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Abstract

Two regions of the globe that are most affected by
ionospheric scintillations are the auroral region and the
low-latitude region encompassing the dip equator. Our
present-day dependence on satellite-based communication
and navigation has led to a resurgence of interest in the
prediction of ionospheric scintillations, which degrade the
performance of such systems. In the low-latitude ionosphere,
the genesis of intermediate-scale (~100 m to a few km)
irregularities, which cause the most severe scintillations
on VHF to L-band trans-ionospheric radio signals, is in
the growth of the Rayleigh-Taylor (R-T) plasma instability
on the bottom-side of the post-sunset equatorial F layer.
Theoretical developments and observations by various
ground-based instruments, as well as in-situ measurements
by instruments onboard rockets and satellites, have identified
several parameters of the ambient ionosphere that play
key roles in the occurrence of these irregularities over the
dip equator. However, the presence of basic conditions
for the linear growth of the Rayleigh-Taylor instability
fails to explain the large day-to-day variability in the
characteristics of these irregularities, which determines the
latitudinal distribution and strength of scintillations, and is
a result of the nonlinear evolution of the Rayleigh-Taylor
instability. In this paper, the present status of the efforts
at prediction of low-latitude scintillations on the basis of
a multitude of observations and numerical simulation of
the development of the Rayleigh-Taylor instability in the
equatorial ionosphere are reviewed. In particular, thisreview
describes how observations of ionospheric scintillations may
be used to obtain information about the nonlinear evolution
of the Rayleigh-Taylor instability under different ambient
conditions, which is yet to be explored through numerical
simulation of the phenomenon. Such studies have pointed
out important gaps in our knowledge about the evolution
of equatorial ionospheric irregularities that are responsible
for producing scintillations on L-band signals recorded in
the equatorial and low-latitude regions around the globe.
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1. Introduction

The initiation process for the development of
irregularities in the post-sunset equatorial and low-
latitude ionospheric plasma that give rise to fluctuations or
scintillations in the amplitude and phase of trans-ionospheric
VHF and higher frequency radio signals is well known.
The presence of irregularities in the equatorial F-region
ionosphere thataffected the propagation of such radio waves
in this region was first seen in ionosonde observations,
where the reflected signals showed a “spread” in frequency
or range [1]. All the irregularities that occurred in the
equatorial F region thus came to be termed equatorial spread
F (ESF) irregularities. Dungey [2] was the first to propose
that the Rayleigh-Taylor (R-T) instability was responsible
for the initiation of equatorial spread F irregularities on
the bottom-side of the post-sunset equatorial F region.
However, the first observations of the equatorial spread F
phenomena from the Jicamarca Radio Observatory (JRO)
in Perubrought out the inadequacies of the theories existing
at the time for explaining the observations, particularly
radar observations indicating the presence of irregularities
on the topside of the post-sunset equatorial ionosphere
[3]. A breakthrough came with the numerical simulation
of the nonlinear development of the collisional Rayleigh-
Taylor instability, when a plasma-depleted bubble rises
to the linearly stable topside of the equatorial ionosphere
[4]. Plumes seen in the range-time-intensity (RTI) maps
obtained at Jicamarca Radio Observatory, as well as
simultaneous in-situ measurements by a rocket-borne
probe, optical observations of a barium cloud released
from the rocket, and radar measurements made in Brazil,
during equatorial spread F conditions were explained on
the basis of upward-moving equatorial plasma bubbles
(EPBs) rising from the bottom-side of the post-sunset
equatorial F region [5, 6]. Simultaneous measurements of
the vertical profile of plasma density using the PLUMEX
I rocket probe and the range-time-intensity map of the
back-scattered signal of the ALTAIR radar at Kwajalein

17




AE X B

?—} J = NMg X B/B?
g

)
VN,

Figure 1. A schematic representation of the ini-
tiation of the Rayleigh-Taylor instability on the
bottom-side of the post-sunset equatorial Fregion.

showed thatthe source region of the strongly back-scattered
signal was co-located with a density-depleted region [7].
Similar results emerged from a comparison of ALTAIR
range-time-intensity maps with horizontal plasma-density
profiles obtained from the Atmospheric Explorer E (AE-E)
satellite in-situ data [8]. The picture that emerged was thus
that as the equatorial plasma bubbles rise to the top-side of
the equatorial F-region in the nonlinear phase of growth of
the Rayleigh-Taylor instability, the equatorial ionosphere
becomes highly structured, with structures ranging in scale
size from hundreds ofkilometers down to a few centimeters.
As the Rayleigh-Taylor instability involves interchange of
entire magnetic flux tubes, an equatorial plasma bubble is
elongated along the geomagnetic field. The geomagnetic-
field-aligned nature of equatorial plasma bubbles was
also established by observations from ALTAIR, a fully
steerable radar [9].

The irregularities or structures appearing at different
heights in the F region above the dip equator map along
the geomagnetic field lines to off-equatorial latitudes. Out
of the extended range of spatial scales associated with
structures within equatorial plasma bubbles, irregularities
with scale sizes in the intermediate range (~100 m to a
few km) scatter VHF and higher-frequency radio waves
that propagate through the equatorial and low-latitude
ionosphere. This scattering produces a spatial pattern of
signal amplitude and phase variations in the plane of the
receiver. Movement of the irregularities relative to the signal
path — either due to drift of the irregularities across the
path of a signal transmitted from a geostationary satellite,
or due to the signal path sweeping across irregularities as
in the case of signals transmitted from orbiting satellites —
causes the spatial patterns of signal amplitude and phase
variations to move past the receiver. This results in temporal
fluctuations in amplitude and phase of the signal recorded
by areceiver, which are referred to as scintillations [ 10, 11].
Strong scintillations, causing deep fades of signal intensity,
canresult in loss of signal, and rapid phase fluctuations can
cause loss of lock for the signal. Intermediate-scale-size
irregularities associated with the equatorial plasma bubbles
may cover a large part of the low-latitude ionosphere in
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a particular longitude region on a given night. Therein
lies their considerable potential for causing degradation
in the performance of satellite-based communication and
navigation systems [12]. With the advent of the Global
Positioning System (GPS) and later Global Navigation
Satellite Systems (GNSS), and large-scale technological
dependence on these for navigation, there was a resurgence
of interest in the study of ionospheric irregularities and the
prediction of scintillations, particularly on L-band signals.
Studies ofthe global distribution of scintillation activity have
identified two regions of the globe to be most vulnerable
to ionospheric scintillations: the auroral region, and the
low-latitude region extending from the dip equator to the
equatorial-ionization-anomaly (EIA) regions in both the
hemispheres [13, 14]. The physical processes that give rise
to scintillation-producing ionospheric irregularities in these
two regions are different. As noted earlier, the Rayleigh-
Taylor instability initiated on the bottom-side of the post-
sunset equatorial F region has been identified as the basic
plasma process that ultimately leads to the development of
scintillation-producing irregularities in the equatorial and
low-latitude ionosphere. The Rayleigh-Taylor instability
and scintillations produced by ionospheric irregularities
associated with this instability have been studied for
several decades. However, the day-to-day variability in the
occurrence of these irregularities, their latitudinal extent,
and their spatial characteristics, which play critical roles
in causing scintillations on signals in different frequency
bands, create challenges for prediction of scintillations
in the low-latitude regions. Some specific challenges and
recent progress made towards identifying the conditions
that contribute to the day-to-day variability of not only the
occurrence pattern of scintillations but also the latitudinal
distribution of scintillations on radio signals of different
frequencies are discussed in the next few sections of this
article.

