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Abstract: Based on the observations of Ionospheric Bubble Index (IBI) data from the Swarm mission,
the characteristics of plasma bubbles are investigated during different types of geomagnetic storms
recorded from 2014 to 2020. The geometrical constellation of the Swarm mission enabled us to
investigate the altitudinal profile of the IBIs during different activity levels in a statistical mean.
Results show that the majority of IBIs associated with moderate storms are observed at low altitudes
and the probability of observing IBIs at high altitudes (Swarm-B) increases with the increase in storm
level. This is confirmed by observing the F2 layer peak height (hmF2) during super storm events
at larger altitudes using COSMIC data. The maximum number of IBIs is recorded within the South
Atlantic Anomaly (SAA) region with a long duration time and tends to increase only during dusk
time. Both the large duration time and number of IBIs over the South Atlantic Anomaly (SAA)
suggest that the gradient in the electron density and the depression in the magnetic field are the
main factors controlling IBI events. Also, the IBIs at high altitudes are larger at sunset and at low
altitudes pre-midnight. In addition, the occurrence of IBIs is always larger in the northern hemisphere
than in the southern hemisphere irrespective of the type of storm, as well as during the summer
months. Moreover, there is no correlation between the duration time of IBIs and both the altitudinal
observation of the IBIs and the storm type. Seasonal occurrence of IBIs is larger during equinoxes
and vice versa during solstices irrespective of both the type of storm and the altitude of the satellite.
The large number of IBIs during equinoxes agrees with the previous studies, which expect that the
large electron density is a developer of steeper ∇n. Large occurrences of super storm IBIs observed
within the pre-midnight during summer and at sunset during equinoxes are a novel observation that
needs further investigation. Also, the majority of IBIs are observed a few hours after geomagnetic
substorms, which reflects the role of the Disturbance Dynamo Electric Field (DDEF) as a main driver
of IBIs.

Keywords: plasma bubble; ionospheric irregularity; geomagnetic storm; Swarm mission

1. Introduction

Abrupt depletion in the equatorial ionospheric plasma density satellite data generally
observed during nighttime is defined as an Equatorial Plasma Bubble (EPB) [1]. EPBs have
various spatial ranges (50–1000 km) noticed in the equatorial ionosphere inside a narrow
band of ±20◦ magnetic latitude and include a broad area of altitudes from the bottom side
ionosphere up to 1000 km [1,2]. EPBs are created in the bottom side F region, where the
boundary between the E and F regions develops to be unstable at night. During the post
sunset, the ionization rate in the low latitude region decreases dramatically, therefore the
density gradient at the bottom side of the F layer ionosphere goes into an abrupt state
due to rapid loss of molecular ions. Under the action of gravity at the equatorial region, a
polarization electric field is created, which raises the ionospheric plasma at the bottom side
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to higher altitudes. This mechanism of exchanging plasma between ionospheric regions
is known as the Rayleigh–Taylor (R-T) instability [1,3]. The plasma density depletion
relative to the background ionosphere, which is several hundred kilometers in width and
extending from the bottom side ionosphere to higher altitudes, is being observed [4,5].
Depletion manifests itself in different names according to the measurement technique. It
is denoted by plasma plumes due to its presence in radar displays [2], diffused echoes
in ionogram data related to the name range spread F [6–8], and in the optical images,
they appeared as emission depletions expanding along the magnetic field lines [9,10] or
ionospheric scintillation in radio wave signals. Due to the importance of EPBs in space
physics, the authors of [7] derived an index related to the depletion of plasma observed by
Swarm electron density ne data, which is denoted by the Ionospheric Bubble Index (IBI).
In addition to the decrease of plasma density associated with EPBs, which changes from
some tens of percent to three orders of magnitude, an enhancement of the local magnetic
field can extend to middle latitudes along EPBs region [7,11–13]. EPBs regularly persist
until after midnight since their creation around sunset and vanish after sunrise and their
large-scale structures can be traced in successive satellite orbits [14].

The EPB phenomenon exists during quiet and active periods, but several studies
found a higher correlation between its occurrence rate and active periods than quiet
periods. Not only, the EPB occurrence rate is activity-dependent, but it also depends
on the phase of the geomagnetic storm; it is much higher during the growth and main
phase and it is rarely observed during the recovery phase [15–17]. Geomagnetic storms
are considered one of the major natural hazards [18]. The main reason for the high
correlation between solar activity and EPB occurrence rate is the less upward plasma
gradient experienced due to the less ionization taking place during low solar active periods,
but during high solar activity, the ionization rate is very large due to the increase in solar
Extreme Ultraviolet (EUV) radiation; therefore, the plasma gradient is extremely high,
leading to a high occurrence rate of EPBs [19]. During geomagnetic disturbances, huge
quantities of energy and momentum associated with the perturbed solar wind are ejected
into the Earth’s ionosphere-thermosphere at auroral latitudes, which subsequently creates
intense convection in the polar cap region. The enhanced plasma convection considers
the fastest response in the high-latitude ionosphere. The swift sunward (anti-sunward)
plasma flows over the auroral latitudes leading neutral winds through ion-neutral collisions
and creating a large-scale dawn-to-dusk ionospheric electric field [20]. This high latitude
electric field can extend nearly spontaneously down to equatorial regions. In this case, the
electric field is named the Prompt Penetration Electric Field (PPEF) [13,21–23]. The PPEF
is primarily pointed eastward (westward) during the day (night) and regularly produces
a quick and ephemeral disruption on timescales of 1–2 h [24–27]. The enhanced dayside
PPEF increases the vertical E × B upward convection of plasma, displacing plasma into
higher altitudes. This upward convection depletes plasma at low altitudinal ionospheric
regions which sets up PBs.

