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A wide variety of small-amplitude waves widely exist in the ionosphere and
have significant effects on the evolution of equatorial plasma bubbles. In this
paper, we simulated equatorial plasma bubbles (EPB) seeded by vertical neutral
wind perturbations with wavelengths of 125 km and 250 km, and compared
the morphology characteristics of plasma bubble structures with those under
random noise perturbations in the background density. The numerical results
showed that both vertical winds and random background noise perturbations
can contribute to the growth of plasma bubbles, and the perturbations under
additional random background noise can promote the growth of the plasma
bubble structures faster. Additionally, several processes of the nonlinear behavior
of bifurcated EPB structures, including bifurcation, pinching, and small-scale
turbulent structures, were successfully obtained. Our simulation captured
supersonic flows within the low-density plasma structures characterized by
vertical velocities of about 1.5 km/s, which is consistent with experimental studies
found in the literature.

KEYWORDS

R-T instability, numerical simulation, equatorial plasma bubble (EPB), equatorial spread
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1 Introduction

The upwellings of the low-density ionospheric phenomenon caused by the plasma
instabilities, which are termed equatorial spread F (ESF) or equatorial plasma bubble
(EPB), are one of the most important scientific subjects in the equatorial F region. They
commonly occur after sunset as a result of the prereversal enhancement in the upward
plasma velocity that lifts the F layer (Eccles, 1998). The spatial scale of the fully developed
EPB structures ranges from tens of km to tens of cm (Yokoyama, 2017; Huba, 2021).
It is well known that the existence of the EPB structure can cause severe radio wave
scintillation, and then degrade communication and navigation systems (Woodman, 2009).
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FIGURE 1

Vertical wind used in the simulation.

Observations reveal that EPBs often undergo bifurcation,
pinching, and small-scale turbulent structures at the topside F region
(Hysell, 1999; Hysell etal., 2005; Makela etal., 2006; Tsunoda,
2007; Huba etal., 2015; Carrasco et al., 2020). Theoretically, the
equatorial ionospheric low-density structure grows when the
vertical plasma density gradient steepens at the bottomside F-
region due to the generalized Rayleigh-Taylor instability, and then
the EPB structures generate and penetrate through the topside of
the F-region. Numerical simulation is widely used to reproduce
the dynamic, nonlinear evolution of the well-developed plasma
bubble structure on the magnetic equatorial plane. To date, the
nonlinear development of the EPBs has been followed in a series
of increasingly sophisticated models, including the simple two-
dimensional equatorial plane models (Scannapieco and Ossakow,
1976; Zalesak and Ossakow, 1980; Zalesak et al., 1982; Sekar et al.,
1994; Huang and Kelley, 1996; Alam Kherani et al., 2004; Huba and
Joyce, 2007; Carrasco et al., 2020; Li et al., 2021; Gao et al., 2023)
and fully three-dimensional high-resolution models (Huba et al.,
2008; Retterer, 2010; Aveiro and Huba, 2013; Hysell et al., 2014;
Yokoyama et al., 2014; Hysell et al., 2015; Yokoyama et al., 2015;
Lietal, 2023). Although the dynamic evolution of EPBs has
been successfully obtained, researchers are still confused by
the complicated patterns of plasma density depletion structure,
including the bifurcation, pinching, and small-scale turbulent
structures.

Based on the three-layer numerical model, Zalesak et al. (1982)
studied the simple bifurcation of EPB structures seeded by the
eastward neutral wind. Huang and Kelley (1996) found that the
generation of multiple plumes on the west wall of a plasma upwelling
was well-correlated with the neutral wind perturbations. Aveiro and
Hysell (2010) reported that the asymmetric bifurcation of EPBs
could be captured by seeding with Gaussian white noise, electric
field, and neutral wind. In fact, a wide variety of small-amplitude
waves exist in the background ionosphere (Kirchengast, 1996),
and their inhomogeneity reasonably has an important influence
on the generation of EPB bifurcations. This has been confirmed
by Huba et al. (2015), who found that the varied bubble structures
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are possibly linked to asymmetric initial perturbation. Based
on the High-Resolution Bubble (HIRB) model, Yokoyama et al.
(2015) proposed that the east-west asymmetry of EPB likely
originates from a westward plasma shear flow initiated by two-
wavelength perturbations. Recently, Huba et al. (2020) found that
the appearance of bifurcated bubbles is strongly affected by the E-
region metal ion layers with random noise perturbations in the
background ionosphere. These results indicate that the nonlinear
bifurcation and pinching processes of the EPBs are possibly related
to the seed perturbations.