2. Seeding of the
Rayleigh-Taylor Instability

The process of initiation of the Rayleigh-Taylor
instability on the bottom side of the post-sunset equatorial
F-region — where the geomagnetic field, B | is horizontal
and northward, and a steep upward gradient, VN, , exists
in the ambient plasma density, N —is shown in Figure 1.
Under the influence of gravity and the geomagnetic field,
ions move eastward. Westward movement of the much
lighter electrons is negligible, and there is a net eastward
current, J = NngB/ B2, where N is the local plasma
density. A perturbation on the bottom-side causes this
current to have a divergence, and as a result, charges pile
up as shown, producing an eastward-directed perturbation
electric field, AE, in the region where plasma density is
lower. This electric field gives rise to an upward AExB
drift of the plasma-depleted region, creating an upward-
moving equatorial plasma bubble. The linear growth rate
of the Rayleigh-Taylor instability showed the importance
of the pre-reversal enhancement (PRE) of the eastward
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Figure 2. Simultaneous spatial variations of vertical TEC, its large-scale wave-structure component, and
amplitude scintillations on 150 MHz and 400 MHz signals observed for six successive orbits of the C/NOFS
satellite over Tirunelveli (77.81°E, geomagnetic latitude: 0.08°N). The green and red vertical dotted lines
in the bottom panels indicate the locations of the E-region and F-region sunset terminators, respectively.
The double-headed arrows in panel (c¢) indicate amplitude scintillations on both 150 MHz and 400 MHz
signals due to the presence of equatorial plasma bubbles on March 31, 2013. The horizontal axis indicates
the geographic longitudes of the ionospheric piercing points of the recorded signals (figure courtesy of S.

Tulasi Ram).

electric field in the post-sunset equatorial ionosphere,
which would raise the equatorial F layer to higher heights,
where the ion-neutral collision frequency would be much
lower. This would result in a higher growth rate, favoring
the occurrence of equatorial spread F. A study of the role
of post-sunset equatorial F region vertical plasma drift
velocity in the generation and evolution of equatorial
spread F using long-term incoherent scatter radar data
from the Jicamarca Radio Observatory established that
this may be a major cause for the solar-cycle, seasonal, and
even day-to-day variability in the occurrence of equatorial
spread F [15]. However, longitudinal variability in the
occurrence of equatorial spread F, which is characterized
by a decorrelation distance as short as a few hundred
kilometers, required a more localized explanation. In the
carly years of study of radar backscatter plumes produced
by equatorial spread F irregularities, ALTAIR radar data
showed the presence of altitude modulation of electron
density contours in the bottom-side of the equatorial F layer
prior to plume development [16]. Nearly three decades
later, a local upwelling, or quasi-periodic large-scale wave
structures (LSWS), on the bottom side of the post-sunset
equatorial F layer prior to the occurrence of equatorial
spread F started attracting a great deal of attention as a
possible source of day-to-day variability in the seeding of
the Rayleigh-Taylor instability [17-19]. Figure 2 shows
simultaneous observations of spatial variations of vertical
total electron content (TEC), its large-scale wave structures
component, and amplitude scintillations on 150 MHz and
400 MHz signals observed for six successive orbits of the
Communications/Navigation Outage Forecasting System
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(C/NOFS) satellite over equatorial station Tirunelveli
(77.81°E, geomagnetic latitude: 0.08°N). However, the
source for upwelling growth, particularly during periods
of low solar activity, has not yet been established.