At the auroral region, an unexpected rising of air due to the increased heating of
the auroral atmosphere initiates traveling atmospheric disturbance (TCD) due to the
expansion of gases and also drives the equatorward neutral wind component [28–32].
This equatorward wind has meridional and westward components due to the Coriolis
Effect, which grows with decreasing latitude. The meridian wind will carry plasma up
or down along the magnetic field lines from middle to low latitudes according to its
direction. This ionospheric alteration is more efficient on the dayside where ion-neutral
collision frequencies are higher. The westward component of the equatorward wind creates
a Disturbance Dynamo Electric Field (DDEF) at middle and equatorial latitudes. The
created electric field is directed primarily westward on the dayside and eastward on the
nightside [33–35]. The effects of DDEF begin only 3–4 h after the rise of magnetic activity
and continue for longer. The westward electric field depresses the dayside plasma, creating
a negative ionospheric storm. In contrast, the PPEF is created due to ion-neutral collisions
during the convection process at the polar region, which is directed eastward in the dayside;
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therefore, PPEF lifts the plasma into higher altitudes and causes positive ionospheric storms
at middle latitude [35,36]. Both the PPEF and the DDEF cause depletion in plasma at the
bottom region of the ionosphere, especially within the dip equator where the magnetic
field lines are perpendicular to the force of gravity. Therefore, the growth rate (γ) of the
EPBs increases with both the depressions in the main Earth magnetic field and the gradient
of the electron density (∇n). This relationship is summarized in Equation (1):

γ =
σFP

σFP + σEP

[
vz −

g
vin

]
·∇n

n
−R (1)

where σFP and σEP are the integrated flux tube Pedersen conductivity in the F and E iono-
spheric regions at the magnetic equator, and vz, g, vin, and R are the vertical plasma drift
velocity, acceleration due to gravity, ion-neutral collision frequency and the recombination
rate, respectively [37]. Bold and normal letters in Equation (1) correspond to vector and
scalar quantities, respectively.

The ionospheric irregularities associated with the development of EPBs can seriously
disrupt the diffusion of the trans-ionospheric radio wave path by impacting both the
phase and amplitude of the radio signal, which are named scintillations. This can lead
to a serious deterioration of Global Navigation Satellite System (GNSS) signals [38–40].
Therefore, researchers use GNSS as an accurate instrument for the discovery and continuous
observation of ionospheric plasma perturbations on worldwide or local scales [41–45]. Also,
the enhanced magnetic field association with EPBs contaminates the accuracy of the high
degree lithospheric field models [37,46]. Therefore, good monitoring of IBIs is not only of
space interest to investigate their impact on communication systems, but it also useful for
accurate modeling of the Earth’s magnetic field.

Several researchers have introduced many acceptable characterizations of EPB activity
during magnetic storms [40,47–49]. They investigated the performance degradation of the
American Wide Area Augmentation System (WAAS) due to the superstorm in 2003. The
studies in [41,50] brought forth noticeable deteriorations in the positioning precision of
the European Geostationary Navigation Overlay Service (EGNOS) due to the June 2015
storm. Others monitored the occurrence of EPB activity by means of Global Positioning
System (GPS) S4 scintillation receivers by using results from the Thermosphere Ionosphere
Electrodynamic General Circulation Model (TIEGCM) [51]. Others implemented a study
of the ionospheric response to the geomagnetic storm that occurred on 22–23 June 2015
using measurements of the vertical total electron content (VTEC) and ne over Swarm
satellites [36,52]. They observed that during the start of the main phase of the storm,
ionospheric effects were driven by the Prompt Penetration Electric Field (PPEF). All these
studies investigated the effect of a single storm on the ionosphere. Also, the authors of [53]
found that the PPEF is the main driver of post-sunset EPBs during the storm onset, while
afterward, the DDEF is the main driver of enhanced predawn EPBs and the suppression
post-sunset and at midnight.

To the best of the authors’ knowledge, the general characteristic of the EPBs during
different types of geomagnetic storms have not yet been investigated. The aim of this
paper is to investigate the features and morphology of the EPBs under different types of
geomagnetic storms (super, intense, and moderate) in the period of seven years (2014–2020)
using IBI data from the Swarm satellite constellation and COSMIC satellites. The following
sections of the current study have been organized as follows: In Section 2, we describe
the data used and the selection criterion for both the type of storm and the IBI events.
Section 3 presents the results and observations. Section 4 discusses our results and explains
the features of the EPBs observed during different types of geomagnetic storms. Finally,
Section 5 presents a conclusion of our findings.
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2. Data and Methodology
2.1. Swarm Satellite Mission

The Swarm mission consists of three identical satellites: Swarm Alpha (Swarm A),
Swarm Bravo (Swarm B), and Swarm Charlie (Swarm C). It mostly aims to measure
the Earth’s magnetic field and its temporal variation with matchless precision [54]. On
22 November 2013, the Swarm mission was launched into an almost polar orbit with an
inclination angle of 87.5◦ at an initial altitude of about 490 km. From that time, Swarm
A and C fly alongside each other at an altitude of about 470 km and with a longitudinal
separation distance of about 1.4◦ (150 km) [55,56]. The third spacecraft, Swarm B, swirls
the Earth at about 520 km with a higher inclination. To cover the whole 24 h local time,
Swarm B requires about 141 days, while Swarm A and C require about 133 days. The
load completeness of each spacecraft involves an absolute scalar magnetometer, a vector
field magnetometer, an electric field instrument (EFI), an accelerometer, and a group of
navigation instruments [20].

In this investigation, we utilize Swarm Level-2 (IBI) products. One data file of L2-IBI is
produced per day and per satellite. However, no L2-IBI data are generated for days when
neither the magnetic field data nor Level 1b electron density (ne) data are existing. The
timestamps of the L2-IBI are coincided with those of the corresponding L1b 1 Hz magnetic
field data, with a cadence rate of 1 Hz. An updated document describing the IBI product is
available on the European Space Agency (ESA) webpage: https://www.esa.int/ (10 Jan-
uary 2020). A full description of the data file and explanations regarding the IBI data can be
found in the L2-IBI product description file (https://earth.esa.int/web/guest/document-
library/browse-document-library/-/article/swarm-level-2-ibi-product-description (20
November 2019)). This product enables ionospheric scientists to easily recognize the equa-
torial plasma bubbles. The essential section of the L2-IBI product is composed of three
parameters: Bubble Index, Bubble Probability, and Bubble Flag.

2.2. IBI Selection Criterion

The bubble index indicates every data point as to whether a plasma irregularity is
detected. Table 1 presents the three potential cases of the bubble index [7]. Bubble index 0
(Quiet) denotes that no small-scale fluctuation is present around that data point. Bubble
index 1 (Bubble) means that the data points are impacted by EPBs. Bubble index -1 means
unanalyzable IBI event.

Table 1. The Bubble index criterion.

