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Abstract: Equatorial Plasma Bubbles (EPBs) are complex and intriguing ionospheric phenomena characterized by localized
regions of significantly depleted electron density, surrounded by areas of enhanced plasma density. These phenomena primarily
occur after sunset and pose critical challenges to modern technologies reliant on ionospheric signal propagation, such as satellite
navigation, radio communications, and space-based operations. The formation of EPBs is closely associated with the Rayleigh-
Taylor instability (RTI), a plasma instability triggered by the interplay of gravitational forces and steep density gradients in the
equatorial ionosphere. EPBs are initiated during the post-sunset period, driven by the pre-reversal enhancement (PRE) of the
zonal electric field, which uplifts the ionospheric F-layer to altitudes where plasma density gradients intensify. This eastward
electric field amplifies the RTI, expediting the growth of large-scale ionospheric depletions that evolve into the intricate structures
characteristic of EPBs. The variability in the strength of the PRE and associated F-layer uplift significantly influences the
initiation or inhibition of EPBs, resulting in complex spatial and temporal patterns of occurrence. Observational studies utilizing
radar, ionograms, airglow imaging, and satellite measurements have provided a detailed understanding of EPB morphology
and dynamics. These studies reveal that EPBs typically develop into elongated structures aligned with the Earth’s magnetic field,
exhibiting significant variability influenced by factors such as geomagnetic activity, seasonal changes, and atmospheric dynamics.
EPBs are of profound scientific and practical significance due to their disruptive impact on radio wave propagation. They induce
signal scintillation, degrade satellite-based navigation accuracy, and increase errors in communication systems. These effects
make EPBs a critical area of study within space weather and ionospheric physics. This paper presents an expanded overview
of the mechanisms underlying EPB formation, their evolution, and their impact on ionospheric processes and communication
systems. By synthesizing theoretical and observational insights, this work aims to contribute to a deeper understanding of EPB
dynamics and advance predictive capabilities for mitigating their effects on modern technologies.
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1. Introduction
Equatorial plasma bubbles (EPBs) are interesting

phenomena that occur in the ionosphere, particularly in
the equatorial and low-latitude regions [1, 2]. They
are characterized by regions of depleted electron density
surrounded by areas of augment electron density. These
irregularities in electron density can vary greatly in scale,
from just a few meters to thousands of kilometers [3, 4].
EPBs are primarily observed after sunset when the ionosphere

undergoes changes due to the transition from day to night
[5, 6]. During the day, the ionosphere is primarily ionized by
solar radiation, but as the sun sets, the ionization decreases,
leading to the formation of these plasma bubbles. These
bubbles can have significant impacts on radio communications,
satellite navigation systems, and other technologies that rely
on the ionosphere for signal propagation [7]. Equatorial
ionospheric plasma depletions, also known as equatorial
plasma bubbles, are slender east-west channels of rising
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plasma triggered by instability in the lower F-region of the
equatorial ionosphere. In this region, the gravitational force
and density gradient act in opposite directions, causing the
Rayleigh-Taylor instability (RTI) [8]. Various factors line
up for the RTI to begin, particularly in connection with
equatorial spread F. This instability is likely triggered by
substantial upward vertical drifts and a prominent F-layer.
Conversely, downward vertical and poleward meridional
winds stabilize the F-region, slow down the formation of
bubbles [9].The formation and evolution of these density
depletion regions or plasma bubbles after sunset can give rise
to highly intricate structures. EPBs have been investigated
for several decades utilizing various methodologies, including
radar observations [10], ionogram analysis [11, 12], airglow
detection [13], and in-situ satellite measurements [14]. The
Global Positioning by Satellite (GPS) network has also
facilitated the study of these irregularities across large regions
simultaneously, leveraging phase fluctuations at L1 and L2
frequencies [15] and correlating total electron content (TEC)
depletions with scintillations [16]. Plasma irregularities and
depletions associated with EPBs are typically observed during
the nighttime, shortly after sunset, and sometimes persisting
until a few hours after midnight [17, 18]. Previous studies have
outlined the overall characteristics of EPBs, including their
source mechanism, evolution processes, spatial structures,
and global distributions, utilizing both ground and satellite-
based observations. Analysis of these observations indicates
that EPBs often originate in the post-sunset period due to the
pre-reversal enhancement (PRE) in the zonal electric field,
which abruptly lifts plasma to higher altitudes, creating a steep
plasma density gradient in the bottomside F-layer. This sets
the stage for the development of irregularities through the
RTI in the bottom side ionosphere, followed by their transport
to the topside ionosphere and higher latitudes along magnetic
field lines. The eastward post-sunset electric field amplifies the
RTI, while the westward electric field may suppress it [19, 20].
These instabilities can evolve into large-scale ionospheric
depletions known as equatorial plasma bubbles. Equatorial
Plasma Bubbles (EPBs) are large-scale ionospheric depletions
that originate from the nonlinear evolution of the Rayleigh-
Taylor instability (RTI) in the lower region of the equatorial
F-layer [21]. This instability arises when regions of high-
density plasma and magnetic flux tubes from the lower F-
layer interchange with lower-density flux tubes from beneath.
As the instability progresses, the depleted flux tubes ascend
to higher altitudes, forming plasma bubbles.The pre-reversal
enhancement (PRE) of the zonal electric field, which occurs
after sunset, plays a pivotal role in influencing the F-layer
uplift and modulating the conditions for EPB initiation or
inhibition. Favorable conditions amplify RTI growth, enabling
the development of these plasma depletions [10, 22].