To further understand the mechanism of bifurcated plasma
bubbles in the magnetic equatorial plane, we first give a brief
description of the numerical model of EPB, which is available in
the literature (e.g., Huba and Joyce, 2007; Zalesak et al., 1982). Then,
we will present four case studies under different seed conditions
combined with vertical winds and random noise perturbations in
the background density. Finally, this paper closes with discussions
and conclusions of the main results.

2 Model description

The two-dimensional electrostatic ESF model is used in the
present study, and the basic equations of this model are written as:

Wi v (NV,)=S$ (1)

_+ . . L) = s

at 1 1 1

V(NkgT) B d
q(E+V;xB) - N + Mg+ My, (U-V,) = M,.( 3 V,--V)V,- (2)
V(N kT
—q(E+V,xB) - YNksT) | M,g+M,,,(U-V,) = Me(a% + Ve~V)Ve

(3)
V= V{aN(V, - V,)]= 0 @)

where the subscript i and e mean ions and electrons. N,
is the ions/electrons density under quasi-neutrality condition
(N; =N, =N). S, represents the chemical terms, g is the electron
charge, E= —V¢ is the electric field, B is the geomagnetic field, V;,
is the ion/electron velocity, kj is the Boltzmann constant, T is the
temperature, M

acceleration, v

is the ion/electron mass, g is the gravitational
is the ion/electron collision frequency with

ie
in.en
neutrals, U is the neutral wind velocity, and J is the current density.

In this model, it has been assumed that the dominant ion in the
ionospheric F region is the atomic oxygen ion (O¥). Similar to the
work of Zalesak and Ossakow (1980) and Li et al. (2021), the inertial
terms of Eqs 2, 3 are ignored when considering w < Q;, Where w
is the frequency of plasma perturbations and Q, = eB/M, is the ion
gyrofrequency. Considering the finite temperature effects, we can
obtain Eqs 5, 6 from Eqs 2, 3.

q(E+V,;xB)+ Mg+ M;v,,(U-V,)=0 (5)

-q(E+V,xB)+M,g+M,v

e en

(U-V,)=0 (6)

Taking M, < M; v,,/Q,=0, v;,,/Q;< 1, we can obtain the
velocity of electron and ion.

-V B
= 2xB @)

A% I
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TABLE 1 Different initial perturbation cases in the simulation

Vertical winds (wavelength and amplitude) ’

10.3389/fspas.2023.1320570

Case Random noise (relative background density)
1 125 km, 10 m/s —
2 250 km, 10 m/s —
3 125 km, 10 m/s 5%
4 250 km, 10 m/s 5%
-3 -3 -3
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FIGURE 2
Plasma density distribution as a function of west-east coordinate and altitude on magnetic equatorial plane at the times 2,500 s, 3,000 s, 4,000 s,
4,500 s, 5,000 s, and 5,500 s, respectively.
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where V, = X0/0x+Z0/0z, X represents the eastward direction, Z
represents the upward direction, and ¢ represents the polarization
electric potential. Substituting Eqs 7, 8 into Eq. 4, we can derive the
Eq. 9.
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The initial plasma density profile is a Chapman layer with (Huba

and Joyce, 2007):

N()(Z) = Npeuk eXP[l—f— eXP(—f)]
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(10)
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FIGURE 3

Plasma density distribution as a function of west-east coordinate and altitude on magnetic equatorial plane at the times 3,000 s, 4,000 s, 4,500 s,

5,000s, 5,500 s, and 6,000 s, respectively.

Here, we set Ny, = 106 em™, &= (z-2z,)/Ah, zy=438 km,
and Ah=80km. The ion-neutral collision frequency is given
by v, =voexp(-z/L,) where v,=26.7s"' and L,=81.4km,
which is the same as the profile used in Huba and Joyce
(2007). It should be noted that the density profile can also
be initiated by some more realist models (e.g., IRI 2016), but
this does not make against representing the process of seeding
EPBs.