Bubble Index Description

0 Quiet

1 Bubble

−1 Unanalyzable

According to the authors of [7], the bubble flag is related to exceeding a certain
bubble probability level (e.g., >0.8 as stated in [7]). It supports additional information
as to why the data point is given as the Bubble Index. In case the Bubble Index equals 0
(Quiet), the related bubble flag is also 0 (Quiet), while if the bubble index equals 1 (Bubbles
exist), the related bubble flag may be either 1 (Confirmed Bubble) or 2 (Unconfirmed
Bubble) [7]. In our analysis, a bubble flag of 1 (Confirmed Bubble) is chosen, which means
the plasma bubble event manifests a high correlation between filtered residual magnetic
field strength and filtered plasma density data. Bubble Probability can be defined as the
square of the correlation coefficient (known as the coefficient of determination) because
EPBs are associated with local enhancement in the magnetic field. If the bubble surpasses a
specific threshold probability (e.g., ≥0.5) its bubble flag equals 1, while bubble probability
is set to 0 if the bubble index is not equal to 1 or no plasma density data exist around
the magnetically detected events (Unconfirmed Bubble). This is because users may set

https://www.esa.int/
https://earth.esa.int/web/guest/document-library/browse-document-library/-/article/swarm-level-2-ibi-product-description
https://earth.esa.int/web/guest/document-library/browse-document-library/-/article/swarm-level-2-ibi-product-description
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an accurate standard on the relationship between filtered residual strength and filtered
plasma density by merging the bubble probability and the bubble index. For our selection
of IBI events, we chose events with bubble index equal to 1, bubble flag equal to 1, and
bubble probability ≥0.5 and subsequently checked their corresponding ne irregularities.

Figure 1 is a typical example of a Swarm L2-IBI event. The IBI index and the IBI
probability are plotted in solid black and dashed red lines, respectively. The blue line
represents the ne profile along the path of the Swarm B satellite. The event has an IBI index
equal to 1 and IBI probability closer to 0.91 as shown in Figure 1, in addition to a bubble
flag equal to 1 not shown in Figure 1. These three conditions confirm the existence of a
plasma bubble event. We can recognize intense irregularities in the ne profile between
(08:12–08:15 UT) during the same time of the occurrence of the plasma bubble event.

Figure 1. A typical example of an EPB/IBI event observed by Swarm B on March 17, 2015. Black solid line, red dashed line,
and blue solid line correspond to the IBI index, the IBI probability, and the ne (cm−3) profile, respectively.

In the present study, we examined seven years of Swarm L2-IBI observations (2014–2020)
during geomagnetic storms. We have divided the geomagnetic storms according to [57]
into three categories. Moderate storm (−50 nT > Dst > −100 nT), intense storm (−100 nT
> Dst > −200 nT), and super storm (−200 nT > Dst > −350 nT). Table 2 introduces the
geomagnetic storms along with their corresponding Dst index values. The hourly Dst index
values are obtained from OMNI data (https://omniweb.gsfc.nasa.gov/form/dx1.html
(10 January 2020)). The driver of the geomagnetic storm is obtained from the space weather
website (https://spaceweather.com/archive.php (20 February 2021)). The driver of the
storm could be a Coronal Mass Ejection (CME), a Co-rotating Interaction Region (CIR), a
stream of solar wind, or the Interplanetary Magnetic Field turning southward (- IMF Bz).
According to Table 2, we have two super storms, seven intense storms, and fifty moderate
storms. The total number of IBI events is 831 divided into 97/super storm, 36/intense

https://omniweb.gsfc.nasa.gov/form/dx1.html
https://spaceweather.com/archive.php
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storm, and 698/moderate storm. According to Table 2, both the two super storms observed
in the current study demonstrate a large number of IBIs (97 events). Also, some of the
moderate storms showed a larger occurrence rate of IBIs than during super storms.

Table 2. Geomagnetic storms recorded during 2014–2020. Columns from left to right are year, month, day, duration of
geomagnetic storm, type of storm, Dst index the number of IBIs occurring from the beginning of the storm until the end of
the recovery phase, and finally, the geomagnetic storm driver.

Start Date Duration Storm Dst
Number of IBIs Storm Driver

Year Month Day (Days) Type (nT)

2015 3 17 9 Super −223 64 CME
2015 6 21 11 Super −204 33 CME
2014 2 18 5 Intense −119 1 Weak CME
2015 12 19 5 Intense −155 15 CME
2015 12 31 5 Intense −108 0 CME
2016 10 12 8 Intense −104 19 CME
2017 5 27 4 Intense −125 1 CME
2017 9 7 5 Intense −142 10 CME
2018 8 25 6 Intense −174 0 CME
2014 2 23 4 Moderate −55 0 CME
2014 2 26 4 Moderate −97 2 CME
2014 4 29 6 Moderate −67 4 Solar flare
2014 8 26 10 Moderate −79 8 CME
2014 10 8 5 Moderate −51 101 Negative IMF Bz
2014 11 9 19 Moderate −65 83 CME
2014 12 23 2 Moderate −57 0 CME
2014 4 11 5 Moderate −87 5 Negative IMF Bz
2014 9 12 6 Moderate −88 23 Double CME
2015 2 16 7 Moderate −64 107 Solar wind streamwind
2015 4 15 6 Moderate −79 0 CME
2015 7 10 6 Moderate −61 26 Solar wind stream
2015 7 22 8 Moderate −63 4 CME
2015 8 22 9 Moderate −92 5 Solar wind stream of solar wind
2015 9 20 6 Moderate −75 1 CME
2015 9 7 14 Moderate −98 1 CME
2015 11 2 5 Moderate −60 26 Solar wind stream
2015 11 6 10 Moderate −89 92 CME
2015 1 7 9 Moderate −99 7 Negative IMF Bz
2015 4 9 5 Moderate −75 7 CME
2015 6 7 6 Moderate −73 6 CIR
2015 7 4 7 Moderate −67 20 CME
2015 8 15 7 Moderate −84 7 CME
2016 2 2 3 Moderate −53 1 CIR
2016 2 15 8 Moderate −57 3 CME
2016 3 14 8 Moderate −56 24 CME
2016 4 2 6 Moderate −59 30 CIR
2016 4 12 4 Moderate −59 19 CME
2016 4 15 3 Moderate −55 8 CME
2016 8 2 7 Moderate −52 0 CME
2016 8 23 5 Moderate −74 3 Solar wind stream
2016 11 9 7 Moderate −59 0 CME
2016 1 19 7 Moderate −93 8 CME
2016 5 7 8 Moderate −88 3 CME
2016 3 5 7 Moderate −98 11 CIR
2017 3 26 11 Moderate −74 2 Coronal hole
2017 9 27 8 Moderate −76 39 CME
2017 11 7 9 Moderate −94 0 CME
2017 7 16 5 Moderate −72 0 CME
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Table 2. Cont.

