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Abstract Equatorial plasma bubbles consist of field‐aligned large‐scale depletions, or irregularities,
characterized by drastic ion density rarefactions of the nocturnal low latitude/equatorial ionosphere.
Understanding their behavior is important because of their degrading effects on radio wave signals and,
consequently, their respective technological applications such as, for example, Global Positioning System
applications. In this sense, a methodology of pattern recognition was developed and implemented here using
the Long‐Term Ionospheric Anomaly Monitoring in order to infer the plasma bubbles zonal drift velocities,
using two receiving stations of global navigation satellite systems data from the Brazilian Continuous
Monitoring Network, located near to each other, in Salvador (BA) during geomagnetically quiet periods. The
study covered the years of 2012, 2013, and 2014 for the months from September to January of the following
year, choosing 10 representative days for each month. The average results for the plasma bubble zonal
velocities provided by the model calculations were in agreement with the well‐known values. However,
monthly individual analysis showed a behavior anticorrelated with that expected for high solar flux.
Probably, the unexpected behavior is due to atypical configuration of the solar activity ascending phase.

1. Introduction

Equatorial plasma bubbles (EPBs) are large‐scale depletions that occur in the equatorial ionospheric plasma
density. The eastward electric field generated by the ionospheric E region dynamo during the day causes the
F region vertical up drift E × B. After sunset the ionization due to solar radiation decreases in the E region,
causing the domain of the F region dynamo. Due to this dynamo, there is an increase in the eastward electric
field just after sunset, and as a consequence, the ionospheric plasma moves to higher altitudes, where the
ionic collisional frequency with neutral particles decreases significantly. This fact favors development of
ionospheric plasma bubbles through the by Rayleigh‐Taylor instability mechanism because the growth rate
is inversely proportional to the collisional frequency (Abdu, 2001; Huang & Kelley, 1996; Kelley, 2009).
Figure 1 presents a time sequence with arise and development of EPBs observed by optical technique oper-
ating in the 630 nm for the atomic oxygen luminescence. The airglow observations were obtained in Sao Joao
do Cariri, Brazil (7°S, 36°W) during the night of 15 November 2012. The plasma bubble is seen forming a
dark structure from the first left top panel, moving to eastward and developingmultiple structures and bifur-
cations. The EPBs also have small internal structures of the order of centimeters to tens of kilometers. Thus,
the EPBs can interfere in transionospheric telecommunication signals and related applications (Moraes
et al., 2018).

The plasma bubbles have been extensively monitored by optical techniques (Haase et al., 2011; Sobral, Abdu,
& Batista, 1980; Sobral, Abdu, Zamlutti, et al., 1980), Digisondes (Abdu, 2001; Abdu et al., 1983), radio scin-
tillations (Aarons, 1993), rocket soundings (Abdu et al., 1991; LaBelle et al., 1997), and satellites (Burke et al.,
2004; Huang et al., 2002; Moraes et al., 2018; de Rezende et al., 2007). Besides that, several theoretical and
numerical studies (Haerendel et al., 1992; Huba & Joyce, 2010; Sousasantos et al., 2017) have been performed
to investigate EPB generation mechanism and dynamics. In this perspective, the LTIAM (Long‐Term
Ionospheric Anomaly Monitoring) was developed to identify and calculate the ionospheric delay gradients
resulting from the passage of the ionospheric irregularities (Jung & Lee, 2012). It is well known that iono-
spheric irregularities may represent a threat to the adequate use of global navigation satellite systems
(GNSS) in the air navigation, and consequently, do not ensure the safety and integrity of users of these sys-
tems. Initially, the LTIAM was developed to support the use and evaluate the limitations of augmentation
systems of Global Positioning System to identify the effects of the ionosphere on the air traffic control
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and, essentially, in the prevention of accidents during aircraft takeoff and landing (Lee et al., 2011; Pullen
et al., 2009; Takeyasu et al., 2009). In this work, the LTIAM was used to automatically monitor the
ionospheric irregularities, and from it to infer the EPB zonal drift velocities by using simultaneous data
from two GNSS receiving stations closely located to each other. For this purpose we use a procedure
called Station Pair Method or Two Station Method, where each selected station records the passage of the
irregularity, and from that record a pattern recognition algorithm, k‐means, is used.

2. Data and Methodology

As mentioned before, in this study, the LTIAMwas used to monitor the EPBs in order to infer the zonal drift
velocities from GNSS data. In the following sections the data and methodology will be presented.