3. Scintillation Prediction Based
on Linear Theory of Rayleigh-
Taylor Instability

The early linear and nonlinear theories of equatorial
spread F [4] considered only the development of an
equatorial plasma bubble in the ionosphere over the dip
equator. A two-dimensional cross section of an equatorial
plasma bubble involving only coordinates transverse to the
geomagnetic field was hence considered. As mentioned in
the introduction, the Rayleigh-Taylor instability operating
in the equatorial ionosphere gives rise to geomagnetic
field-aligned equatorial plasma bubbles, which makes it
the largest-scale naturally occurring plasma instability in
the Earth’s ionosphere. In a two-dimensional theory of
the Rayleigh-Taylor instability, variations in ionospheric
parameters along the geomagnetic field lines in both
the hemispheres was taken into consideration by using
geomagnetic flux-tube integrated parameters, following
the suggestion of G. Haerendel in his famous unpublished
preprint (“Theory of Equatorial Spread F,” Max Planck
Inst. fur Extraterr. Phys., 1973). Several efforts to predict
the occurrence of scintillations have been based on a flux-
tube integrated linear growth rate of the Rayleigh-Taylor
instability derived by Sultan [20]:
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Here, 25 and 2% are flux-tube integrated Pedersen
conductivities of the F and E regions of the ionosphere along
the geomagnetic field line connecting the equatorial F region
with the conjugate E regions in both hemispheres; Vp is
the vertical plasma drift at the dip equator due to a zonal
electric field; U f is the Pedersen-conductivity-weighted
neutral wind perpendicular to the geomagnetic field in
the magnetic meridian plane; g, is the altitude-corrected
acceleration due to gravity; vfﬁ is the effective ion-neutral
collision frequency weighted by the electron density; K Fis
the inverse of the flux-tube electron content vertical gradient
scale length; and Ry is the electron density-weighted flux
tube recombination rate. In the absence of observational
information about the neutral composition, density, and
neutral wind, studies of the day-to-day variability in
occurrence of equatorial spread F using ionospheric data
have focused mostly on the vertical plasma drift at the dip
equator, which may be estimated from ionosonde or radar
data [15]. In recent years, Carter et al. [21] have used the
National Center for Atmospheric Research Thermosphere-
Tonosphere-Electrodynamics General Circulation Model
(TIEGCM), driven by the solar F10.7 index and the Kp
index, to compute the various terms that contribute to
the linear growth rate of the Rayleigh-Taylor instability
given in Equation (1), to assess the geomagnetic control of
equatorial plasma bubble activity and occurrence of VHF
and L-band scintillations at five low-latitude stations located
atdifferentlongitudes. The Kp index characterizes the level
of geomagnetic activity. These authors have further used
Kp values based on solar-wind data to drive TIEGCM,
in an effort to forecast the occurrence of scintillations on
GPS signals recorded at some low-latitude stations in the
African and Asian longitude sectors [22]. However, there
are some major shortcomings in attempts to predict the
strength of scintillations at different latitudes based on the
linear growth rate of the Rayleigh-Taylor instability. It is
only inthe nonlinear phase of development ofthe Rayleigh-
Taylor instability that an equatorial plasma bubble rises to
the linearly stable topside of the equatorial ionosphere and
develops structure [23]. The height to which the equatorial
plasma bubbles rise above the dip equator determines the
latitudinal extent of scintillations. Itis also well known that
while strong VHF scintillations are found to occur at dip
equatorial locations as well as at locations in the equatorial-
ionization-anomaly region where the ambient F peak plasma
density may be significantly higher than the dip equatorial F
peak plasma density; L-band scintillations show a distinctly
different latitudinal distribution. Generally, L-band
scintillations tend to be weak at dip equatorial locations,
even when strong L-band scintillations are recorded in the
equatorial-ionization-anomaly region [24-26]. This has
been attributed to the higher background plasma density,
N, in the equatorial-ionization-anomaly region F peak,
which would result in a higher density fluctuation, AN , in
the equatorial-ionization-anomaly region compared to the
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dip equatorial region, for a given AN/N [26]. However,
as discussed in Section 5, enhanced ambient density does
not explain the distinctly different relationship between
the strengths of VHF and L-band scintillations observed
near the dip equator and the equatorial-ionization-anomaly
region [27, 28].

4. Scintillation Prediction Based
on Three-Dimensional Simulation
of Equatorial Plasma Bubble
Development?

Equatorial spread F and equatorial plasma bubbles
are basically nighttime phenomena. During daytime,
currents that flow from the bottom-side of the equatorial
F layer, along the geomagnetic field lines for which the
electrical conductivity referred to as the direct conductivity
is very high, can close through conjugate E layers at the
feet of the magnetic field lines, where Pedersen and Hall
conductivities are high. This allows currents to flow through
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Figure 3. (Top) Fluctuations in the carrier-to-noise
ratio on the L1 (1.57542 GHz) GPS signal recorded
at an equatorial station, Ancon (77.15°W, geomag-
netic latitude 1.07°S), due to amplitude scintillations.
(Bottom) The simultaneous variation in relative TEC
along the paths of the L1 and L2 (1.2276 GHz) GPS
signals recorded at Ancon in the presence of equato-
rial plasma bubbles (after [34]).
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the conjugate E layers in both the hemispheres and back
into the bottom-side of the equatorial F-layer, along the
nearly perfectly conducting geomagnetic field lines, to
short out the perturbation electric field, AE , associated
with the Rayleigh-Taylor instability, shown in Figure 1.
Once this happens, an equatorial plasma bubble fails to
move upwards, and the Rayleigh-Taylor instability does
not grow. The time taken to discharge an equatorial plasma
bubble is short enough during daytime to prevent the growth
of the Rayleigh-Taylor instability [29]. This aspect of
equatorial plasma bubble development, as well as mapping
of irregularities formed at different altitudes over the dip
equator to off-equatorial F regions along geomagnetic
field lines, require three-dimensional simulation of the
nonlinear development of equatorial plasma bubbles [23,
30-32]. For the computation of scintillation using a phase-
screen approximation [10], fluctuations in total electron
content (TEC) along the path of an incident radio signal
caused by the presence of equatorial plasma bubbles and
associated irregularities are used to estimate the phase
variations that would be imposed on the incident radio
signal by all the irregularities in its path. This information
is then used to generate an equivalent phase-changing
screen in the path of the signal located near the peak of
the F region, and amplitude scintillations are computed
[33]. An example of variation in TEC along the paths of
the L1 (1.57542 GHz) and L2 (1.2276 GHz) GPS signals
recorded at an equatorial station, Ancon, in the presence
of equatorial plasma bubbles is shown in the bottom panel
of Figure 3. The relative TEC, uncertain to an additive
constant, was derived from the respective number of
cycles, including fractional cycles, of L1 and L2 carriers
recorded by a dual-frequency receiver after it locked onto
the signal. Simultaneous variations in the carrier-to-noise
ratio on L1 due to amplitude scintillations are shown in
the top panel of Figure 3 [34]. Earlier three-dimensional
simulations of equatorial plasma-bubble development [30-
33]did not have adequate spatial resolution to delineate the
intermediate-scale irregularities that cause scintillations on
VHF and higher-frequency signals. However, simulation
results obtained by Retterer [33], with a spatial resolution
of 10 km, showed that in pre-midnight hours, the power
spectrum of spatial variations in the magnetic east-west
direction of the vertical TEC, down to a scale size of 20 km,
was significantly shallower in the equatorial-ionization-
anomaly region as compared to the equatorial region.
Morerecently, a high-resolution bubble (HIRB) model was
developed by Yokoyama [23], where a zonal resolution
of 333.6 m was achieved. With further improvement in
spatial resolution and the use of a model with realistically
evolving background ionosphere, future high-resolution
bubble model simulations would pave the way towards
significant progress in prediction of low-latitude ionospheric
scintillations. In the absence of realistic three-dimensional
simulations of equatorial plasma bubble development with
adequate spatial resolution for prediction of scintillations,
observations of multi-frequency scintillations at different
latitudes may be used to derive important information
about the evolution of the irregularities associated with
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equatorial plasma bubbles that cause scintillations. This
aspect is described in the next section, as such information
provides a basis for new efforts to predict scintillations at
dip equatorial and low latitudes.