Start Date Duration Storm Dst
Number of IBIs Storm Driver

Year Month Day (Days) Type (nT)

2018 5 5 9 Moderate −56 1 Solar wind stream
2018 9 10 7 Moderate −60 0 CME
2018 11 4 11 Moderate −53 1 CME
2018 4 19 8 Moderate −66 0 CME
2018 10 7 7 Moderate −53 0 CME
2019 8 4 8 Moderate −50 0 CME
2019 5 10 4 Moderate −51 0 CME
2019 5 13 3 Moderate −65 0 CME
2020 2 17 10 Moderate −52 0 Negative IMF Bz
2020 4 20 2 Moderate −59 0 CME
2020 7 23 5 Moderate −52 0 CME

2.3. COSMIC Mission

COSMIC is a constellation of Low Earth Orbit satellites that probe the Earth’s iono-
sphere and atmosphere using the mechanism of trans−ionospheric radio wave propagation.
The constellation consists of six satellites circled in six circular orbits inclined at ~72◦ and
about 800 km altitude. The satellites provide different kinds of measurements, inclusive
GPS-based Radio Occultation (RO) measurements for probing the Earth’s ionosphere and
atmosphere. In our study, we investigated the storm-induced variations in the profile shape
and the altitude distribution of ionospheric irregularities at different levels of magnetic
activities. For this purpose, we used the main COSMIC−RO ionospheric product “ionPrf”
ionospheric electron density profiles. We selected IBI events where COSMIC satellites are
within ±30

◦
longitudes of the same event observed by the Swarm satellites. The reason

for that is to investigate the altitude of the F2 layer peak height (hmF2) and the degree of
depletion using COSMIC data for the same IBI event confirmed by the Swarm satellite.

3. Results

In this section, we introduce observational data obtained from Swarm L2−IBI and
COSMIC satellites. Our essential aim is to study the morphology and occurrence of the
plasma bubbles during three different levels of geomagnetic storms. First, we present
a statistical IBI data obtained from the three Swarm satellites to study the variations of
plasma bubbles with respect to latitude, longitude, altitude, and local time. Second, we
investigate the variation of the ionospheric ne profile of three geomagnetic storm levels
using Swarm and COSMIC satellites.

3.1. The Occurrence Rate of IBIs during Different Types of Geomagnetic Storms

Figure 2 presents a global distribution of IBI events observed by Swarm satellites,
occurring during different types of geomagnetic storms with respect to the criteria set
in Section 2. IBIs observed during super, intense, and moderate geomagnetic storms are
shown in the top, middle, and lower panels, respectively. Events observed by Swarm
A, B, and C satellites are marked in red, blue, and cyan dots, respectively. The dashed
line marked in magenta color on the world map indicates the ±20◦ latitude from the dip
equator, which is marked in the solid magenta line.

We noticed that regardless of the few IBIs spread farther from the ±20◦ latitudinal
limits, the majority of IBIs were observed closer to or centered around the dip equator. Also,
during moderate storms, no IBIs were observed poleward from the ±20◦ latitudinal limits.
In addition, the IBIs observed during moderate and super storms spread over a large range
of longitude in comparison with the majority of IBIs during intense storms, which were
concentrated within limited longitudes (20◦ W–90◦ W). The right column of Figure 2 shows
the number of IBIs in the northern and southern hemispheres in magenta and black bars
respectively. The range of the Y–axis in both super and intense storms is 15, while for the
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moderate storm it is expanded to 150 because of the large number of IBIs during moderate
storms. We noticed that, 64% of intense storms have a large number of IBI events in the
southern hemisphere (Figure 2). In contrast, 59% of moderate and super storms have large
IBI events in the northern hemisphere. The number of IBIs in the northern hemisphere is
slightly larger than that in the southern hemisphere, at all longitudes, during super, intense,
and moderate geomagnetic storms. Consequently, the dramatic increase in the number of
IBIs during intense storms within 45◦ W longitude in the southern hemisphere could be
due to the fewer number (36) of IBI events that may mislead the statistical trend.

Figure 2. Global distributions of IBI events during super, intense, and moderate storms from top to bottom observed
by Swarm A, B, and C in red, blue, and cyan dots, respectively, on the left. The dashed line corresponds to the ±20◦

latitude from the dip equator. The right column is its corresponding IBI occurrence number in the northern and southern
hemispheres in magenta and black bars, respectively.

Swarm B orbits the Earth at higher altitudes (~520) km than Swarm A and C, which
orbit the Earth at an average altitude of ~420 km; therefore, the probability of observing
IBIs during different types of storms at different altitudes is worth investigation. Figure
3a–c displays the number of IBI events observed by the three Swarm satellites with respect
to the geographic longitude during distinct types of storms. The red, blue, and cyan bars
correspond to IBIs observed by Swarm A, B, and C satellites, respectively. This shows that
during super and intense storms, the number of IBIs at the altitudes of Swarm B (>500 km)
is larger than those observed at the altitudes of Swarm A and C. Swarm B recorded about
60% of all the events during super and intense storms and 16% during moderate storms.
In contrast, during moderate geomagnetic storms, the number of IBI events observed by
Swarm A and C is always larger than those detected by Swarm B as shown in Figure 3c. The
occurrence rates of IBIs at the altitudes of Swarm A and C satellites are the maximum (83%)
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during moderate storms. For all types of storms, the majority of IBI events are observed
within the longitudinal sector (0◦ E and 110◦ W) or within the location of the SAA.
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(a) super, (b) intense, and (c) moderate storms. The IBIs observed by Swarm A, B, and C are marked
in red, blue, and cyan bars, respectively.

Figure 4a,b introduces the geographic locations of IBIs observed at different heights
according to different storm types. Super, intense, and moderate storms are marked in
red, black, and blue dots respectively. These IBIs are superimposed on a map of the total
Earth’s main magnetic field that was calculated from the CHAOS−7.4 model at 450 km
altitude [58]. The total Earth magnetic field varies up to 60,000 nT as indicated by the color
bar index at the rightmost of Figure 4b. The map shows that the minimum magnetic field
values of the Earth are located over the Atlantic Ocean between Africa and South America
(called SAA). A comparison between the geomagnetic map and the number of IBIs shows
that the number of IBIs increases dramatically over SAA at both altitudes.
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Figure 4. Earth’s magnetic field map calculated using the CHAOS 7.4 model superimposed on the geographic location of
the IBIs observed during super, intense, and moderate storms in red, black, and blue colors respectively at (a) high altitudes
at the altitude of Swarm B and (b) low altitudes at the altitude of Swarm A and C. Bars represent the number of IBIs within
30◦ longitudes at (c) high altitudes and (d) low altitude.