EPBs significantly impact radio wave propagation, disrupt
satellite communications [9], and degrade Global Navigation
Satellite System (GNSS) signal accuracy. As a result, they
remain a critical area of focus in space weather and ionospheric
physics research. This paper aims to provide a concise review
of the dynamics and development of EPBs, emphasizing

their implications for technological systems and scientific
understanding.

2. Growth Rates of the Rayleigh-Taylor
Instability (RTI)

The current (J) due to gravitational gradient is given by

Jx =
nMg

B
=
nMg ×B

B2
(1)

The velocity of ion (Vi) due to electric and gravitational
filed is given by:
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unstable when g and ∇n are oppositely directed. The velocity
of electron is given by
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In the F-region, ki >> 1, and the term 1 + k2i ≈ k2i, then
the velocity of ion can be written in the from of
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Inserting wi into the above equation and rearranging
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From equation (3) g × B term can be zero because me is
small, in the same way equation (5) 2nd and 3rd terms are
small due to ki >> 1, then ni = ne = n. The E × B terms
are identical for ions and electrons, therefore no current flow,
then the current is given by

J = ne(Vi − Ve) (6)

Using this term for velocity and yields
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ne2
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Where, Ω = eB
m . The ion continuity equation at the F-region

during post sun set is given by

∂n

∂t
+ V.∆n+ n(∆.V ) = 0 (8)

From equation 5E = 0, ki is large andM > mConsidering
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the compressibility term and velocity of ion, we can have

∆.V = ∆.

{
M

eB2
(g ×B)− (

kbTi
enB2

)(∆×B)

}
(9)

since g and B do not varying in the g × B, the first term
vanishes. Also ∆.(∆n × B) = 0 and (∆n × B).∆n = 0.
This equation shows plasma flow is incompressible. Now the

continuity and divergence of the current are given by

∂n
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+ V.∆n = 0 (10)

∆.J = 0 (11)

From equation 11 and equation 7 and replacing E by ∆E
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But ∆.(∆×B) = 0
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For the current is owing along x and z, the continuity
equation becomes
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Now the linearized continuity equation becomes
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After certain rearrangement
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When ∂no

∂z is positive corresponding to the density gradient
anti parallel to g, wi is negative and eiwt = eiwrteγt, where γ
is positive and thus yields a growing solution. The parameter
γ is the growth rate of the instability and is given by γ = g

Lvin
where, L is the gradient scale length.When γ is increase the
instability is also increase. Gravity is not the only destabilizing
influence in the equatorial ionosphere.The following can also
affect the growthr ate Eastward electric field enhance RT-
instability while the west ward quench it and the neutral wind
are the other parametrizes. According to [23] the generalized
growth rate can be given by
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where, gL is the downw arda ccelerarion due to gravity,
V p = E×B

B2 is the vertical component of plasma drift due to
the zonal component of the electric field E at the magnetic
equator, Upn is the vertical component of the neutral wind
velocity perpendicular to B. ueffin is the effective flux-tube
integrated F-region ion neutral collision frequency weighted
by the number density in the flux tube, Ln is the scale length
of the vertical gradient of the flux-tube integrated plasma
density measured at the equator, RT is the flux-tube integrated
recombination rate.

Figure 1. Schematic diagram of the plasma analog of the Rayleigh-Taylor instability
when the heavy uid is initially supported by a transparent lighter fluid geometry [24].