The main purpose of this study is to examine the effect of vertical
winds and additional random background noise perturbation on
the evolution of the EPB structures. The initial seeds of vertical
wind perturbations along the west-east direction used in this
simulation are shown in Figure 1. Perturbation 1 is a sine function
with a wavelength of 125km and an initial amplitude of 10 m/s.
Perturbation 2 is similar to Perturbation 1 but with a wavelength
of 250 km. Such amplitude of vertical winds is approximately
consistent with the previous simulation and observation results
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near the equator (Raghavarao et al., 1999; Yokoyama et al., 2019).
Appling this disturbance, we can more realistically simulate the
evolution process of EPB. We assume that the amplitude of
vertical wind decreases exponentially until it reaches 5m/s at
about t = 600s in the simulation. The initial 5% amplitude
random noise perturbation in the background density is used
to compare the morphology characteristics of plasma bubbles
structures. Different initial perturbation cases in the simulation are
shown in Table 1.

The recombination loss term in Eq. 1 is ignored. Note that
appropriately conserving mass must be applied to numerically
solve the Eq. 1. Lietal. (2021) and Huba (2021) found that the
evolution of the plasma bubble structures is highly correlated
with numerical method. In general, oscillations and unphysical
values such as negative densities occur easily without the total
variation diminishing (TVD) constraint. Therefore, we adopted
a second-order accurate TVD approach for the solution of
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FIGURE 4

Plasma density distribution as a function of west-east coordinate and altitude on magnetic equatorial plane for at the times 2,500 s, 3,500 s, 4,000 s,

4,500 s, 5,000 s, and 5,500 s, respectively.

two-dimensional generalized continuity equations (Trac and Pen,
2003). The algorithm of spatial discretization in this paper
is implemented with finite-difference method, time integration
is performed using a second-order Runge-Kutta scheme, and
the Van Leer limiter is used to determine the appropriate
second-order correction. Despite significant numerical diffusion,
second-order accurate TVD algorithm has been proven effective
in capturing small-scale EPB structures (Lietal, 2021). The
potential Eq. 9 is solved using a successive over-relaxation (SOR)
method in this study. Periodic boundary conditions are imposed
on the horizontal direction for both the N and the ¢. In
the vertical directions, the Neumann boundary conditions are
used for the top and bottom boundary for the N and the
¢. The numerical simulation is performed on a two-dimension
uniform Cartesian mesh with 200 x250 cells with a resolution
of 1.25km in the west-east direction and 1.6 km in the vertical
direction.

Frontiers in Astronomy and Space Sciences

3 Simulation results

Figure 2 presents the evolution of plasma density on the
magnetic equatorial plane over six different times: 2,500 s, 3,000 s,
4,000 s, 4,500 s, 5,000 s, and 5,500 s (case 1). The seeding of EPBs
produced by a vertical wind cosine perturbation with a wavelength
of 125 km is applied, and the initial amplitude of the vertical wind
is 10 m/s. As the lower-density plasma rises from the bottomside
of the F region, both bubble structures begin to bifurcate around
t = 4,000 s. Note that the first bifurcation of the lower-density
plasma structure occurs below the F layer peak height. When the
plasma bubbles reach the higher density F region, small structures
emerge on the interior walls of the two main bifurcated density
structures. At t = 5,500 s, the eastern channel of the plasma density
depletion structure has merged into the middle one. Although
the initial seeding with symmetric vertical wind is applied, it is
found that the right side grows faster than the left side after
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4,500 s, 5,000 s, and 5,500 s, respectively.

about 4,500's, but there is no significant difference before that
point.

Figure 3 presents the evolution of plasma density on the
magnetic equatorial plane over six different times: 3,000 s, 4,000 s,
4,500 s, 5,000 s, 5,500 s, and 6,000 s (case 2). The seeding of EPBs
produced by vertical wind cosine perturbation with a wavelength
of 250 km is applied, and the initial amplitude of the vertical wind is
10 m/s. In this case, the initial bifurcated structures of the EPB occur
at 4,500 s and the height of the secondary instability is significantly
lower than case 1. After the first bifurcation of the EPB structure,
both channels of the plasma density depletion structure are pinched
off, and then secondary instability occurs only along the middle
channel. Obviously, the evolution of the EPB structures seeding with
vertical wind depends on the zonal wavelength, and the shorter
wavelength perturbation works more effectively.