Figure 4c,d illustrates the number of events at each altitude with respect to longitudes.
It clearly shows that at higher altitudes (>500), the majority of events are located within
±20◦ magnetic latitudes and grouped at longitudes between 10◦ E and 80◦ W. In contrast,
at lower heights (<470 km), events are spread over larger latitudes (30◦ N–40◦ S) and
longitudes (30◦ E–120◦ W). A comparison between Figure 4c,d shows that the number
of IBI events at low altitudes (<470 km) is larger than those observed at higher altitudes
(>500 km). Moreover, intense IBIs at high altitudes are only located in a very limited
latitude (±10◦) and longitudes 20◦ W to 60◦ W. At low altitudes, the minimum number of
IBIs are associated with intense storms and are scattered over a broad range of latitudes
and longitudes, while the maximum number of IBIs are observed during moderate storms.
Also, Figure 4c, d shows that the maximum number of IBIs are observed at longitudes 20◦

E to 120◦ W. Figure 4c shows that at high altitudes, the numbers of IBIs are comparable
during the three types of storms. Comparing the number of IBIs during super storms in
Figure 4c,d at both altitudes shows that their corresponding IBI numbers at high altitudes
are larger than those at low altitudes. It means the probability of finding IBIs at high
altitudes increases with the increase in the level of geomagnetic activity as shown in
Figure 4c. Also, the probability of observing IBIs at higher altitudes decreases with the
decrease in the geomagnetic activity level as shown in Figure 4d.

3.2. The Local Time Variations of the Occurrence and the Duration Time of IBIs Observed during
Different Types of Geomagnetic Storms

The occurrence of IBIs with respect to local time during various types of storms is
presented in Figure 5a–c. It is generally noticed that the majority of IBIs are observed
between sunset and midnight (18:00–24:00 LT) and few events are observed from post-
midnight until the early morning (24:00–06:00 LT). During both super and intense storms,
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Swarm B recorded a larger number of IBIs in comparison with Swarm A/C. These Swarm
B events are observed around the post-sunset hours (18:00–21:00 LT). In contrast during
moderate storms, the large number of IBIs are recorded by Swarm A/C and are observed
within the pre-midnight hours (21:00–24:00) LT.

Figure 5. The number of IBIs with respect to local time during (a) super, (b) intense, and (c) moderate
geomagnetic storms. Red, blue, and cyan colors correspond to IBIs observed by Swarm A, B, and C
satellites, respectively.

At the altitudes of Swarm B, the post-sunset (18:00–21:00 LT) events are larger than
those observed within the pre-midnight period. At the altitudes of Swarm A/C, the
probability of observing IBIs increases when approaching the pre-midnight hours. Also, the
occurrence of the early morning (03:00–06:00 LT) IBIs is larger at the orbits of Swarm A/C.

The duration times of IBIs during super, intense, and moderate geomagnetic storms
in red circles, black squares, and blue dots, respectively, are shown in Figure 6a. The
occurrence rates of IBIs with duration times <100 s are 65%, 80%, and 73% corresponding
to super, intense, and moderate storms, respectively; while for duration times >100 s
corresponding to the same order of storms, the occurrence rates are 34%, 19%, and 25%.
However, the percentage of IBIs with duration times >100 s is the largest during super
storms. Moderate storms showed a larger percentage than intense storms.
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Figure 6. The duration time of IBIs with respect to the LT for (a) different types of geomagnetic
storms and (b) the altitudes of the three satellites.

Figure 6b shows the duration time of IBIs with respect to the local time at the location
orbits of Swarm A, C, and B in red, cyan, and blue dots, respectively. However, both
Figure 6a,b show an enhancement in the duration time of IBIs from sunset until midnight.
There is no correlation between the duration time of IBIs and the type of the geomagnetic
storm as shown in Figure 6a. Also, no correlation was found between the duration time of
IBIs and the altitude (the orbit of the satellite) as shown in Figure 6b, as the duration time
shows a random distribution with respect to the LT for the three satellites.

3.3. Seasonal Variations of IBIs at the Altitudes of Swarm Satellites in Both Hemispheres

Figure 7a–c illustrate the number of IBIs with respect to months at the altitudes of
Swarm A, B, and C from top to bottom. The numbers of IBIs in the northern and southern
hemispheres are marked in magenta and black bars respectively. In both hemispheres, the
numbers of IBIs in the months around equinoxes are always larger than the number of IBIs
in the summer and winter months. This seasonal variation of the occurrence rate of IBIs is
independent of the altitude of Swarm satellites. It is worth noting that we could not make
a seasonal variation of the number of IBIs for each type of geomagnetic storm because of
the limited number of super and intense storms. This limited number of storms confined
the appearance of IBIs within two months during super storms and five months during
intense storms as indicated in Table 2. Thereby, the seasonal variations of IBIs during
different types of geomagnetic storms are suggested to be investigated in further studies.
The number of IBIs in the northern hemispheric summer is larger than in the southern
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hemisphere. This large occurrence could be attributed to the large electron that develops
steeper ∇n according to Equation (1).

Figure 7. The number of IBIs observed in each month in the northern and southern hemisphere in
magenta and black bars, respectively, at the altitudes of (a) Swarm A, (b) Swarm B, and (c) Swarm C.
(d) a contour map of the local time with respect to months for the number of IBIs.

Figure 7d is a contour map of the local time with respect to months for the number
of IBIs observed during all types of storms. It shows two maxima of the numbers of IBIs
within months 9–11. The first maximum is located within 20:00 LT and the other within
22:00 LT and the minimum number of IBIs is within 21:00 LT. In contrast, months 1–4 have
an enhancement in the number of IBIs within 21:00 LT. In the June solstice, there are two
small peaks of IBI occurrence, the first around 21:00 LT and the other around 23:00 LT.