2.1. Data

In this paper we have used data of two GNSS receiving stations by Brazilian Continuous Monitoring
Network – RBMC (https://ww2.ibge.gov.br/home/geociencias/geodesia/rbmc/rbmc.shtm?c=7). Both sta-
tions chosen for this study are located in Salvador, Brazil. Figure 2 shows a map with the stations' positions

Figure 1. Sequence of the OI 630‐nm airglow observations obtained in Sao Joao do Cariri, Brazil, during the night of 15
November 2012, from 21:43:66 to 23:54:20 UT. The bubble is seen from the first left top panel, evolving to the eastward and
developing multiple structures and bifurcations. The images were treated and the stars removed.
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and respective coordinates. The stations are designed by SSA1 and SAVO. The magnetic coordinates were
obtained from the International Geomagnetic Reference Field, taking into account 350 km of altitude for
the year of 2013.

Sobral et al. (2002) verified that the highest occurrence rate of plasma bubbles during high solar activity over
the Brazilian region occurs during the months of September to April. To ensure the coverage of representa-
tive data, this study covered the years of 2012, 2013, and 2014 from September until January of the following
year, using 10 days as representative of each month, all with occurrence of plasma bubbles duly verified by
OI 6,300‐nm airglow images. Since the EPB occurrence is uncommon during low solar activity, the data were
selected for F10.7≥ 130 10‐22 · Wm‐2 · Hz‐1. In order tominimize the effects of the geomagnetic storms, it was
considered only the data for the days which ΣKp ≤ 24. Figure 3 shows the levels of F10.7 and ΣKp for the
days of our study. The years choose for this study represent ascendant phase and maximum solar cycle 24.
The left top panel corresponds to the year 2012, while the right top panel corresponds to 2013. The bottom
panel refers to 2014. The data represented in bars refer to F10.7 values in the left‐hand ordinate, while the
data in scatter represent the ΣKp values in the right‐hand ordinate. The hatched areas in the 2012 and
2013 panels represent a gap in the database. It does not mean there were no plasma bubble events in these
months; it just means that the EPB event days did not fill the requirements established in this study.
Likewise, this study does not cover the months from February to April due to both the F10.7 minimum value
established in this study and the availability of GNSS data simultaneously during occurrences of EPBs in the
referred months.

2.2. Methodology

The LTIAM was developed by the Korean Advanced Institute of Science and Technology and Tetra Tech
AMT as amonitoring tool of Ground‐Based Augmentation Systems. The LTIAM process RINEX files remove
the bias; check the potential occurrence of an ionospheric storm on a given day, based on space weather
indices; and calculate the ionospheric delays.

In this work, it was used a methodology called Two Station Method (Bang & Lee, 2013; Datta‐Barua et al.,
2010; Jung & Lee, 2012) to study the ionospheric delays caused by EPBs. Assuming that the delay for each
station i and j, seen by the same satellite, is different, the ionospheric delay (d) is estimated by dividing
the difference between the signal time delays between each receiver (I) and the satellite (k) by the distance
between the receivers:

Figure 2. South America map (left panel) showing the stations' position used in the present study. Both stations are localized Salvador, Brazil, and are designed by
SSA1 and SAVO.
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d ¼ ∣Iki tð Þ−Ikj tð Þ∣
∥xi−xj∥

where xi and xj are the locations of i and j stations, respectively, and I is the slant total electron content.
The top panel in Figure 4 illustrates the Two Station Method. In the illustration, the EPB is represented
by the blue (time 1) and red (time 2) curves. When a plasma bubble occurs, both GNSS receiving sta-
tions record the irregularity. The closer the stations are, the higher is the correlation between the signals.
The reason is that in a short distance, the probability of the EPB not changing is greater. The middle
panel in Figure 4 shows the temporal variation of the ionospheric delay processed by LTIAM for
SAVO and SSA1 stations seen by the space vehicle 06 (PRN 06) for the day 001 of 2014 (1 January
2014) and the stations are 9,97 km apart each other. The same plasma bubble structures are clear in both
stations, that is, a fast decreases in the ionospheric delays cross one station and after some time also
cross the other. These features were used to develop our automatic criterions to identify and calculate
the plasma bubble zonal velocity. The bottom panel in Figure 4 shows the satellite records for two sta-
tions far from each other. The stations are BELE (1°24′S, 48°27′W) and MABA (5°21′S, 49°7′W), and the
distance between them are 443.20 km. The measurements of ionospheric delays are also for PRN 06 and
occurred on 6 January 2013. It is remarkable that the structure of the irregularity changes greatly during
the course of this distance, making it impossible to identify the same structure in the two sites using the
pattern recognition algorithm. This is because when traveling long distances the plasma bubbles may
present new bifurcations as well as dissipates those already existing and captured at the most distant
GNSS receiving station. The bottom panel in Figure 4 is only one example in which data from stations
separated by large distances cannot be used to calculate plasma bubble velocities according to the cur-
rent method.