The commonly accepted scenario for the formation of
spread F and plasma bubbles is, during the day, the
atmospheric wind generates a dynamo electric field in the
lower ionosphere that is eastward, and this field is mapped
to F-region altitudes along magnetic filed. The current ( ~Jx)

is along g × ~B which is horizontal to the surface, and has
divergence that pile up charges on the edges of the small
initial perturbation, as a result perturbed electric filed (∆E)
is generated and force plasma to drift with ∆E × B velocity.
As we can observe from Figure (1), initial small oscillations in
the surface grow ”in place,” pushing the lighter fluid upward.
In the ionospheric case the ”light fluid” is the low-density
plasma, which carries a gravity-driven current that provides
the ~J× ~B force, preventing the plasma from freely falling [21].
The eastward electric field, in combination with the northward
magnetic field, produces an upward ~E× ~B drift of the F-region
plasma [25].
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As the ionosphere rotates with the Earth toward dusk, the
eastward neutral wind strengthens, primarily blowing across
the terminator from the dusk side to the dawn side. Plasma
bubbles are more commonly formed in equatorial and low-
latitude regions than in mid- and high-latitude areas. In
these lower-latitude regions, ionospheric irregularities mainly
affect the amplitude of plasma signals, with phase disturbances
occurring less frequently. Post-sunset equatorial irregularities
are mainly caused by the RTI. A study by [26] found that the
strength of the electron density gradient between the crest and
trough of the Equatorial Ionization Anomaly (EIA) is linked to
the intensity of the electrodynamical vertical drift near sunset.
This drift plays a crucial role in triggering equatorial spread-F
(ESF) or plasma bubble irregularities. At low latitude regions
the EIA is formed by combined effects of ~E × ~B drift and
ambipolar diffusion [27].

2.1. Equatorial Ionization Anomaly (EIA)

Figure 2. A schematic diagram illustrating the equatorial fountain effect and upward
plasma drift due toE × B.

The EIA is a distinctive feature of the Earth’s ionosphere,
observed near the geomagnetic equator [28]. It is characterized
by an asymmetrical distribution of electron density between
the northern and southern hemispheres, with the southern
hemisphere often exhibiting higher ionization levels during
the daytime. This asymmetry is most prominent during the
equinoxes but varies throughout the day and across seasons.

The emergence and dynamics of the EIA result from a
complex interplay of factors, including solar radiance, the
Earth’s geomagnetic architecture, and atmospheric neutral
wind patterns [29]. During daylight hours, intense solar
energy ionizes the upper atmosphere, leading to an abundance
of free electrons. However, the geomagnetic equator the
region where Earth’s magnetic field is perfectly horizontal
does not align with the geographic equator. Instead,
it shifts toward the magnetic dip equator, introducing a
latitudinal divergence between these reference points [30]. The

displacement of the geomagnetic equator from the geographic
equator plays a critical role in shaping the structure of
the EIA. This misalignment, combined with solar driven
ionization and geomagnetic influences, creates an imbalance
in electron density distribution across low latitude regions.
During the daytime, intense solar radiation ionizes the
upper atmosphere, leading to a significant increase in free
electrons. However, these charged particles do not remain
uniformly distributed. Instead, they are influenced by the
Earth’s magnetic field and atmospheric dynamics, leading
to distinct variations in electron density. One of the key
mechanisms driving this asymmetry is the equatorial fountain
effect, a phenomenon where ionospheric plasma is lifted
vertically by the interaction of the equatorial electrojet and the
Earth’s magnetic field. This lifted plasma then moves along
geomagnetic field lines, causing an outward and downward
motion, ultimately leading to the formation of two bands
of enhanced electron density on either side of the magnetic
equator. These bands define the structure of the EIA and are
a direct consequence of the latitudinal displacement between
the geographic and geomagnetic equators . Additionally,
atmospheric neutral winds play a crucial role in modulating
the EIA. Thermospheric winds, influenced by solar heating,
drive plasma transport along magnetic field lines, further
contributing to the observed electron density variations.
These winds can enhance or suppress the fountain effect
depending on their direction and strength. During geomagnetic
disturbances, electric fields and storm-induced changes in
neutral winds can significantly alter the structure of the
EIA, sometimes leading to the expansion or contraction
of the anomaly regions [31]. The EIA is a highly
dynamic and complex ionospheric phenomenon, influenced
by a combination of solar activity, geomagnetic forces, and
atmospheric interactions. Understanding its behavior is
essential for studying ionospheric processes and predicting
their impact on space weather and communication systems
[32]. Since radio signals depend on the stability of the
ionosphere, variations in electron density caused by the EIA
can lead to signal delays, degradation, and even loss of
communication in extreme cases. This makes the study
of EIA crucial for improving satellite navigation, radio
communication, and space weather forecasting [21]. This
displacement of the geomagnetic equator also introduces a
complex interplay of forces, where the equatorial ionosphere
is subjected to the effects of the geomagnetic field. The
Earth’s magnetic field naturally pulls charged particles toward
the magnetic poles, but in the equatorial region, the unique
configuration of these forces results in a distinct plasma
redistribution pattern. This redistribution is further modified
by geomagnetic storms, which can enhance or suppress
electron density variations depending on storm intensity and
duration [33].
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Figure 3. Season/Longitude-dependent structures of evening EIA (18?20 h LT). (Top) Distribution of the electron density from CHAMP for quiet conditions at solar maximum. (Bottom)
The CTR index derived from the electron density pro le (smooth curve of each panel is tted to the 15 longitudinal mean values) shown above [34].