5. Latitudinal Distribution of VHF
and L-Band Scintillations

As mentioned in Section 3, during pre-midnight
hours strong VHF scintillations are often accompanied by
moderate-to-strong L-band scintillations in the equatorial-
ionization-anomaly region, with the crest of the equatorial-
ionization-anomaly region generally located around 15°
geomagnetic latitude in the two hemispheres. However,
in the dip equatorial region, strong VHF scintillations
are accompanied by weak L-band scintillations [24-26].
An example of this is shown in Figure 4. The S, index
plotted in this figure is the standard deviation of fluctuations
in normalized signal intensity, and is used to indicate the
strength of amplitude scintillations. In Figures 4a and 4b,
respective S, indices were computed from amplitude
scintillations on a 251 MHz signal transmitted from a
geostationary satellite located at 72.4°E and recorded
at two locations in the dip equatorial and equatorial-
ionization-anomaly regions in the Indian longitude zone.
The coordinates of the ionospheric penetration point (IPP)
of the signal path at an altitude of 300 km for both of the
cases are given in the figures. The geomagnetic latitudes
of the ionospheric penetration points were 0.23°S at the
dip equatorial location and 9.87°N at the off-equatorial
location in the equatorial-ionization-anomaly region. The
signal-path elevation angles for the two locations were 78°
and 67.6°, respectively. The S, indices computed from
amplitude scintillations on a 1.575 GHz signal transmitted
from the geostationary satellite GSAT-10, located at
83°E, and recorded in dip equatorial and equatorial-
ionization-anomaly regions, are shown respectively in
Figures 4c and 4d. In this case, the geomagnetic latitudes
of the ionospheric penetration points were 0.43°S at the
dip equatorial location and 9.81°N at the off-equatorial
location in the equatorial-ionization-anomaly region. The
signal-path elevation angles for the two locations were
77.8° and 65°, respectively. It is thus seen that for both
the VHF and L-band signals recorded at each location, not
only are the ionospheric penetration points close enough
to assume that the signals were propagating through the
same volume of irregularities near the F-region peak, but
the elevation angles were also nearly equal. This ensured
that the signal-path lengths within the effective irregularity
layer near the F-region peak were nearly identical for both
the VHF and L-band signals. In the dip equatorial region,
strong VHF scintillations were recorded on this day, with the
VHF index often exceeding 1. At the same time, L-band
scintillations recorded at the equatorial location were weak,
with §4 <0.2. The picture was entirely different in the
equatorial-ionization-anomaly region as seen in Figures 4b
and 4d. Strong VHF scintillations were recorded here as
well, but S, did not exceed 1. On the other hand, L-band
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Figure4. S, indices estimated from amplitude scintillations on 251 MHz and 1.575 GHz signals transmitted
from geostationary satellites and recorded in dip equatorial and equatorial-ionization-anomaly regions in
the Indian longitude zone, as functions of Indian standard time (IST), on March 6, 2015. The coordinates
of the respective ionospheric penetration points (IPPs) are given in the figures.

scintillations here were much stronger than near the dip
equator. In order to understand how this happened, it was
necessary to carry out model calculations of S, [27], as
described in the next section.

5.1 Model Calculation of s, Index

A two-dimensional model of the irregularities is
often used to calculate S, indices for different irregularity
characteristics, since equatorial plasma bubbles and
associated irregularities are aligned with the geomagnetic
field, assumed to be along the y axis. Since the irregularity-
scale sizes involved are much longer than the signal
wavelength, radio waves are also essentially scattered in
the forward direction close to their propagation paths. The
x axis is taken to be in the magnetic east-west direction, so
that electron-density variations and associated refractive-
index variations depend only on the x and z coordinates.
The incident radio wave is assumed to propagate along the
z direction. The S, index is a special case of the fourth
moment, I'y, of the complex amplitude, u(x,z) , of the
radio wave [10]:

F4 (.xl,)C2,)C3,X4,Z)
= (1 (=) (g ) (302" (34,2)) @

where the angular brackets denote an ensemble
average. As the signal propagates through the irregularity
layer followed by empty space to the ground receiver, I’y
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satisfies an equation at each point along the path. This
equation describes the change in I'4 along the propagation
path due to contributions from the phase perturbation
imposed by the irregularities as well as forward propagation
[10]. In situ measurements of plasma-density fluctuations
associated with equatorial plasmabubbles in the low-latitude
ionosphere using instruments onboard satellites have shown
that irregularities in the intermediate-scale range may be
described by apower-law type of one-dimensional spectrum
[35, 36]. In the two-dimensional models, an isotropic
single-component power-law irregularity spectrum with
slope —m is often used to characterize the intermediate-
scale equatorial spread-F irregularities. A simple power-law
spectrumofthe form @, (q) oc g™ holds forintermediate
scales that are much longer than the inner scale, 7, , and
much shorter than the outer scale, R, which characterize
theirregularity spectra obtained from in situ measurements.
The fourth-moment equation may be solved using a split-
step method, in which the irregularity layer is considered
to consist of multiple phase screens, interspersed with free
space between the phase screens [37].

In equatorial plasma bubble simulations, density
fluctuations associated with equatorial plasma bubble
irregularities are sometimes mentioned as a percentage of
thebackground plasmadensity, N . However, the strength of
scintillations is determined by o, , the standard deviation
of electron-density fluctuations, and not by oy /N.
In Figure 5, S, values for 251 MHz and 1.575 GHz
signals — obtained by solving the 4" moment equation
[27] — are plotted as functions of oy / N for a particular
background plasma density, N, specified in terms of the
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(a) Signal frequency: 251 MHz; Ambient plasma frequency: 10 MHz
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Figure 5a. S, indices computed for
anincidentradio signal of frequency
251 MHz as a function of the stand-

ard deviation of normalized electron

density fluctuations, with N being

the ambient plasma density. The ir-

regularities were characterized by
] a power-law irregularity spectrum
with slope —m . Four values of m
were considered, keeping other
irregularity parameters the same
(after [27]).
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(b) Signal frequency: 1.575 GHz; Ambient plasma frequency: 10 MHz
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Figure 5b. The same as for Figure 5a
for a signal of frequency 1.575 GHz
(after [27]).

