemispheric asymmetry shown in Figure 4 is consistent with the results presented by Su et al. (2006) and 
Sidorova (2021). It should be noted that Otsuka, Shiokawa, et al. (2002) analyzed only 1 case, for the night of 12 
November 2001, and Sobral et al. (2009) analyzed only 6 nights between October and November 2002. With the 
ground-based GNSS radio-wave measurements it was possible to monitor EPBs by mapping the dTEC contin-
uously with a high time-resolution. From a large amount of data (655 nights with EPBs occurrence), we could 
investigate EPBs meridional asymmetry.

The numerical simulation results presented in Figure 5 indicate that a trans-equatorial meridional wind is capable 
to cause an asymmetric development. In contrast to this result, most studies indicate that EPBs should be symmet-
ric and aligned with the geomagnetic field lines, since the polarization electric field maps simultaneously to both 
hemispheres (Kelley, 2009; Mendillo & Baumgardner, 1982). Moreover, a uniform trans-equatorial meridional 
wind increases the field-line integrated Pedersen conductivity, which could decrease the EPBs growth rate (Abdu 
et al., 2006; Maruyama, 1988; Maruyama & Matuura, 1988; Mendillo et al., 1992; Zalesak & Huba, 1991). In 
other words, a northward trans-equatorial meridional winds transport plasma along the geomagnetic field lines 
pushing the ionosphere upward in the Southern Hemisphere and downward in the Northern Hemisphere. At lower 
altitudes (Northern Hemisphere), the relation between the ion-neutral collision frequency and the ion gyrofre-
quency 𝐴𝐴

(
𝜈𝜈𝑒𝑒𝑒𝑒𝑒∕Ω𝑒𝑒𝑒𝑒𝑒

)
 is considerable thus the local conductivity becomes higher. On the other hand, at higher altitudes 

(Southern Hemisphere), 𝐴𝐴 𝐴𝐴𝐴𝑒𝑒𝑒𝑒𝑒∕Ω𝑒𝑒𝑒𝑒𝑒 ≪ 1 so the local conductivity becomes lower. This change in the conductivity 
leads to an increase in the field-line integrated Pedersen conductivity, which reduces the EPBs growth rate (Huba 
& Krall, 2013; Krall et al., 2009, 2013; Rodríguez-Zuluaga & Stolle, 2019). Therefore, a uniform trans-equatorial 
meridional wind has a stabilizing influence on EPBs, then turn them out to be fossil EPBs.

In order to see the existence of an interhemispheric asymmetry in the electron density distribution, Figure 7 
shows the behavior of the F-layer virtual height at BV (blue) and CG (red) between 22:00 UT and 24:00 UT on 
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the night of 13 January 2015, same night of the EPBs occurrence shown in 
Figure 2. The virtual heights were measured by a DPS4 (see Table 1 and 
Figure 2), which has a height resolution of 3 km (Reinisch et al., 2008) and 
30° zenith angle for the oblique reflections (Laštovička et al., 2012). There is 
a difference of ∼40 km between the F-layer virtual height at BV and CG after 
23:20 UT. There might be a trans-equatorial wind blowing to north causing 
this difference between the F-layer virtual heights obtained at BV and CG. 
Bittencourt and Sahai (1978) showed that a uniform trans-equatorial meridi-
onal wind with velocity of 200 m/s is able to produce a difference of 120 km 
in the F-layer heights between the geomagnetically conjugate points at 15°. 
For a difference of ∼40 km, it should correspond to a meridional wind with 
velocity of ∼66 m/s. Similar results can be seen in Krall et al. (2009), they 
simulated a difference of ∼40 km in the F-layer heights between the geomag-
netically conjugate points using a meridional wind with velocity of ∼60 m/s, 
which shows a good agreement with the results presented in Figure 2.

Figure  4 showed that the EPBs asymmetries occurrence varies with the 
months of the year. In addition to that, EPBs are strongly influenced by the 
meridional wind. This way, Figure 8 presents the monthly averaged meridi-

onal wind at 350 km altitude and at 23:00 UT. The monthly averaged meridional wind was measured by a Fabry-
Perot Interferometer (FPI) (blue). The FPI is located at São João do Cariri and the data were obtained between 
2013 and 2014 (Figueiredo, Buriti, et al., 2017; Makela et al., 2013; Meriwether et al., 2011, 2013). Moreover, 
Figure 8 presents the monthly averaged meridional wind obtained by the HWM14 model for São João do Cariri 
(red), BV, and CG (green). The meridional winds obtained by the HWM14 model were for the period between 
January 2012 and February 2016, at 350 km altitude, and at 23:00 UT. The agreement of the winds between FPI 
and HWM14 model indicates that the HWM14 model is capable to reproduce the meridional wind behavior over 
the South America. Thus, Figure 8 shows that the meridional wind blows to north during the months between 
October and March, and blows to south between April and September. Therefore, it is possible to notice that 
the highest north asymmetry occurrence was observed in the months when the meridional wind was blowing to 
north. On the other hand, the highest south asymmetry occurrence was observed around the months when the 
meridional wind was blowing to south.