We have considered that plasma bubbles move in east‐west direction, and the two stations chosen for this
study are at the same magnetic latitude coincident with the direction of the bubble trajectory. Thence, our
results are directly in magnetic coordinate.

Figure 3. Database classification regarding the Kp index and solar flux. The data in bars refer to F10.7 values (left‐hand
ordinate), while the scatter chart data the ΣKp values (right‐hand ordinate). The top panels correspond to the years
2012 (left) and 2013 (right), and the bottom panel refers to 2014. The hatched areas in 2012 and 2013 panels represent a gap
in the database.
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Since SAVO and SSA1 stations are very close to each other, the same irregularity structure is detected at each
station, as discussed before. In order to ensure that each structure registered in a station is the same as the
one registered in the adjacent station, it was used the k‐means algorithm (Bang & Lee, 2013), a well‐known
pattern recognition algorithm.

K‐means is a method of grouping data. This algorithm partitions n observations into k groups. Each observa-
tion belongs to the group closest to the mean. In other words, the k‐means algorithm breaks the data into
windows where each window has a portion of the two GNSS signals, one from each station, that exhibit simi-
lar behavior. Therefore, it is possible to assure that the corresponding structures registered at both stations
are within the same analysis window. With the corresponding peaks marked in the same window, k‐means
saves the value of the abscissa corresponding to each peak and, from them, calculates the Δt. As the distance
between the two GNSS receiver stations is known, it is possible to estimate the EPB velocities.

Besides to ensure the correct match between similar peaks, it is equally important to consider the velocity of
the ionospheric pierce point (IPP), as it also moves. The IPP is defined as the intersection of the satellite line
of sight and the ionospheric spherical shell. It is important to keep apart the IPP and EPB movements in
order to calculate the EPB zonal drift velocities. The procedure to calculate the IPP velocities is given by
Bang and Lee (2013). In addition, during the collection or processing of GNSS data, an elevation angle

Figure 4. Top panel represents an illustration how about Two Station Method works. The equatorial plasma bubble is
represented by the blue curve (in a first moment), then a red curve (second moment). The middle and bottom panels
are Long‐Term Ionospheric Anomaly Monitoring output plots representing the temporal variation of the ionospheric
delay, when the stations are closer (middle panel) and far from (bottom panel) each other.
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mask is often used to discard some observations. The purpose of this mask is to minimize high noise level
data. The elevation mask used in this work is 40°.

To conclude, the EPB velocities calculated by LTIAM were compared with velocities calculated by keogram
technique based on OI 630‐nm airglow images. One of the advantages of the optical observation technique of
EPBs is that each image is associated with an instant of time, making possible to estimate their velocities.

Each all‐sky image provides an image with great optical distortion due fisheye lens. To apply the keogram
technique is necessary to linearize the images to then choose a line of pixels of each image, that is, a cut that
crosses the whole image and that does not vary of position to each analyzed image. After that, the cuts are
stacked into a single image forming the keogram.

3. Results and Discussion

In this section we will present and discuss the EPB zonal drift velocities calculated automatically using GNSS
signals. To detect anomalous ionospheric behavior using GNSS signals is essential that the distance between
one GNSS receiving station and another one does not exceed the 50 km, since this is established as a bound-
ary condition under which the reliability of the method using the k‐means algorithm is observed. This value
was found after several tests, where we sought the highest efficiency and number of points returned by the
algorithm. Stations very distant from each other may register the same structure into irregularity but present
different satellite records because there is a possibility that the structure into irregularity may change during
the course between one station and another. Thus, an analysis using very distant stations from each other
would not be useful because it would hamper the pattern recognition necessary to assure that the stations
were registering the same structure. Among other pairs of stations, the pair SAVO and SSA1 was chosen
because they presented greater data coverage in detriments of other ones.

Figure 5 shows the overplots of the EPB zonal drift velocities calculated in this work. Each panel represents
the set of all velocity values for each specific month; that is, each panel represents the junction of the velocity
data calculated in this work for the specific month of study for the years 2012, 2013, and 2014. Thus, the top
left panel refers to the set of all velocities obtained in this study for the months of September, the top right

Figure 5. Equatorial plasma bubble zonal drift velocities calculated in this work. Each panel represents the set of all
velocity values for each specific month. The red curve represents the moving average.
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panel for all months of October, and so on. Figure 5 also presents a moving average (red curve) in order to
verify the average velocity behavior.