ambient plasma frequency, fp = (Ne2 / m, )l ,where e
and m, are the charge and mass of an electron. An increase
in N would imply an increased irregularity strength,
oAy » fora given o,y /N . In this figure, the irregularity
power-law spectral index was varied from m =2, which
corresponded to a shallow irregularity spectrum, to m =5
corresponding to a steep irregularity spectrum. Other
irregularity parameters used to compute S, were 7, =10 m;
Ry =10 km; the thickness of the irregularity layer, L =50
km; and the distance of the ground receiver from the top of
the irregularity layer, along the signal path, was 350 km.
An important result that emerged from these calculations
was that when the irregularities were characterized by a
steep power-law spectrum, the L-band S, index remained
small, even if the irregularity strength was increased by
a factor of 10 [27]! However, the VHF S, may, in this
case, exceed 1 with increasing o,y . The VHF result
was in agreement with the asymptotic expressions for Sy
derived by Rino [38] for very strong scattering by a one-
dimensional phase screen. Those showed that whereas the
S, index asymptotically approached unity from below
for 1<m <3, §4; may exceed 1 for m > 3. For steeper
spectra, S, values greater than 1 were attributed to strong
focusing of the signal by larger-scale irregularities, since
small-scale structures that are more effective in scattering
the radio waves, and therefore destroy the focusing
effects of the large-scale irregularities, were absent. These
model calculations provided an explanation for the VHF
and L-band scintillations observed in the equatorial and
equatorial-ionization-anomaly regions [27], an example

e Radio Science Bulletin No 371 (December 2019)

of which is seen in Figure 4. At a particular latitude,
the maximum contribution to scintillations came from
irregularities in the F peak region, where the background
plasma density was maximum. This first study of VHF and
L-band scintillations in the dip equatorial and equatorial-
ionization-anomaly regions showed that the intermediate-
scale irregularity spectrum may be much steeper around
the equatorial F peak region as compared to the F peak
in the equatorial-ionization-anomaly region [27]. High-
resolution bubble-model simulations of equatorial plasma
bubble development [23] have clearly demonstrated that
the topside of the equatorial F region is more structured
than the region near the equatorial F peak. In arecent paper
[39], high-resolution bubble-model simulation results were
used to obtain stochastic structure in evolving equatorial
plasma bubbles in three slice planes perpendicular to the
geomagnetic field: one at the dip equator and two others at
different off-equatorial geomagnetic latitudes. The results
showed that structures from the topside of the equatorial
F region, above 500 km, were mapped along geomagnetic
field lines to the F-region peak (around 350 km) in the
offset 2 slice plane. The results obtained from VHF and
L-band scintillation observations and modeling may
thus be interpreted to indicate that irregularities from the
topside of the equatorial F region, which have a shallower
spectrum compared to the irregularities near the equatorial
F-region peak, map down to F peak in the equatorial-
ionization-anomaly region, and cause moderate to strong
L-band scintillations when L-band scintillations in the dip
equatorial region are weak.
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5.2 Signal-Frequency Dependence
of lonospheric Scintillations

Asdiscussedin Section 5.1, anew result that emerged
from a study of VHF and L-band scintillations in the dip
equatorial and equatorial-ionization-anomaly regions is that
the signal frequency dependence ofionospheric scintillations
is a pointer to the nature of the power-law spectrum of the
equatorial spread-F irregularities that are present in the
neighborhood of the F-region peaks at different latitudes,
in the post-sunset equatorial and low-latitude ionosphere
[27]. Theoretically, the phase-screen approximation has
been used to derive the signal-frequency dependence of
weak scintillations produced by geomagnetic field-aligned
two-dimensional isotropic irregularities characterized by
asingle-component power-law spectrum with slope —m ,
and with an outer scale much greater than the Fresnel scale
(=+/24zp ), where zp is the distance of the phase screen
from the receiver. In this case, a simple relationship was
foundbetween S, and the signal frequency, f : Sy oc £,
where n =(m+3)/4 [28]. For scintillations that cannot be
classified as weak, S, indices for251 MHzand 1.575 GHz
signals were computed for varying irregularity strengths
by solving the fourth-moment equation as described in
Section 5.1. Slopes of the irregularity spectra, assumed
to be of power-law form, were varied from -2 to —5. In
situ measurements [36] as well as high-resolution bubble-
model simulation results indicated that the developed
structures within equatorial plasma bubbles were sometimes
characterized by a two-component power-law spectrum.
No analytical results exist for two-component irregularity
spectra. Model computations of S, were therefore also
carried out for two-component power-law irregularity
spectra with a shallow spectral index, m; =2, and a steep
spectral index, m, =4, and break scales varying between
250 m and 4 km. The theoretical results were compared
with the frequency exponent, 7, derived from amplitude
scintillationsrecordedona251 MHzsignalanda 1.575 GHz
signal transmitted from geostationary satellites and recorded
in the dip equatorial and equatorial-ionization-anomaly
regions, an example of which is shown in Figure 4. S,
indices on these two frequencies, f; and f,, were used
to obtain # :

~ log[S4 (f] )/S4 (fZ )] '

n(flf)= log(fi/1>)

3)

Comparison of n, as a function of L-band S,
derived from VHF and L-band scintillations recorded at
the two locations on several days, with the theoretical
results obtained from model calculations for power-law
irregularity spectra with different specifications, clearly
showed, for the first time, the distinct nature of the
power-law spectra at the two locations. The slope of the
irregularity power-law spectrum near the peak of the post-
sunset equatorial ionospheric F region was seen to be steep
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(m=4), whereas the irregularity power-law spectrum
in the equatorial-ionization-anomaly F peak region was
much shallower (m < 2) before the irregularities started
to decay [28]. These results established the critical role of
the irregularity spectrum in giving rise to the much stronger
L-band scintillations in the equatorial-ionization-anomaly
region in comparison to the dip equatorial region. A much
higher ambient plasma density would fail to give rise to
strong L-band scintillations observed in the equatorial-
ionization-anomaly region, if the irregularity power-law
spectrum had a slope as steep as that found in the equatorial
case. It is thus now clear that for prediction of ionospheric
scintillations in the low latitudes, it is necessary to include
information ofhow intermediate-scale irregularities develop
at different altitudes within an equatorial plasma bubble
under different ambient conditions.