Figure 8 shows the seasonal variations of IBIs observed during sunset (17:00–21:00)
and pre-midnight (21:00–24:00) local times. IBIs observed by Swarm A, B, and C are
marked in red, blue, and cyan colors, respectively. The size of the circle from small to
large corresponds to the storm level from moderate to super. The most remarkable points
here are, first, the majority of IBIs are observed within the pre-midnight period in all
seasons, second, the absence of IBIs during winter months during sunset (local times).
The absence of super storm IBIs during the winter months is attributed to the only two
super storms that occurred during March and June months. The occurrence of super storm
IBIs increases within the pre-midnight period during summer months and sunset during
equinoxes. The low occurrence of super EPBs in comparison with moderate EPBs during
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summer months within the sunset is in agreement with the authors of [53] who found
that the number of post-sunset EPBs during quiet periods is larger than those observed
during disturbed periods. This low occurrence of super storm IBIs during summer months
(sunset) is reversed in local time during equinoxes, which is a novel feature of IBIs in
our analysis. The absence of sunset IBIs during winter months could be attributed to the
trans−equatorial wind that suppresses the occurrence of EPBs in the winter hemisphere as
reported in previous studies, but confirming this suggestion needs further investigation.

Figure 8. Shows the geographic distribution of IBIs at different seasons and local times. Rows from top to bottom
corresponding to summer, winter, and equinoxes. Left and right columns corresponding to sunset (17:00–21:00) and
pre-midnight (21:00–24:00) local times. IBIs observed by Swarm A, B, and C are marked in red, blue, and cyan colors,
respectively, and sizes of the circles from small to large correspond to the storm levels of moderate to super.

3.4. A Qualitative Investigation of IBI Events Using Swarm and COSMIC ne Data

To conduct a qualitative investigation of the response of the topside ionospheric ne
profile under different levels of geomagnetic activities, we compared plasma density mea-
surements from Swarm satellites and COSMIC ne profiles. Figure 9 shows the latitudinal
and altitudinal profiles of the ne observed by Swarm and COSMIC satellites in the left
and right columns, respectively. The middle column of Figure 9 illustrates the location of
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Swarm and COSMIC satellites. Rows ordered from top to bottom corresponding to IBIs
during super, intense, and moderate storms, respectively. The same event observed by both
Swarm and COSMIC satellites is marked in the same color. The occurrence time of each
IBI event is indicated in the middle column of Figure 9. For each type of storm, we found
only two IBI events for each type of storm where COSMIC locates within ±30

◦
longitude

from Swarm.

Figure 9. The ne profiles during super, intense, and moderate geomagnetic storms are shown in the rows from top to bottom,
respectively. The middle column shows the geographic coordinates of the Swarm and COSMIC satellites, while the left and
right columns correspond to ne data observed by Swarm and COSMIC satellites, respectively.

During super storms (upper row), the ne data are not only dramatically decreased/depleted
in comparison with other storms, but also the hmF2 is displaced to higher altitudes ~400 km.
However, these two features are not observed simultaneously for the same event, they are
clearly observed independently in our observations of the IBIs occurring on 23 and 24 June
2015. COSMIC−RO observation extends to broad longitudes as shown in the middle panel
of the upper row, which means irregularities observed by Swarm satellites extend to large
longitudes. Also, Swarm ne data are intensively disturbed/depleted over a wide range
of latitudes due to the existence of large plasma irregularities, which could be seen along
the path of Swarm satellites. Moderate geomagnetic storms show low ne degradation in
comparison with super and intense geomagnetic storms. Also, the hmF2 is observed at
lower altitudes. Several authors have attributed the intense dynamics of the ionospheric
irregularities during super geomagnetic storms to auroral activities [59]. Regardless, the
degradation degree increases with the storm activity level, it is hard to correlate it with the
size of areas exposed to degradation. This issue is difficult to investigate using the ±30

◦

longitude criterion because of the fewer number of space observatories whereas COSMIC
is closer to Swarm for the same IBI event.

Geomagnetic storms observed on June 2015, October 2016, and September 2014 corre-
sponding to super, intense, and moderate types were analyzed in detail using the COSMIC
ne data shown in the left, middle, and right columns, respectively, in Figure 10. Rows
from top to bottom correspond to the SYMH index, the hmF2, and the ne at the hmF2,
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respectively. The SYMH index shows a strong depression in the Earth’s magnetic field
(<−250 nT) on June 23, 2015, corresponding to the super storm criterion set in the data
and methodology sections, but on September 14, 2014, there was a low depression in the
Earth’s magnetic field corresponding to a moderate storm. The number of IBIs on each day
of the storm is superimposed in the form of bars in the same panel of the SYMH index. The
number of IBIs during the main phase of the super and intense storms is clearly larger than
those that occurred during the recovery phase. This enhanced number of IBIs during the
main phase is in agreement with previous studies that correlate the occurrence rate of IBIs
with the activity level and the main phase of geomagnetic storms [60–63]. The reason for
that is the PPEF, which is transmitted instantaneously into the equatorial region during
the convection processes and becomes intensified during the main phase. Therefore, if we
expect the PPEF to be the main driver of IBIs observed during the main phases of intense
and super storms, another question arises regarding the IBIs observed during the recovery
phase of all storms. This indicates the insignificant role of the PPEF in the generation
mechanism of the IBIs. Therefore, another mechanism such as the DDEF or the shielding
electric field could be the main reason for generating IBIs during the recovery phase of
the storms.

The geographic coordinates and the altitudes of the noontime hmF2 were recorded
for each COSMIC profile. The selected noontime events vary from 12:00 LT to 16:00 LT.
Subsequently, the selected data were binned into 10 degrees in latitude and one hour UT,
where the median altitudinal and ne values within this binned area were calculated as
shown in the middle and lower rows of Figure 10, respectively. Results indicate that, the
ionospheric hmF2 varies with respect to the type of geomagnetic storm. The hmF2 was
observed to be strongly raised to high altitudes only within the main phase of the super
storm, but through the whole recovery phase, it was observed at lower altitudes, while dur-
ing the moderate storm it was always observed at higher altitudes. The hmF2 of super and
intense storms was similar, which was always observed at lower altitudes in comparison
with moderate storms. Also, the hmF2 was larger in the northern hemisphere during super
storm and strongly shifted poleward from the equator. The large altitudes of the northern
hemispheric hmF2 during super storms could be attributed to the trans−equatorial wind,
which flows from the summer (northern) hemisphere to the winter (southern) hemisphere
and subsequently raises the hmF2 to large altitudes in the summer/northern hemisphere.
During intense and moderate geomagnetic storms, the hmF2 is centered on the equator.
The reason for this is that, both storms are observed within the autumn equinox.