Figure 4 presents the evolution of plasma density on the
magnetic equatorial plane over six different times: 2,500 s, 3,500 s,
4,000, 4,500s, 5,000s, and 5,500 s, respectively (case 3). The
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amplitude of the random noise perturbation imposed in background
density is 5%, and the initial amplitude imposed with the vertical
wind at the wavelength of 125 km is 10 m/s. Different from cases
1 and 2, the low-density plasma structures more easily grow in the
western channel in the early stage of the simulation. The initial
bifurcated structures of the EPB occur below 300 km, and the small
amplitude ripples are apparent below the peak height of the F layer.
About t =4,500 s, the plasma bubble with small-amplitude structures
quickly rises to the peak height through the narrow channel. Soon
later, small-amplitude EPB structures interact and merge when the
plasma bubble rises to the topside F-region. Overall, the asymmetric
bifurcated structures occur on both the two main plasma bubbles.
Figure 5 presents the evolution of plasma density on the
magnetic equatorial plane over six different times: 3,000 s, 3,500 s,
4,000 s, 4,500 s, 5,000 s, and 5,500 s (case 4). In this case, both the
random noise perturbation and the vertical wind are considered.
The initial amplitude imposed by random noise perturbation in
the background density is 5%, and the amplitude imposed with the

frontiersin.org
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vertical wind at the wavelength of 250 km is 10 m/s. When the low-
density bubbles begin to rise, multiple small-amplitude structures
within the plume form gradually. After that, three plasma bubble
structures in the bottomside of the F layer are well developed.
Compared to the above cases without random noise perturbation,
the growth of plasma bubbles is faster in this case. At t = 5,500,
the low-density plasma bubbles can rise to a height of more than
500 km. However, the east-west expansion scale of the low-density
plasma bubble structure above the peak height of the F layer is less
than 100 km.

Figure 6 shows the variation of the maximum upward velocity
and horizontal velocity. It can be seen from Figure 6 that the
maximum upward velocity is higher for the cases with longer-
wavelength vertical wind perturbations, reaching up to 1.5 km/s,
while for shorter-wavelength perturbations, it is around 0.8 km/s.
These results suggest that the flows within the low-density plasma
structures are supersonic (Huba and Joyce, 2007). It is clear that in
vertical directions, the peak velocity values of the plasma bubbles are
higher for those with longer-wavelength vertical wind perturbations.

Figure 7 shows plasma density variations at the height of 330 km
and 442 km, respectively. Generally, the plasma density gradient at
the bottomside of the F layer appears to be steepened and is not
affected by the background seeding perturbations. In these four
cases, the plasma density at the height of 330 km can even reduce by
up to 2 orders of magnitude within the plasma flows. However, above
the peak height of the Flayer, it does not change dramatically, and the
magnitude of the numerical density is 10* ~ 10® cm™ at the altitude
of 442 km. Additionally, we note that the wavelength scale of the
vertical wind perturbation affects the depletion within the plasma
flows, with longer wavelengths resulting in more severe depletion.
This may be attributed to numerical artifacts due to limitations in
the numerical method’s resolution and insufficient grid resolution.

4 Discussion

In this paper, we performed the numerical simulation of
the equatorial plasma bubble by seeding with vertical wind and
additional random noise perturbations. The simulation results show
that both the vertical wind and random noise perturbations in
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the background density contribute to the growth of the plasma
bubbles. Although the generation mechanism of F region plasma
depletion is generally attributed to the Rayleigh-Taylor instability,
the relationship between the wave characteristics of fluctuations and
the seeding mechanism on the background ionosphere is still not
well understood.

