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Abstract: Wave-like electric field disturbances in the ionosphere before the Equatorial Plasma
Bubble (EPB) are the subject of numerous recent studies that address the issue of possible short-
term forecasting of EPB. We report the observations of the Equatorial Quasi-Periodic-Electric field
Disturbances (QP-EDs) of the Field-aligned Irregularities (FAI) in the E region before the EPB
occurrence in the F region. They are observed from 30 MHz coherent scatter radar during the
SpreadFEx campaign 2005 carried out in Brasil. The presently reported QP-EDs at the equatorial E
region below an altitude of 110 km are undescribed so far. Though QP-EDs characteristics vary on a
day-to-day basis, consistent features are their intensification before the EPB, and their simultaneous
occurrence with EPBs. This study highlights the monitoring of QP-EDs in the short-term forecasting
of EPBs and further reveals the robust energetics of vertical coupling between E and F regions.

Keywords: field-aligned ionospheric irregularities; equatorial plasma bubble; gravity waves

1. Introduction

The equatorial ionosphere hosts various disturbances in the electron density and
electric field [1]. These disturbances occur in the form of Traveling Ionospheric Disturbances
(TIDs) and Field-Aligned-Irregularities (FAIs) [2]. The FAIs are present in 90–1000 km
altitudes that cover E and F regions. The FAIs in the E region i.e., FAI-E, are observed
during day and night. On the contrary, FAIs in the F region i.e., FAI-F, are observed mainly
during nighttime. A robust nighttime phenomenon in the F region is the occurrence of
FAI-F in the form of Equatorial Plasma Bubbles or plumes (EPBs) that can cover the entire
F region. The EPBs are large hundreds-of-kilometers-scale field-aligned electron density
depletions inside which FAIs of small meter scales are also present [3]. The presence of
EPBs severely disrupts the radio-based communication and navigation system.

An outstanding unresolved issue is the short-term forecasting of EPBs since their
occurrence varies on a day to day basis [1]. In the past, numerous campaigns, for example,
Coloured Bubble experiments, GUARA, COPEX, EQUIS, were conducted to decode the
the underlying mechanism responsible for the day-to-day variabilities in EPBs [4–7]. These
campaigns had employed several instruments such as rockets, radar, digisonde, all-sky
airglow imagers, GPS receivers, and LEO satellites, to monitor the background ionosphere
and the dynamics of EPBs. A consistent feature from these campaigns and other similar
studies is the formation of a bottom-side irregular FAI-F layer before the first occurrence of
EPBs [8–10]. In-situ measurements of density and electric field at F region heights from
Communications/Navigation Outage Forecasting System (C/NOFS) and simultaneous
radar observations identify periodic depletions and periodic-EDs within the irregular F
layer before the first occurrence of EPB [11]. Simultaneous measurements from C/NOFS
satellite and Total-Electron-Content measurements from GPS receivers have also revealed
the wave-like disturbances of density depletions before the EPB development [12,13].

SpreadFEx campaign was conducted in Brasil during September–October 2005 to
study the day-to-day variabilities of EPBs caused by the background electric field and the
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electric field of gravity waves arising from the vertical coupling of E and F regions [14].
Simultaneous digisonde and radar observations during the SpreadFEx campaign reveal
significant periodic modulations of the F layer height and periodic-EDs associated with the
gravity waves before the EPBs [15]. All-sky airglow imaging photometer observations dur-
ing the SpreadFEx campaign reveals the presence of wave-like airglow disturbances within
the irregular F layer, [16]. Moreover, the studies [17,18] had reported the simultaneous
occurrence of wave activities in the E region and EPB.