6. Spatial Coherence Scale of
Ground Scintillation Pattern

In earlier work using spaced-receiver amplitude
scintillation data on a VHF signal transmitted from a
geostationary satellite and recorded at a dip equatorial
location, the spatial coherence scale of the ground
scintillation pattern was studied to understand the evolution
of intermediate scale structure within equatorial plasma
bubbles in different seasons [40]. Spaced-receiver amplitude
scintillation data provides additional information regarding
the dynamics of ionospheric irregularities besides the Sy
index and spectrum of scintillations. As seen from Figure 6,
other parameters that may be derived from such data include
the average drift speed, V{;, of the ground scintillation
pattern along the receivers’ baseline, and a parameter V-
referred to as a “random” or “characteristic velocity” in
the literature [11]. For Figure 6, amplitude scintillation
data for a 251 MHz signal recorded by two receivers
spaced along a magnetic east-west baseline at an equatorial
station were used. As mentioned earlier, movement of the
ground scintillation pattern along the receivers’ baseline
depends on the speed with which irregularities drift across
the signal path. The parameter V- may be related to the
standard deviation of fluctuations in irregularity drift [41].
In Figure 6, Sy, V;, and V-, computed for each three-
minute interval during the scintillation event, were plotted.
The parameter C;(xg,%, ), where x, is the distance
between the two receivers, is the maximum cross correlation,
found at time lag ¢,,, for each three-minute interval. This
parameter may be used to delineate nascent equatorial
plasma bubbles from fossilized equatorial plasma bubbles,
for which the perturbation electric field, AE , associated
with the Rayleigh-Taylor instability, has decayed, so that
the equatorial plasma bubble is not evolving any more.
The fossilized equatorial plasma bubbles simply drift with
the background plasma as fluctuations in irregularity drift
arising from AE are nearly zero, and the signals recorded
by the spaced receivers are well correlated, resulting in
C;(xg,t,) values close to unity, as seen in Figure 6

e Radio Science Bulletin No 371 (December 2019)



24 March 2004 (Quiet day), Tirunelveli

-

T
: 70 N,
g o5 ;a-f* ‘&?‘ -
w'lr
o # - m
200 . ; . ; .
- ~"*~\, - :
= “‘
-
0
W ear » |
E 4of e % 1
Uzﬁ. * -
il Y it e, | S,
1
TE * ¥
o= 0.5 *;.1 .
— L
%] *
% 20 22 02 04 06

(]
LT (hrs)

Figure 6. The temporal variation of parameters estimated from amplitude scintillations on a
251 MHz signal transmitted from a geostationary satellite and recorded by two spaced receivers
placed 540 m apart along a magnetic east-west baseline at an equatorial station, Tirunelveli.
From the top, the parameters were the S, index; the average drift speed, V|, of the ground
scintillation pattern along the receivers’ baseline; a parameter, V-, related to the standard
deviation of fluctuations in irregularity drift; and the maximum cross correlation between the

two signals, C; (x.,1,,

), Where x; is the distance between the two receivers and t,, is the time

lag for maximum cross correlation. All the parameters were estimated for each three-minute
interval during the scintillation event recorded on this day, which was a magnetically quiet day.

[41]. This feature of C; (x,1,,) provides a technique for
identifying scintillations produced by equatorial plasma
bubbles generated at the longitude of the receiver due to
a magnetic storm, as opposed to scintillations caused by
irregularities that developed at an earlier time, to the west
of the receiver location, and that later drifted eastward with
the ambient plasma into the path of the received signal
[42]. For the calculation of V{, and V-, the space-time
correlation function of intensity variations in the ground
scintillation pattern was assumed to be of a form that takes
into account the possibility of decorrelation of spaced
receiver signals [43]:

C(x0) = F[(x—VOt)z +V§t2] . )

The functional form of F' is not required for the
computation of ¥, and V, but it is assumed that F
is a monotonically decreasing function of its argument,
with F(0)=1. With the x axis along the baseline of the
receivers, which is in the magnetic east-west direction, it
is seen from Equation (4) that

C,(xo,tm)=F[x§V5/(VC2+V02)]. )
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In Equation (5), since Cy(x¢,t,), %,V ,and V¢
are estimated from spaced-receiver scintillation data, it is
possible to characterize the functional fq}}n of F byplotting
Cr(xg.t,) versus xOVC/(VO +V2)"", as was done in
Figure 7. Thisis equivalenttoaplotofthe spatlal correlation
function, C;(x, 0), as a function of x . It was seen that the
spatial correlation functions estimated in this manner were
reasonably well approximated by a Gaussian. The ground
scintillation pattern for each three-min interval could thus
be characterized by a coherence scale length [25]:

C; (x,O):

P |=exp[ 0.693(x/a )} | ©

Theoretically, the dependence of d; ontheirregularity
spectrum may be evaluated by solving the fourth-moment
Equation (3) to obtain the spatial correlation function
C;(x,0) by considering a two-dimensional model of the
irregularities, as described in Section 5.1 [40, 44]. For
weak scintillations, d; is basically determined by the
Fresnel scale, so that d; o \/; , where zp is the average
distance of the irregularity layer from the receiver along
the signal path. There is also a dependence on the spectral
index, m, of a power-law spectrum for the irregularities.
However, it is not possible to delineate this dependence on
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Figure 7. A scattgy,plot of C; (x0,t,) as a function of
X Ve V02 + Vg , which is equivalent to a scatter
plot of the spatial correlation function, C;(x,0), of
the ground scintillation pattern as a function of the
spatial lag, x, for each three-minute interval of all
the scintillation events recorded by spaced receivers
at equatorial station Tirunelveli, on a 251 MHz signal
transmitted from a geostationary satellite during the
month of September 2001. The points in the plot were
color-coded according to the corresponding values of
Sy . The four groups of S, values extended from weak
scintillations (S, <0.5) to saturated scintillations
(S4>1). This showed how the coherence scale, which
characterizes the ground scintillation pattern, changed
with the strength of scintillations.

the spectral slope because as an equatorial plasma bubble
evolves, its altitude keeps changing, so that d; extracted
from weak and moderate scintillations would also vary
on account of changes in zp . On the other hand, model

calculations show that for saturated scintillations with
S4 21, d; becomes independent of zp ,but d; increases
with increasing m: an absence of shorter-scale-length
irregularities increases d; . The dependence of d; on the
spectral slope for saturated scintillations may thus be used
to study the evolution of the irregularity spectrum during
different stages of equatorial plasma bubble development
and decay using spaced-receiver scintillation data [40]. As
mentioned earlier, another parameter that is closely linked
with equatorial plasmabubble evolutionis V- . Intheinitial
stage of development of an equatorial plasma bubble, V-
rapidly increases. This is the phase when the equatorial
plasma bubble rises to the topside of the equatorial F layer,
due to the perturbation electric field, AE , associated with
the Rayleigh-Taylor instability. Theoretical modeling of the
space-time variation of the ground intensity pattern under
differentscintillation regimes was carried outin the past[11].
It was concluded from these studies that for irregularities
that drift across the signal path with an average speed V, ,
accompanied by random fluctuations in the drift speed with
a standard deviation oy, the random velocity, V-, may be
interpreted as a measure of oy . The relationship of oy
with the standard deviation of plasma-density fluctuations
produced by the nonlinear growth of the Rayleigh-Taylor
instability is as follows [45]:

2 2
a,%zo.s[iJ AN : 7

2
Vin N, 0

where g is the acceleration due to gravity and v;, is the
ion-neutral collision frequency. After an equatorial plasma
bubble stops rising, it comes down to lower altitudes with
the downward-driftingambient plasmato aregion of higher
Vv, resultinginlower oy, and V- evenwhile o, remains
the same. The plasma-density structures that give rise to

scintillations thereforeremain while V-~ decreases[41]. The
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Figure 8. A scatter plot of the coherence scale, d;, of the ground scintillation pattern as a function
of V- for saturated scintillations (.S;>1) recorded at an equatorial station, Tirunelveli, during
scintillation events that occurred in the equinoctial months of September and October on days with

high UV solar flux, indicated by the adjusted F

index (Sa) > 170 during the years 1995-2006. The

points were color-coded according to local time (LT). This showed how the ground scintillation pat-
tern changed as the irregularities evolved with time.

26

e Radio Science Bulletin No 371 (December 2019)



450 T T T T T r
N #  March 13, 2015 (Ap = 6)
ot Wi + *  March 20, 2015 (Ap = 22)|
o Figure 9. The variation of h'F ob-
L # - . . . .
L tained at the dip equatorial station
E ¥* lﬁf:!" . . .
=300r by g Tirunelveli during the post-sunset
% u!f Sty . P hours of March 13 and 20, 2015
250 aﬁmd*ﬁ% - (after [28]).
200 - i 2 4
150 % L x h -
18 20 22 24 ] 04 06 o8
Indian Standard Time (hrs)
irregularities finally decay due to diffusion, resulting in the AN £
gradual disappearance of scintillations as indicated by the S, V=— (i + c_o] , 8)
index. A plot of d; as a function of ¥V~ for only saturated No\Vin B

VHF scintillations (S4 > 1 )recorded atan equatorial station
during a number of scintillation events that occurred in the
equinoctial months of September and October on days with
high UV solar flux, indicated by adjusted F, .. (Sa) > 170,
is displayed in Figure 8. This plot shows that in the initial
stages of equatorial plasma bubble development during
20-22 LT (local time), when an equatorial plasma bubble
rose rapidly and developed intermediate-scale structure,
Ve increased rapidly while d;, which was independent
of height for saturated scintillations, remained nearly
constant and had the largest values during a scintillation
event recorded in the equatorial region. Comparison with
model results for d; indicated that in the post-sunset
equatorial ionosphere, when an equatorial plasma bubble
was highly structured on the topside of the equatorial F
layer, the irregularity spectrum in the equatorial F peak
region was characterized by a steep slope (m > 4) [40].

7. Latitudinal Extent of
Scintillations Due to Equatorial
Plasma Bubbles

There are two aspects of the nonlinear development
of equatorial plasma bubbles that determine the latitudinal
distribution of ionospheric scintillations caused by
intermediate-scale irregularities associated with the
equatorial plasma bubbles. As discussed in the previous
sections, development of structure within the equatorial
plasma bubbles as they rise to the topside of the equatorial
F layer, and the resulting altitude-dependent irregularity
spectra along the magnetic east-west direction over the dip
equator, are one set of aspects. This explains the occurrence
of weak L-band scintillations near the dip equator when
strong L-band scintillations are recorded in the equatorial-
ionization-anomaly region. The other aspect of nonlinear
development of equatorial plasma bubbles that determines
the latitudinal extent of the observed scintillations is the
maximum height to which the equatorial plasma bubbles
rise. According to a linear theory, in the initial stage of
growth of a plasma bubble the magnitude of its velocity
of rise over the dip equator is given by [46]
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where an ambient equatorial zonal electric field, E,
which is also generally present has been included, and B
is the geomagnetic field at the dip equator. This equation
shows that not only the ambient ionospheric conditions
but also the thermospheric conditions can significantly
alter the initial velocity of rise of an equatorial plasma
bubble, because the neutral component comes into the
picture through the ion-neutral collision frequency, v;, .
However, only a simulation of the nonlinear evolution of
equatorial plasma bubbles can provide an answer to the
question, When does an equatorial plasma bubble stop
rising? Such a simulation demonstrated that an equatorial
plasma bubble stops rising when the magnetic-flux-tube-
integrated ion-mass density inside the bubble equals
that of the surrounding background ionosphere [47]. On
magnetically quiet days, post-sunset, the equatorial zonal
electric field becomes westward, and the background
ionosphere descends even as an equatorial plasma bubble
rises through it. There may be two days with a similar rate
of descent of the background equatorial ionosphere from
the same maximum height, and both days have equatorial
plasma bubbles that start developing at the same height.
On the day when equatorial plasma bubbles rise at a
slower speed, the magnetic-flux-tube-integrated ion-mass
density inside a bubble would equal that of the surrounding
background ionosphere when the equatorial plasma bubbles
are at a lower height. The equatorial plasma bubbles thus
would stop rising ata lower height compared to the other day.
This impacts the latitudinal extent of scintillations caused
by equatorial plasma bubble irregularities. An example of
this is presented in Figures 9 and 10. Figure 9 shows the
variations of the virtual height, h'F , of the equatorial F
layer during the post-sunset hours on a magnetically quiet
day, March 13, 2015, and on March 20, 2015, which was
preceded by periods of significant magnetic activity. On
both days, there was significant pre-reversal enhancement
of the eastward electric field in the post-sunset equatorial
ionosphere, raising the equatorial F layer to approximately
the same maximum height, followed by a descent of the
ionosphere atalmost the same rate when the ambient electric
field turned westward. However, as is evident from Figure 10
where the latitudinal distribution of L-band scintillations is
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Figure 10. The spatial and temporal variations of L-band scintillations recorded by a network
of receivers in the Indian longitude zone for all visible non-geostationary GNSS satellites during
periods when the signal-path elevation angle was not less than 55°. The circles of different colors
and sizes indicate the levels of five-minute averages of L-band S, indices computed along the
tracks of the ionospheric penetration points at 300 km altitude for each satellite: (top) on March
13,2015, and (bottom) on March 20, 2015. Four different levels of S, are shown: (1) blue circles
for 0.15< S5, <0.25; (2) green circles for 0.25<S§, <0.35; (3) red circles for 0.35<5,<0.5;
and (4) black circles for S, > 0.5. The geomagnetic latitudes are displayed as mauve lines with
the corresponding geomagnetic latitudes at 90°E longitude marked on the right-hand side axes
(after [28]).