Figure 4. Same as Figure 3 but for afternoon EIA (16-18 h LT). Figures 3 and 4 show that the seasonal distribution in the evening EIA is apparently stronger than that in the afternoon
EIA for nearly all longitudes, but the wave-like small-scale variation in longitudinal distribution between them is similar, especially during equinox [34].

Additionally, neutral winds in the upper atmosphere, driven
by the complex interaction between the atmosphere and the
underlying surface, can significantly influence the distribution
of ionization. As a result of these interactions, the equatorial
ionosphere exhibits a unique structure, characterized by a
pronounced ionization crest in the southern hemisphere during
the daytime hours. This crest gradually shifts towards
the magnetic equator as evening approaches and disappears
during the nighttime hours, leading to a more symmetrical

ionization distribution between the hemispheres. The EIA
has significant implications for radio wave propagation,
satellite communications, and navigation systems operating in
equatorial regions. Variations in electron density can affect the
refraction and attenuation of radio signals, leading to signal
degradation and communication disruptions.
At the geomagnetic equator, the magnetic field lines extend
horizontally in a north-south direction [26]. Within the E-
region ionosphere, tidal winds generate daytime currents,
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leading to the accumulation of positive and negative charges
at the dawn and dusk terminators, respectively. This creates
a conductivity gradient, resulting in a pronounced eastward
electric field along the magnetic equator. Consequently, the
combined influence of the electric and magnetic fields drives
electrons upward through electromagnetic drift E × B force.
However, due to the constraint of the horizontal magnetic
field lines, plasma diffuses along these lines due to pressure
gradient and gravity. It settles approximately between ±200

degrees from the geomagnetic equator, contributing substantial
electron masses to this region. The electron density data
within period 18-20 h LT are sorted into longitude and latitude,
the electron density peaks are located north and south of
the magnetic equator, and the density trough is in between
them. The 200 longitudinal mean values of EIA strength
characterized by the crest to-trough ratio (CTR) index are
presented in the above panels [26]. Figures 3 and 4 illustrate
that the evening Equatorial Ionization Anomaly (EIA) tends
to be more pronounced seasonally compared to the afternoon
EIA across most longitudes. The significant correspondence
observed between the large-scale longitudinal variation of
the evening EIA and the prereversal E × B drifts, along
with the intensified EIA strength around sunset, suggests
a positive correlation between the prereversal enhancement
and the EIA. These E × B drifts likely augment both the
evening and afternoon EIA by stimulating the equatorial
fountain effect and increasing plasma density at off-equatorial
latitudes. Consequently, this leads to a substantial ionization
anomaly during the post-sunset period, as evidenced by the
higher CTR index depicted in Figure 3 compared to Figure 4.
Consequently, this leads to a substantial ionization anomaly
during the post-sunset period, as evidenced by the higher
CTR index depicted in Figure 3 compared to Figure 4. The
there are certain consistent small-scale variations observed
in the longitudinal distribution of the evening EIA which
correspond to the longitudinal variations seen in the afternoon
EIA. This implies that the patterns observed in the distribution
of ionization in the evening atmosphere mirror those seen
in the afternoon, albeit on a smaller scale. Essentially, it
suggests a continuity or similarity in the spatial distribution
of ionization phenomena between the afternoon and evening
periods, albeit with some variations.

2.2. Equatorial Plasma Bubbles

This study investigates the global distribution of
the scintillation index (S4) to analyze the longitudinal
characteristics of EPB occurrences. The analysis is based on
observations at an altitude of 500 km, covering latitudes from
50◦S to 40◦N. Figure 5 illustrates the spatial distribution of
EPBs, with a magenta line indicating the magnetic equator.
The results show that scintillation events are primarily
concentrated within ±20◦ magnetic latitudes. However,
the strength and frequency of these events exhibit a clear
asymmetry around the magnetic equator. Specifically, the
northern hemisphere experiences more intense scintillations
than the southern hemisphere (Figure 5a).