The equatorial E region is also the part of the Mesosphere-Lower-Thermosphere (MLT)
region of the atmosphere that hosts robust wave activities and sporadic E layer activities
from the tidal wave modes and gravity wave modes [19–21]. The radar observations
reveal FAI-E with periodic-EDs from these modes before the occurrence of EPBs [22,23].
Aveiro et al. [24] had reported the intensification and periodic nature of electric field of FAI
in the E region towards sunset terminator until 21 Universal Time. However, besides the
study by Woodman et al. [22] and Kherani et al [23], no other report is available regarding
the presence of periodic-EDs in the equatorial E region and their intensification during
21–24 UT. Moreover, there have been no studies of these characteristics on a statistical basis
during 21–24 UT to date. The time interval of 21–24 UT over Brasil is the evolution phase
of the background electric field that determines the nature of the pre-reversal enhancement
electric field, a most significant energetics to decide the occurrence of EPBs [1]. The
present study aims to study the periodic nature of the electric field of FAI in the E region
before the occurrence of EPB during the SpreadFEx campaign. For some of these events,
Takahashi et al. [17] and Abdu et al. [15] had reported the presence of periodic-EDs in the
F region.

2. Materials and Methods

The study examines the data from a 30 MHz coherent scatter radar that detects
the field-aligned irregularities, FAI-E and FAI-F. São Luís radar is a low-power coherent
back-scatter radar operating at 30 MHz and located at São Luís close to the dip equator
(2.3◦ S, 44.2◦ W, dip angle: −0.5◦) [3]. Table 1 lists the radar specification parameters
used in the campaign. The radar principal beam is pointed vertical and perpendicular to
the geomagnetic field. The data are collected as a time-series and processed offline. The
auto-covariance analysis is applied to obtain the intensity and Doppler velocity [25]. Since
the Doppler velocities of the FAI are driven by the polarization electric field, we monitor
the Doppler velocity of the E region irregularities to infer the periodic-EDs in the E region.
The observational results are presented in the form of Range-Time-Intensity (RTI) maps
and Range-Time-Doppler velocity (RTV) maps.

Table 1. Radar specifications and parameters.

Radar Location 2.3◦ S, 44◦ W, 1.3◦ dip
Antenna Half-Power-Full-Beam-Width (E-W) 10◦

Inter-Pulse-Period (IPP) 1400 km (9.34 ms)
Altitude Coverage 87.5–1267.5 km

Altitude Resolution 2.5 km
Coherent-Integration 1

Velocity Coverage ±250 m/s

3. Results

All the nights of the SpreadFEx campaign found the presence of FAI-E, FAI-F, and EPBs
although their characteristics vary on a day-to-day basis. We examine 14 nights and present
results from 5 representative nights, 20051028 (d1), 20050925 (d2), 20050929 (d3), 20051005
(d4) and 20051025 (d5) when periodic-EDs are present before and during the occurrences of
EPBs. We refer to prior and simultaneous EDs as prior-QP-EDs and simultaneous-QP-EDs.
On the rest of the nights, QP-EDs have similar characteristics to those observed on the
representative nights.
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In the RTI map in Figure 1, we note the occurrence of well-developed EPBs (vertical
structure) during 23–02 UT on 28 October 2005. The first set of EPBs with strong FAI-F
occurs during 23–24 UT, preceded by a weak bottom side FAI-F layer during 22:45–23:00 UT.
The second EPBs with weak FAI-F and third EPBs with moderate FAI-F occurrences are
during 24–01 UT and 01–02 UT.
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Figure 1. Upper-panel presents Range-Time-Intensity (RTI) Plot of FAI-F region and Lower-Panel presents Range-Time-
velocity (RTV) plot of FAI-E on 28 October 2005. Circle size is proportional to the signal-to-noise ratio and the altitude
modulation is proportional to the Doppler velocity itself.

The bottom panel of Figures 1 and 2 reveal the presence of predominantly posi-
tive upward Doppler envelopes in regular time interval, i.e., the FAI-E reveals quasi-
periodic Doppler velocity characteristics. The first set of Doppler envelope surges during
21:30–23 UT, i.e., just before the occurrence of first set of EPBs. The surge is present at all
altitudes between 90–110 km and attains an amplitude of more than 100 m/s. The second
set of Doppler surges is during 23–24 UT and is distinctly present at an altitude of 95 km,
although it is also present at 105–110 km altitudes. The surge attains an amplitude below
50 m/s. This surge is during the first set of EPBs and just before the second weak EPB. The
third set of Doppler surges is in 25–26 UT and presents at all altitudes between 90–110 km
and attains an amplitude between 50–100 m/s. This surge is during the second set of EPBs
and just before the third moderate EPB.
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Figure 2. Zoomed RTV plot of FAI-E in 98–108 km altitudes on 28 October 2005. Circle size is proportional to the
signal-to-noise ratio and the altitude modulation is proportional to the Doppler velocity itself.