Observational results demonstrate that the significant role of
the vertical winds associated with gravity waves perturbations
propagating from the lower atmosphere affects the growth of
EPBs (Hysell et al., 1990; Raghavarao et al., 1999; Fritts et al., 2008;
Shinagawa et al., 2018). Vertical winds associated with gravity waves
are inferred from the layering of ESF structures measured by the
Jicamarca radar (Hysell et al., 1990). Fritts et al. (2008) found that
the vertical wind perturbations can potentially affect the plasma
instability growth rates and plasma bubble seeding. Theoretical
studies and simulations also reveal the association between the
seeding mechanism of the EPBs and vertical wind perturbations.
Krall et al. (2013) showed that the effect of the background vertical
wind can suppress equatorial spread F, while Wuetal. (2015)
reported that vertical wind perturbations are most effective in
seeding ESF bubbles. Yokoyama et al. (2019) presented that shorter
wavelength vertical wind perturbations can contribute to the
growth of EPB structures. In their models, the amplitude of the
vertical wind perturbations is generally at the range from 4 to
50 m/s. It has also been observed that the peak amplitude of the
vertical wind component can reach about 20 m/s near the equator
(Raghavarao et al., 1999). In this paper, the EPB structures seeded
by vertical wind perturbations with the amplitude of 10 m/s are
well-developed. The asymmetric bubbles arose on the case 2 may
be caused by the numerical calculation, which has been observed by
the previous works (Yokoyama et al., 2019).

The vertical wind seeding mechanism can generate the plasma
bubble structures, while the small-scale amplitude fluctuations on
the background density can also affect the evolution of the EPB
patterns. Previous investigations demonstrate that a wide variety
of small-amplitude waves exist in the background ionosphere play
an important role in the evolution of EPB bifurcations (Aveiro
and Hysell, 2010; Retterer, 2010). Based on the three-dimension
numerical simulation, Aveiro and Hysell (2010) successfully
reproduced the transient and asymptotic growth of collisional
shear instability as well as generalized Rayleigh instability using
the random white noise with a relative amplitude of 20% in the
initial number density. Huba et al. (2020) found that the appearance
of bifurcated bubbles is strongly affected by the E-region metal
ion layers with the additional random noise perturbations in the
background. In our work, as shown in Figure 3 and Figure 5, the
initial random noise perturbation applied to the numerical model
is additionally used, and the relative amplitude of the background
density is 5%. This amplitude value is quietly moderate compared
to previous numerical models (Sekar et al., 1994; Huang and Kelley,
1996). As a result, we found that the different evolution process
occurred in the cases of seeding with vertical winds and additional
random noise perturbations in the background density. Therefore,
we conclude that the evolution process of the EPB structure seeded
with additional random noise perturbations is different from that
seeded only by vertical winds.

The formation of the EPB structures involves a series of
processes, including bifurcation, pinching, and small-scale turbulent
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structures (Yokoyama et al., 2014). The simulated plasma bubble
structures in this paper exhibit both similarities and differences
compared to previous simulation results. Previous studies show
that the first bifurcation of the low-density plasma structures
usually occurs above the peak height of the F-region (Huang and
Kelley, 1996; Retterer, 2010; Yokoyama et al., 2014; Carrasco et al.,
2020). In our works, however, the first bifurcation occurred below
the F peak heights, which is limited but some exist (Huba and
Joyce, 2007; Huba, 2021). Yokoyama et al. (2014) attributed this
phenomenon to the absence of background E-region conductivity.
However, Carrasco et al. (2020) argued that the absence of E-region
conductivity cannot explain the simulation results obtained by
Huang and Kelley (1996). Carrasco et al. (2020) concluded that the
bifurcation height of low-density plasma structures is determined
by the polarization electric field inside the EPB structures. To
consider the effect of polarization electric fields, the characteristics
of I ~ EMM (EM and EM™ represent the electric fields through
the narrow channel in vertical and zonal direction, respectively)
that determine the bifurcation height of the low-density depletion
structures are examined. As shown in Figure 8, the value of the
vertical electric field (red line) is approximately equal to the zonal
electric field (blue line) in the narrow channel only when the
bifurcation of the low-density plasma structures occurs. Before this,
the vertical electric field is smaller than the zonal electric field. This
indicates that the first bifurcation height of the plasma depletion in
this study is possibly related to the transformation between vertical
and zonal electric fields.