The ne profile corresponding to the three types of storms in the lower row shows
strong depletion of ne during super storms in comparison with moderate storms, while
in intense storms, it exhibits an intermediate state. Also, the double crests due to the
equatorial ionization anomaly in both hemispheres appeared clearly during the moderate
geomagnetic storm (panel in the rightmost bottom) and disappeared during super storms
(panel in the leftmost bottom).
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Figure 10. Rows from top to bottom correspond to the Dst index in nT, a contour map of the hmF2 (km), and a contour map of the value of the ne (cm−3) at the hmF2, respectively.
Columns from left to right correspond to super, intense, and moderate geomagnetic storms observed on 21 June 2015; 12 October 2016; and 12 September 2014, respectively.
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4. Discussion

As shown in the previous section, we have introduced our observations of the mor-
phology of EPB events recorded by Swarm satellites during different types of geomagnetic
storms recorded from 2014 to 2020. We have investigated 59 geomagnetic storms (2 super,
7 intense, and 50 moderate storms) under our classification set in Section 2. A list of 831 IBI
events was recorded by the Swarm constellation during all storms.

Figure 2, shows that most IBIs are located within ±20◦ geomagnetic latitudes and
between 90◦ W and 20◦ E corresponding to the location of the SAA. The plasma drift
velocity vz is related to the Earth’s magnetic and electric fields in the following form
(vz ∝ E

B ). Therefore, within the dusk sector, the eastward electric field is greatest and
subsequently, the R − T irregularities increase rapidly. The number of IBIs in the northern
hemisphere is always larger than those in the southern hemisphere. The north−south
hemispheric asymmetry of the IBIs in summer months could be attributed to the large
electron density which develops steeper ∇n according to Equation (1) [17,46]. Also, it is
worth noting that the large electron density during equinoxes [55] is considered the main
reason behind the large equinoctial IBIs. Also, the authors of [53] proposed that the increase
in the background plasma density at the topside F region improves the EPB development
in two ways: by enhancing the growth of EPD along the flux tube or by maintaining EPB
rising upward.

According to individual storms listed in Table 2, the occurrence rate of IBIs is not
necessarily increasing with the storm level, as several moderate geomagnetic storms
recorded a large number of IBIs in comparison with super storms. These results are in
agreement with the authors of [62] who found that the occurrence of EPBs is suppressed or
enhanced for individual storm cases.

Generally, we have found a large occurrence of IBIs after sunset times. One of the most
significant creation techniques of plasma irregularities within this time is the prereversal
enhancement (PRE) eastward electric field [64]. The PRE can supply a suitable circumstance
for evolving the R–T instability and raising the equatorial upward drift velocity. The
probability of observing EPB at high altitudes (the orbit of Swarm B) increases with the
increase in the geomagnetic storm level as shown in Figures 3 and 5. The altitudinal
analysis of EPBs presented by the authors of [65] found that the post-midnight EPBs extend
to higher altitudes over the African and American sectors. According to Figure 4, these
regions are characterized by low magnetic field strength; therefore, the growth rate of
EPBs according to Equation (1) is very large. Our analysis shows that, not only does
the occurrence rate of IBIs increase over the African and American regions but also, the
probability of observing IBIs at high altitudes (orbit of Swarm B) increases during super
storms, as shown in Figure 5a. Regardless, the author of [66] found a significant reduction
in the height of the F layer within the evening hours and significant enhancement in the
post-midnight period of the April 24, 2012 magnetic storm, suppression in the number
of IBIs was observed during these local times. They attributed this suppression to the
westward electric field associated with the DDEF or other factors such as injection of the
ring current and the IMF Bz. Therefore, the large occurrence of IBIs at high altitudes during
super storms in our analysis could be interpreted in terms of the enhanced eastward electric
field. The enhanced strength of the electric field forces plasma to move into higher altitudes
and increases the probability of observing IBIs at higher altitudes especially within the
post-sunset period. This suggestion is acceptable only in case of no injection to the ring
current and if the IMF Bz is positive. Further studies could distinguish the altitudinal
behavior of IBIs with respect to the DDEF, ring current injection, and IMF Bz.

The duration time of IBIs during super, intense, and moderate geomagnetic storms
is independent of the type of storm. It also has no correlation with the altitude of the
satellite as shown in Figure 6a,b. The duration time of IBIs is only larger from sunset to
midnight and independent of the type of the geomagnetic storm and the altitude of the
satellite, as it demonstrates a random distribution during different types of geomagnetic
storms. It also becomes very large around the SAA region (not shown). According to
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this observation, if the electric field strength is the main controller in the duration time
(Spatial scale) of IBIs, we would find a high correlation between the duration time and
the type of the geomagnetic storm level and an inverse relationship between the duration
time and the altitude. Because the large electric field strength raises plasma into higher
altitudes (orbits of Swarm B) as obtained in Figures 3 and 5, subsequently low altitudinal
ionospheric regions would persist degraded from plasma for longer times than those at
higher altitudes especially during super storms. Therefore, this result suggests that the
electric field strength has an insignificant contribution to the duration time of IBIs. The
enhancement of the duration time of IBIs within the dusk side over the SAA region could
be interpreted in terms of the high gradient in the electron density and the depression
in the Earth’s magnetic field. These are the main factors that could control the scale size
(duration time) of the IBI event.

A large occurrence of IBIs is recorded within equinox months (February to April and
September to November) is shown in Figure 7, which is consistent with previous studies
in [61,65] and references therein. It could be interpreted in terms of the enhanced ther-
mospheric zonal wind during equinoxes [67]. This wind motivates the vertical Pedersen
currents that can polarize the initial density disturbance into an unstable mode to trigger
plasma bubbles [68].

The low occurrence of IBIs during summer months in both hemispheres is due to
the trans−equatorial wind which suppresses the growth rate of the R−T instability [62].
Figure 7a–c confirm that seasonal variations of IBIs during the three types of storms
recorded in Table 2 are consistent with the general trend of the seasonal occurrence of IBIs
reported in [65]. The trans−equatorial wind may cause a reduction in the local conduc-
tivity on the upwind side (summer hemisphere) where the layer is raised and cause an
increase in the local conductivity on the downwind side (winter hemisphere) where the
layer is lowered. Subsequently, the instabilities in density irregularities near the bubble
boundaries may be suppressed in the winter due to the shorted polarization electric field
arising from the high conductivity. This might contribute to the slightly lower occurrence
rate of the irregularities in the winter hemisphere than the summer hemisphere as shown in
Figure 7a–c. The enhanced occurrence of IBIs after sunset times is attributed to the low flux
tube integrated conductivity at low magnetic latitudes, where the magnetic field lines are
aligned with the terminator [16,69]. The double small peaks of the IBI occurrence during
June solstice around 21:00 and 23:00 are similar to those presented in Figure 6b in [65],
but the large double peaks within months 9–12 are different from the single equinoxes’
occurrence EPBs peak presented in [65].