displayed, the equatorial plasma bubbles stopped rising ata 8. Conclusions
lower height on March 20 as compared to March 13. In the
absence of thermospheric data, the Coupled Thermosphere,
Ionosphere, Plasmasphere, and Electrodynamics (CTIPe)
model was used to determine thermospheric conditions ORO L
on these two days. The results showed that concentration 33], as these can give rise to the most deleterious effects
of atomic oxygen was significantly larger on March 20 on the performance of satellite-based communication and

compared to March 13, 2015 [48]. Magnetic activity, navigation sysjcem.s sqch as GNSS, particul.arly near the crest
of the equatorial-ionization-anomaly region, during solar-

cyclemaximum periods[13, 14]. Nearly all such efforts have
been based on the linear growth rate of the Rayleigh-Taylor
instability, which is the genesis of the intermediate-scale
irregularities that cause scintillations on trans-ionospheric
VHEF and higher-frequency radio signals. In many studies,
some of the ionospheric parameters that appear in the linear
growth rate of the Rayleigh-Taylor instability, y 7, given
in Equation (1), have thus been estimated from ionospheric

There have been numerous attempts to predict post-
sunset low-latitude ionospheric scintillations [21, 22, 24,

which is known to alter the post-sunset equatorial zonal
electric field on some occasions, and hence to impact the
development of equatorial plasma bubbles and associated
irregularities that cause scintillations [42], may thus also
have a delayed effect on thermospheric density. This alters
V;, » and hence impacts the maximum altitude to which
equatorial plasma bubbles rise, which in turn determines
the latitudinal extent of ionospheric scintillations.
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observations to show their relevance to the prediction of
occurrence of scintillations. A lack of information about
the thermospheric contributions to ypy led to the use
of coupled thermosphere-ionosphere models, such as
TIEGCM (Thermosphere-lonosphere-Electrodynamics
General Circulation Model) for estimation of yp7 , which
was considered as the basis for prediction of post-sunset
low-latitude scintillations [21, 22]. However, it is clear that
prediction ofthe occurrence of scintillations at off-equatorial
latitudes, particularly in the equatorial-ionization-anomaly
region, requires knowledge of the nonlinear development
of the Rayleigh-Taylor instability, during which phase the
equatorial plasma bubbles actually rise to the topside of the
equatorial F layer and become structured. These irregularities
then map along the geomagnetic field lines to the F-layer
peakregions at different off-equatorial latitudes, depending
on their height over the dip equator. Understanding this
process and its dependence on background parameters
calls for three-dimensional simulations of the nonlinear
development of the Rayleigh-Taylor instability. Carrying
out such simulations using realistic ambient conditions is
a big challenge, because the background itself is dynamic
[30-32]. Furthermore, until recently the spatial resolution
achieved in such simulations was not adequate to study
intermediate-scale irregularities involved in giving rise to
ionospheric scintillations. For the first time, a sub-kilometer
resolution was achieved with the high-resolution-bubble
(HIRB)model [23], butthe problem of simulating equatorial
plasma bubble development in an approximately realistic
background ionosphere and thermosphere remains.

As discussed in Sections 5 and 7, the two most
important attributes of the irregularities that determine
the latitudinal extent and strength of the scintillations
are the maximum height attained by the equatorial
plasma bubbles as they rise over the dip equator and
the spectrum of the intermediate-scale irregularities
that develop within the equatorial plasma bubbles at
different heights above the dip equator and subsequently
map down to off-equatorial latitudes. In the absence of
inputs from realistic three-dimensional simulations of
the development of equatorial plasma bubbles, in recent
years, multi-frequency ionospheric-scintillation data
from different locations, spanning the dip equatorial to
beyond the equatorial-ionization-anomaly crest latitude
in a particular longitude zone, have been used along
with model computations of scintillation parameters to
deduce the attributes of the irregularities as they develop
within equatorial plasma bubbles [27, 28, 40, 48]. These
results have provided information that is crucial for the
prediction of low-latitude ionospheric scintillations. One
of the most important results to emerge is that the long-
held belief — that observation of much stronger L-band
scintillations in the equatorial-ionization-anomaly region
compared to the dip equatorial region is entirely due
to the higher background plasma density present in the
equatorial-ionization-anomaly region — has been shown to
be incorrect. For the first time, crucial dependence of the
strength of scintillations, as measured by the S, index, on
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the spectral index of the power-law irregularity spectrum
was demonstrated [27, 28]. It was specifically shown that
the observed weak amplitude scintillations on L-band
signals recorded in the dip equatorial region was due to a
steep intermediate-scale power-law irregularity spectrum
in the equatorial F peak region. More importantly, it was
concluded that if the irregularity spectrum near the peak of
the F layer in the equatorial-ionization-anomaly region was
as steep as it is in the equatorial F peak region, increasing
the background density several fold would not produce
the observed strong L-band scintillations near the crest
of the equatorial-ionization-anomaly region. As far as the
maximum height reached by an equatorial plasma bubble
above the dip equator is concerned, the role played by the
background thermospheric conditions in this aspect of the
nonlinear evolution of equatorial plasma bubbles has been
brought outinarecent study of the latitudinal distribution of
scintillations due to equatorial plasma bubble irregularities
that develop under different background thermospheric
conditions when ambientionospheric conditions are nearly
the same [48]. These recent findings undoubtedly make the
prediction of low-latitude scintillations more complicated.
However, without these critical inputs, attempts to predict
scintillations — particularly in the most problematic region
near the equatorial-ionization-anomaly crest—based on only
the linear growth rate of the Rayleigh-Taylor instability
in the dip equatorial region are going to be futile from a
practical point of view. The recent results clearly indicate
the features that must be explored in the future using high-
resolution three-dimensional models of equatorial plasma
bubble developmentunder different background conditions,
to take the prediction of low-latitude scintillations closer
to reality.
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