It is known cases which westward zonal motions have been observed, in spite of in less frequency (Sobral
et al., 2011). However, all occurrences of EPBs studied in this work presented eastward movement; that is,
no occurrence of westward plasma bubble movement was recorded. The confirmation of the eastward
EPB movement was made by analyzing the OI 630‐nm airglow images. This feature corroborates the meth-
odology inserted in LTIAM.

A polynomial fitting applied to the average of each group of months is shown in Figure 6, where the average
is represented by dots, while the polynomial fitting is shown by the solid curve. Similar to Figure 5, each
panel represents a month. The adjustment that best represented the trend of velocities was the polynomial
fit of ninth order. The present study examined EPB velocities during 24th solar cycle ascending phase taking
into account the solar activity variation. It is interesting to note in December months the occurrence of a fre-
quent characteristic of the zonal drift during the southern hemisphere summer for high solar activity, which
is a sharp peak before dawn. These results are similar to those found by Fejer et al. (1991), with data from
Jicamarca incoherent scatter radar. The occurrence of this characteristic in the LTIAM outputs makes it con-
sistent with the study of the ionospheric behavior, since the irregularities seem to walk along with the move-
ment of the ionospheric plasma.

Overall, Figure 6 presents great variability. Part of the variability presented when comparing the same
month, for the different years of study, can be justified by the solar activity. Not only in relation to solar activ-
ity, the zonal velocities of the plasma bubbles also present variability according month of their occurrences
and geomagnetic activity (Sobral et al., 2002; Terra et al., 2004). As the nocturnal velocities of zonal drift are
consequences of the vertical electric fields generated by the F layer dynamo processes, which in turn are
related to the neutral zonal winds, the more intense the neutral zonal winds are, the greater the electric
fields, and consequently, the zonal drift velocities of the ionospheric bubbles are higher.

Figure 6. Mean (scatter) and polynomial fitting (curve) from equatorial plasma bubble velocities to each group of specific
month.
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A remarkable result of the present study regards the increase of the solar
activity, marked by the peak years of the solar maximum, and the decrease
of some velocities. These results were not expected and are different from
finding by Fejer et al. (2005), where they found that near solar maximum,
the zonal drifts have large magnitudes. Whereas, their analysis was based
on radar observations, while our results are by satellite data. The direct
relationship between solar activity and plasma bubble velocities is well
known and has been noted in several research efforts (e.g., Sobral &
Abdu, 1991; Fejer et al., 1991) among which they reinforce that higher
values of F10.7 tend to raise the zonal velocity of the EPB. The hypothesis
supported by the authors refers to the atypical form of the ascending phase
of the Sun. The 24th solar cycle was double peaked with a long gap
between them. After the first peak, occurred in 2012, the sunspot number
decreases, just returning to recover and reaching the second peak in mid‐
2014 (solar maximum). In this work we consider 10 days as representative
of each month; however, the ascending behavior of the solar activity dur-
ing the gap between the peaks may have been influencing the unexpected
low values of the EPB velocities in 2014 in comparison than 2012.

Moreover, in the recent study of Muella et al. (2017) they found that the
generation of EPBs has been affected during solar cycle 24, since it was
weaker in comparison to the previous cycle 23. In their analysis, the pre-
vailing feature is the reduction in the EPB eastward velocities with the
progression of the night, which is in agreement with the current work.

Regarding the period of observation of the EPBs, due to the limitation of
the methodology implemented in LTIAM, the investigation of the plasma
bubble through the RBMC network starts at 0000 UT (2100 LT). As
plasma bubbles generally are formed in the post sunset period, it would
be expected that at the beginning of our analysis period, the EPBs would
already be present, as in fact they are seen in most of the panels presented
in Figure 6. However, this did not occur in the months of September 2012
and 2014. It is known that the onset of these irregularities can be affected
by disturbed electric field originated at high latitudes during magnetically
disturbed conditions. However, during geomagnetically quiet conditions,
as in the cases discussed in this paper, there are several processes such as
neutral winds and conductivity of the E region that can inhibit the growth
of irregularities or alter them. According to Sobral et al. (2002) September
shows a lower probability of EPB occurrence than the other months (sum-
mer local). The bubbles observed at low latitude are the result of their
upward growth at the geomagnetic equator and expansion along the flux
tube, and consequently, it is expected a delay between the observation on
the equator than on low latitudes. In addition, there are cases in which the
bubbles do not reach altitudes at the equator high enough to be seen at
low latitudes. This is one of the reasons why the occurrence of bubbles
observed at low latitudes is lower when compared at the equator.
Furthermore, Abdu et al. (2003) provided a statistical and empirical study
which they pointed out that EPB occurrence has a strong seasonal depen-
dence, which in equinoctial months the onset and peak occurrence of
plasma bubbles are displaced to later hours at low latitudes. This justifies
the late appearance of the plasma bubbles occurred in the September
months of this study.