The enhancement of super storm IBIs during summer months within the pre-midnight
and sunset periods during equinoxes is an interesting observation and needs further
investigation. Although the authors of [70] observed an enhancement of the EPBs with
the activity level within the post-sunset period (18:00–24:00 LT) during equinoxes, our
division of post-sunset LTs into sunset (17:00–21:00 LT) and pre–midnight (21:00–24:00)
periods shows deeper details regarding the exact LT enhancement of EPBs with respect to
the storm type as shown in Figure 8.

IBI events observed within the 22–25 June 2015 super storm are marked by a vertical
red line as shown in Figure 11c. The IBI event on June 23, appeared within the post-
midnight (~01:00 LT) period after the occurrence of an intense geomagnetic substorm as
shown in Figure 11b. The occurrence of a geomagnetic substorm is clearly indicated by
the strong negative variation in the AL index (−1500 nT) at 05:00 UT on June 23. This
substorm is also associated with large negative IMF Bz (−40 nT) and positive electric field
variation in red solid and black dotted lines, respectively, as shown in Figure 11a, which
means a strong injection into the magnetosphere. The depletion of the ne is associated
with the IBI event observed a few hours later at 07:00 UT on the same day. Therefore,
the occurrence of IBI could be interpreted in terms of the DDEF which develops a few
hours after a geomagnetic substorm. This eastward nightside DDEF has the capability to
raise plasma to higher altitudes and subsequently depletes plasma in lower altitudinal
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ionospheric regions. This is in agreement with the authors of [20] who suggested the DDEF
as the main controller of the low latitude ionospheric instabilities which appear a few hours
after the start of the storm main phase. In addition, the authors of [63] stated that the DDEF
remains for several days during the storm recovery phase, which is clearly inferred from
the IBIs occurring during the recovery phase of the moderate geomagnetic storm shown
in Figure 10. Also, the authors of [53] stated that after the onset, the DDEF is the main
driver of the equatorial plasma depletion because it appeared 5 h after the IMF Bz turned
southward during the recovery phase.

Figure 11. The solar wind and geomagnetic indices associated with the super storm observed from 22 June 2015 to 24 June
2015. (a) The IMF Bz and solar wind electric field, (b) The AL index, and (c) The SYMH index.

Similarly, the IBI event observed on June 24 at 11:00 UT, occurred within the pre-
midnight (~22:20 LT) period a few hours after the occurrence of the geomagnetic substorm
occurred at 09:30 UT. This IBI event was observed during the insignificant variations in
both the IMF Bz and electric field, which means the PPEF has no role in creating such an
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IBI event. However, both the IMF Bz and the electric field have small negative and positive
variations respectively, the hmF2 peak of this event rose to higher altitudes (~400 km),
which confirms our suggestion about DDEF.

5. Conclusions

By examining seven years of Swarm L2−IBI data, we studied the occurrence rate of
the equatorial plasma bubbles (EPBs) during different levels of geomagnetic storms. The
main findings can be summarized in the following:

1. The majority of IBIs are observed within ±20◦ latitude around the dip equator. The
IBIs observed during moderate and super storms spread over a large range of longi-
tude in comparison with the IBIs observed during intense storms, which are concen-
trated within limited longitudes over the SAA. The numbers of IBIs in the northern
hemisphere are always slightly larger than their corresponding southern hemispheric
numbers at all longitudes during super, intense, and moderate geomagnetic storms.

2. During super and intense storms, the number of IBIs at the altitudes of Swarm B
is larger than those observed at the altitudes of Swarm A and C. During moderate
storms the majority number of IBIs are observed by Swarm A and C. Irrespective
of storm type, the plasma bubble events have a noticeable longitudinal distribution,
as the majority of IBI events are observed within the longitudinal sector (0◦ E and
110◦ W), where the SAA is located.

3. The number of IBI events at low altitudes (<470 km) is larger than those observed
at higher altitudes (>500 km) and the probability of finding IBIs at higher altitudes
increases with the increase in the level of the geomagnetic storm. No correlation
was found between the duration time (scale) of the IBIs and the altitudes because
the duration time of IBIs has a random distribution at both altitudes for all types of
storms. The duration time only tends to have a significant enhancement over the
SAA region.

4. The local time variation of IBI events shows distinguished patterns over different types
of storms. During super storms, the maximum number of IBIs detected by Swarm A
and C appeared within the pre-midnight hours (21:00–24:00 LT) and shifted to sunset
hours (18:00−21:00 LT) for Swarm B. On the other hand, during intense storms, the
probability of observing IBIs by Swarm (A, C) in post-midnight hours (24:00–6:00 LT)
is larger in comparison with the super storms. The occurrence rate of IBIs during
moderate storms increases with approaching the pre-midnight (21:00–24:00 LT) time.
Moreover, the number of IBIs at the altitudes of Swarm A and C is always larger than
those observed by Swarm B. In addition, the number of events detected by the three
satellites within the post-sunset is larger than those observed within the pre-midnight
period.

5. The occurrence rate of IBIs with duration times >100s is larger during super storms
while the moderate storms showed a larger percentage than intense storms. So, no
correlation was found between the duration time of IBIs and the type of geomagnetic
storm. The duration time of IBIs only increases from the sunset until midnight, and
also over the SAA region. Also, the most remarkable point is the absence of sunset
IBI events during the winter months. In addition, the majority of super storm IBIs are
only observed within the pre-midnight period during summer months and within
the sunset period during equinoxes.

6. The seasonal variations of IBIs indicated that the numbers of IBIs in the equinoxes are
always larger than those in the summer and winter months. This seasonal variation
is independent of the altitude of Swarm satellites. Moreover, the number of IBIs has
two crests: one at 20:00 LT and the other at 22:00 LT during months 9–11.

7. COSMIC electron density at the F2 layer peak height (hmF2) layer showed that, during
super storms, the ne data are dramatically decreased/depleted in comparison with
moderate and intense storms. The hmF2 is displaced to higher altitudes (~400 km)
not only during the main phase of super storms but during intense storms and in the
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recovery phase of super storms, it is observed at lower altitudes in comparison with
moderate storms.

8. IBIs are found to be observed a few hours later than the onset time of geomagnetic
substorms. Therefore, the probable driver of IBIs is suggested to be the DDEF.
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