Three major regions exhibit maximum S4 values, reaching

0.5. These regions are the Atlantic, Africa, and Asia. The
occurrence of EPBs closely follows this pattern, as depicted
in Figure 5b. The highest EPB occurrence rates, reaching
up to 80%, are observed in these regions. In contrast, the
Pacific region shows weaker EPB characteristics and lower
occurrence frequencies. These findings align with previous
studies on ionospheric irregularities in different longitudinal
sectors [35].

Further analysis, presented in Figures 5 and 6, extends the
investigation to the global distribution of S4 and sporadic E-
layer (Es) events. The Es layer is observed at an altitude of
100 km, covering latitudes from 50◦ S to 40◦ N. This analysis
reveals the longitudinal variability and regional dependencies
of EPB and Es activity. Understanding these variations is
crucial for improving ionospheric modeling and space weather
forecasting.

Figure 5. Global distribution of (a) S4 and (b) the occurrence of S4 ¿ 02 at 500 km
observed by COSMIC in March 2014 [36].

Figure 6. Global distribution of (a) S4 and (b) the occurrence of S4 ¿ 02 at 100 km
observed by COSMIC in March 2014 [36].
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2.3. Effect of Solar Activity on the Occurrences of EPBs

Figure 7. (a) The study examined: (a) annual EPB occurrences from 2001 to 2012 alongside the yearly mean total sunspot number (SSN); (b) yearly daytime and nighttime EPB
occurrences; (c) correlation scatter plot between annual total EPB occurrences and annual mean SSN; and (d) correlation scatterplot between annual total EPB occurrences and
annual mean F10.7 cm solar flux. Correlation coefficients (R) and significance levels (P) for the datasets are provided [37].

To explore the influence of solar activity on EPB occurrence,
researchers examined the yearly count of EPBs during
daytime, nighttime, and the total (day+night) alongside the
sunspot number (SSN) from 2001 to 2012, as depicted in
Figures 7a and 7b. Analysis of these figures reveals a clear
correlation between EPB occurrence, both day and night, and
SSN [38, 39]. Specifically, EPB occurrences peak during the
solar maximum year of 2002 and hit a low point during the
solar minimum year of 2008 [40, 43]. Further insight into this
relationship is provided by Figures 7c and 7d, which present
correlation analyses between total annual EPB occurrences
and the annual mean SSN and F10.7 cm flux, respectively [37].

In periods of low solar activity, the yearly percentage of
EPB occurrences was notably reduced, as depicted in Figure
8. Across all stations analyzed, there was a higher annual
percentage of EPB occurrences during the peak solar activity
years (2012-2014) and a lower percentage during periods of
low solar activity (2008-2009). This correlation between
annual EPB occurrence percentages and average annual SSN
reaffirms findings previously documented by [3, 44, 45]. The
positive correlation suggests that during high solar activity
phases, there is an increase in solar Extreme Ultraviolet (EUV)
radiation, which, upon reaching Earth, ionizes neutral particles
in the upper atmosphere.

Figure 8. The comparison involves the yearly percentage occurrence of EPBs across
various locations and the average annual SSN [43].

3. Conclusion
Equatorial Plasma Bubbles (EPBs) are intriguing

ionospheric phenomena characterized by regions of depleted
and enhanced electron densities. They primarily emerge
after sunset due to the Rayleigh-Taylor instability, driven
by gravitational forces and plasma density gradients.
These bubbles significantly impact radio communications,
satellite navigation, and other technologies reliant on stable
ionospheric signal propagation. Their formation and evolution
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are closely linked to the pre-reversal enhancement of the zonal
electric field, underscoring their importance in space weather
studies.

The Equatorial Ionization Anomaly (EIA) also plays a key
role in EPB development by creating plasma density gradients
along the magnetic equator, which amplify instabilities.
Multiple factors contribute to the formation of EPBs, including
the Rayleigh-Taylor instability, gravity waves, and plasma
vertical drift. The interaction between EPBs and the EIA
highlights the interconnected nature of these phenomena,
making it essential to study them together for a deeper
understanding of ionospheric dynamics.

In summary, gaining insights into EPBs is crucial for
advancing ionospheric research and enhancing the resilience
of technologies affected by space weather. Continued studies
are necessary to develop predictive models and mitigation
strategies, ultimately reducing the impact of EPBs on vital
global systems like navigation and communication networks.
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