Except for the bifurcation process mentioned above, the
processes of pinching and small-scale turbulent structures simulated
in this study also exhibit both similarities and differences compared
to the previous reports. For example, the supersonic flows within
the low-density plasma structures have also been reported in
observation and simulation results (Aggson et al., 1992; Hysell et al.,
1994; Huang etal., 2007; Huba and Joyce, 2007; Astafyeva and
Zakharenkova, 2015; Huba etal., 2020). Based on the Naval
Research Laboratory equatorial spread F (NRLESF2) model, Huba
and Joyce (2007) demonstrated that the vertical velocity of the
plasma flow is as high as about 2 km/s below the F peak height,
while Retterer (2010) reported that the peak velocities within
the plumes are generally in the range of 0.3-0.6 km/s. Based
on the (Saim3 is Also a Model of the Ionosphere) SAMI3/ESF
model, Huba, Joyce and Krall (2008) reported that the upward
velocities of the EPB structures can reach approach 1.0 km/s. In
this work, the peak vertical velocity, seeding only with the vertical
winds, can reach about 1.5 km/s as shown in Figure 6. It is very
evident that there is a distinct moment when the growth rate
of the EPB undergoes a clear transition. The upward velocities
increase as the plasma bubble structures grows and saturates,
and then decrease slowly. Similar results have been reported by
Lietal. (2023). Huba et al. (2020) thought that the variations of the
background conductance may be responsible for this phenomenon
on the basis of the SAMI3/ESF model. Since EPBs tend to
nonlinearly form very narrow channel near the F peak height,
the seeding perturbation with a shorter wavelength can generate
polarization electric fields more effectively (Yokoyama et al., 2019).
It has been found in Figure 8 that the maximum upward electric
field (associated with maximum upward velocity) occurs in the
narrow channel. Generally, there is a significant density gradient in
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narrow channels (Yokoyama etal., 2014; Huba et al., 2015). Thus,
the velocity differences of the EPB structures between different
wavelength perturbations may be related to the plasma density
gradient generated in the narrow channel as shown in Figure 7.
The issue of velocity differences of EPB structures associated with
wavelength perturbation needs more investigation. In addition,
the plasma bubble characterized by small structures arising on
the interior walls can also grow through the narrow channel in
response to the Rayleigh-Tylor instability, which has been previously
reported by Huba and Joyce (2007), Yokoyama etal. (2019) and
Li et al. (2021). However, a slight difference is that the EPB structures
reproduced in the HIRB model can grow along both sides of
the wall. Overall, serval processes associated with the nonlinear
behavior of EPB structures have been captured in our simulation
results.

Our purpose is to improve the understanding of the effects of
the vertical wind and additional random noise perturbations on
the plasma bubbles. However, it should be noted that the current
numerical model is still unable to entirely simulate the sophisticated
patterns of the EPB structures. Retterer (2010) mentioned that the
major component leading to the variability of the EPB structures is
that of the ambient background ionosphere. However, due to the lack
of real-time background, we are still unable to obtain the specific
patterns of the EPB structures. On the other hand, researchers are
still confused by how the gravity wave interacts with the ionosphere,
drives the density perturbations in the background, and generates
the small-scale EPB structures with a meter magnitude. Particularly,
the meridional flows of the neutral wind and the E-region drivers
in controlling the EPB growth have also been simulated by the
SAMI3/ESF and HIRB models (Huba et al., 2009; Yokoyama et al.,
2019; Huba et al., 2020), which surely affects the development of
the resulting plumes. This cannot be simulated from the two-
dimension model in the paper. Due to the limitations of numerical
algorithms, the scale size of the EPB structures captured in this
paper is significantly inferior to the HIRB model on the fine details
(Yokoyama et al., 2014). Therefore, further studies are required to
improve the numerical model, including the development of the
high-resolution three-dimension EPB model and the coupling with
the lower ionosphere.

5 Conclusion

In this paper, we conducted the numerical simulation
of the equatorial plasma bubble by seeding with vertical
wind and additional random noise perturbations in the two-
dimension magnetic equatorial plane. The important morphological
characteristics of bifurcated plasma bubbles in the magnetic
equatorial plane were discussed in this work. The main conclusions
are summarized as follows:

1. The importance of a wide variety of small-amplitude waves
in the background ionosphere on the evolution of the EPB
is recognized. Simulation results show that the vertical wind
seeding mechanism can generate the plasma bubble structures,
while the role of random noise fluctuations in the background
density will also affect the evolution process of the EPB patterns.

. The characteristic of the bifurcation height of the low-density
depletion structures is reexamined in this work. The first
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bifurcation height of the plasma depletion is possibly related to
the transformation between vertical and zonal electric fields.

. Supersonic flows within the low-density plasma structures were
captured in our simulation, which is consistent with experimental
studies found in previous investigations.
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