As mentioned before, the ratio of asymmetric to symmetric occurrence increases during the equinox season 
(March, April, August, and September). For example, in April the asymmetric occurrence represented 74% of 
EPBs occurrence. During this period of the year the meridional wind intensity is very low (see Figure 8), so there 
might be some additional factors causing these asymmetries. A possible cause could be due to the predominant 

low ionospheric electron density for this period of the year, leading to the 
situation where the field-line-integrated electron densities inside and outside 
the EPBs are the same. Another possible cause could be due to a low PRE 
intensity, which can reduce the EPBs growth. All these factors could contrib-
ute to an decrease in EPBs polarization electric fields, becoming then fossil 
and making the EPBs drift under the influence of background neutral winds, 
which can increase the EPBs asymmetric development occurrence during the 
equinox season.

At last, as pointed out by Takahashi et al. (2016), EPBs can penetrate into 
the equatorial ionization anomaly (EIA) crest, making them coexist during 
nighttime period. Since the meridional winds can play an important role in 
the dynamic of the F-region ionization, the EPBs and EIA dynamics should 
present similar behavior. The effects of the meridional winds on the EIA 
dynamics have been investigated by several authos (Appleton, 1946; Balan 
et al., 2018; Balan & Bailey, 1996; Batista et al., 2011; Croom et al., 1959; 
Dang et al., 2016, 2017; Duncan, 1960; Huang et al., 2018; Kepkar et al., 2019; 
Krall et al., 2009). Lin et al. (2007) studied the structure and motion of the 
EIA using worldwide 3-D ionospheric images provided by FORMOSAT-3/

Figure 7. F-layer virtual heights at Boa Vista (blue) and Campo Grande (red) 
between 22:00 and 24:00 UT on the night of 13 January 2015. The vertical 
dashed black line represents the solar terminator at 350 km altitude.

Figure 8. Monthly averaged meridional wind measured by a Fabry-Perot 
Interferometer at São João do Cariri (blue) and monthly averaged meridional 
wind obtained by HWM14 model for São João do Cariri (red), Boa Vista, and 
Campo Grande (green) at 350 km altitude and at 23:00 UT.
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COSMIC for the period from July to August of 2006. The authors showed that the ionization is transported from 
summer to winter hemisphere by meridional wind. Venkatesh et al. (2014) used 8 ground-based GNSS receivers 
to calculate the day-to-day variability of the TEC from 2010 to 2013 over the Brazilian longitude of 45°. The 
results clearly showed that during December, January, and February the Southern EIA crest was more close to 
the geomagnetic equator and presented a reduction in its TEC value when compared to March, April, September, 
and October. Using similar methodology, Dias et al. (2020) used 35 ground-based GNSS receivers to study the 
EIA over three different Brazilian longitudinal sectors during 2016. The results clearly showed an seasonal inter-
hemispheric asymmetries in the EIA electron distribution, where the EIA is pushed northward during January, 
November, and December and pushed southward during March, April, September, and October. Therefore, the 
EPBs asymmetric development seasonal variation (Figure 4) and monthly averaged meridional wind (Figure 8) 
shows also a good agreement with the EIA inter-hemispheric asymmetry behavior presented in the literature.

5. Conclusion
We reported the EPBs characteristics observed by dTEC plots obtained from data taken at BOAV, ITAM, MTCO, 
and CUIB GNSS receivers between January 2012 and February 2016. In addition to that, a numerical simulation 
was used to study the causes of the EPBs asymmetric development with respect to the geomagnetic equator. Our 
main conclusions are as follows:

1.  From the 655 EPBs observed, in 459 cases (∼70%) the EPBs presented a symmetric development with respect 
to the geomagnetic equator. In 196 cases (∼30%) the EPBs presented an inter-hemispheric asymmmetry. The 
EPBs presented two types of asymmetry. A north asymmetry, when the EPBs presented a displacement to 
north of the geomagnetic equator, or a south asymmetry, when the EPBs presented displacement to south. 
The highest north (south) asymmetry occurrence was observed from December to January (March to April 
and September to October), and lowest from March to April and August to September (December to January).

2.  Numerical simulations results of the EPBs evolution suggested that these asymmetries are due to a trans-equa-
torial meridional wind. A trans-equatorial meridional wind blowing to north (south) causes a displacement 
of EPBs to north (south) of the geomagnetic equator. A northward (southward) trans-equatorial meridional 
winds transport plasma along the geomagnetic field lines pushing the ionosphere upward in the Southern 
(Northern) Hemisphere and downward in the Northern (Southern) Hemisphere, increasing the field-line inte-
grated Pedersen conductivity, which could decrease the EPBs growth rate.

Data Availability Statement
The GPS, all-sky, and DPS4 data used in this work were provided via FTP servers of RBMC  (2021) and 
Embrace (2021). FPI data were provided by Madrigal (2021).
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