In order to compare, the EPB velocities calculated in this present work also were compared with velocities
calculated by keogram technique based on all‐sky OI 630‐nm images. Three different days were used here

Figure 7. Keograms and scatter plot (bottom panel) from equatorial plasma
bubble velocities comparing results from Long‐Term Ionospheric Anomaly
Monitoring and optical technique. The regions of equatorial plasma bubbles
are represented by dark colors in keograms. The solid white line represents
an interval that is possible to infer velocity value from coordinates of the
final and start points. The orange squares in scatter plot represent similar
velocities obtained by Long‐Term Ionospheric Anomaly Monitoring in
comparison to keogram technique.
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for the comparison of the velocities obtained by the LTIAM method and all‐sky images. The keograms
were formed from the cuts in all‐sky linearized images for the nights of 11, 12, and 15 November 2012
obtained at the Brazilian northeastern station, Sao Joao do Cariri. Figure 7 shows three keograms and
one scatter plot. In the keograms, the dark signatures describe the areas with the greatest rarefaction, that
is, the regions of plasma bubbles. The color scale to the right of each panel represents the level of rarefac-
tion in plasma density. It is possible to choose an interval between two points, where y axis represents the
interval of time, while the x axis represents the zonal displacement of the structure. This interval between
two points is represented in Figure 7 by a solid white line in keogram plots. As a result, the velocity may
be calculated. Taking into account the coordinates of the initial and final points, the velocities estimated
were 87.05, 97, and 135.8 m/s for each panel, respectively, from the top to the third panel. The bottom
panel in Figure 7 shows the comparison between these velocities obtained with our method and by the
keogram technique. All velocities in bottom panel were calculated using GNSS signals, as explained in
this work; however, the orange squares represent the velocities similar to the values obtained in the keo-
grams. As we can see, our values are coherent with the one obtained by comparison to a well‐known
optical methodology.

4. Summary and Conclusions

In this paper the LTIAMwas used to monitor the plasma bubbles, allowing to automatically infer EPB zonal
drift velocities from two GNSS receiving stations close to each other, for geomagnetically quiet periods.

The LTIAM code was modified to perceive the passage of the ionospheric irregularity between two stations
of the RBMC network. However, for large distances from each other, the reliability of the methodology is
reduced. As soon as both stations record the irregularity, the k‐means algorithm checks the time interval
during the passage of the irregularity in each station, to then provide the velocity value.

The velocities calculated by LTIAM presented considerable variability, which was already expected. By ana-
lyzing the velocities obtained, LTIAM provided all velocities with positive values (convention: positive
values represent propagation to eastward). After inspection of images in the emission of the OI 630 nm, it
was verified that all the occurrences of plasma bubbles presented movement toward the east. That is, within
the database there was no bubble westward velocity. This fact corroborates the reliability of the method. The
LTIAM was also able to reproduce a characteristic of ionospheric plasma, similar to that already announced
by Fejer et al. (1991), which refers to a peak in zonal drift during the summer for high solar activity. This
similarity is quite consistent with the behavior of ionospheric plasma, since the irregularities seem to move
along with the movement of the plasma.

The average results obtained using LTIAM are in accordance with the values published in the literature.
They were larger at the start time of the analysis (2100LT), reaching values of 300 m/s in a timely but occa-
sional way, that is, higher velocities at the start time of the analysis and subsequent decay in the late night
hours. This trend is attributed to the dynamics of the neutral winds, since they have lower intensity in the
late evening and early in the day.

By fixing a month and analyzing the variations in mean velocities results for the different years of study, it
was expected to verify the influence of solar activity. Since the higher the solar flux, the higher the EPB zonal
velocities. However, even with the increase in F10.7, there was a decrease in some velocities values. The
hypothesis supported by the authors refers to the atypical double peaked 24th solar cycle form, where the
first peak was considered ascending phase, while the second peak was considered the solar maximum. As
a result, the trend of F10.7 was to decrease between peaks, even though the years of study are presented
as the growth of solar activity going from the ascending phase to the solar maximum. Still in the monthly
analysis, September months present late occurrence of plasma bubbles. This is attributed to the strong sea-
sonal dependence of EPBs.

To conclude, the EPB velocities calculated by LTIAM were also compared with velocities calculated by keo-
gram technique based on all‐sky OI 630‐nm images. There were no significant differences between the
speeds calculated by the LTIAM technique and keogram, since the results were fully compliant with the
airglow technique.
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