Therefore, we conclude that before the occurrence of each EPBs, quasi-periodic
Doppler surges, i.e., prior-QP-EDs, develop in the E region. The QP-EDs begin to develop
before the first EPB occurrence and continue their presence during the EPB occurrence.
In other words, the simultaneous-QP-EDs are a continuation of prior-QP-EDs. Moreover,
prior-QP-EDs tend to intensify towards the occurrence of EPBs. For example, in Figure 2,
prior-QP-EDs during 21:30–23:00 UT reveal larger amplitudes with time. The amplitude
relationship between the QP-EDs and EPBs is also evidently present for this event. For
example, EPBs with strong, moderate, and weak FAI occur just after the Doppler surge
with amplitudes ≈100 m/s, 50–100 m/s and ≤50 m/s.

We note that the time duration of an upward Doppler envelope, i.e., the quasi-
periodicity of Doppler surges range between 10 to 30 min. The Doppler envelops longer
than about 30 min dominate at the altitudes lower than 98 km and from 98 km on-wards,
long periodic envelops increasingly become modulated by the periodicities shorter than
about 30 min. The wavelet spectrum in Figure 3 reveals the presence of a wide frequency
range (0.1–16 mHz) associated with the QP-EDs. The spectral amplitude is maximum at
tidal wave mode frequencies, i.e., at frequencies below about 0.2 mHz. We also note the
large amplitudes at gravity wave mode frequencies between 0.2–2.8 mHz and acoustic
wave mode frequencies above about 3.3 mHz. At higher frequencies (2–2.8 mHz), gravity
wave modes and acoustic wave modes, Doppler surge occurs in a regular time interval. It
suggests that the quasi periodicities are associated with these two wave modes. Moreover,
these wave modes are intensified before 22:30 UT i.e., before the first occurrence of EPB.
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They are also intensified after 24:30 UT, i.e., before and during the third occurrence of
EPB. Interestingly, these two intensifications occur during the positive phase of tidal
wave modes.
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Figure 3. Wavelet spectrum of the average Doppler velocity of FAI-E on 28 October 2005 . The average is taken over
altitudes between altitudes of 90 and 110 km. The spectral amplitudes are normalized to the maximum spectral amplitude,
where the maximum is taken over all frequencies and the entire time duration. For better visualization, the normailzed
amplitude is multiplied by a factor of 3. The dashed-line is drawn at the onset time of the first EPB. The red, blue and green
curves correspond to the tidal modes at frequencies below 0.2 mHz, gravity wave modes at frequency in 0.2–2.8 mHz and
acoustic wave modes at frequencies above 3.3 mHz, respectively.

In Figure 4, we note that the events d2–d5 have similar characteristics of QP-EDs as
the QP-EDs in event d1. The common characteristics are the presence of QP-EDs before
and during the occurrence of EPBs. Another consistent characteristic of QP-EDs is their
presence in the altitude range of 95-100 km on all five days. Below an altitude of about
95 km, long periodic envelopes dominate with the negligible presence of QP-EDs. Above
an altitude of about 105 km, long periodic envelopes become considerably modulated in
the presence of QP-EDs. We note the intensification of prior-QP-EDs towards the EPB
occurrence on all these days. The intensification occurs at some or all altitudes in the
range 90–110 km. For example, (altitude, time) of the intensification of prior-QP-EDs for
25 September 2005, 29 September 2005, 5 October 2005 and 25 September 2005 are (92.5 km,
22:45 UT), (110 km, 24 UT), (110 km, 22:30 UT) and (110 km, 22:20 UT), respectively. We
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also note that the QP-EDs become more intensified after the first occurrence of EPBs on
these four days.

Figure 4. RTI plots of FAI-F in the upper panel and RTV plots of FAI-E in the lower panel correspond to four nights
of observations.

4. Discussion

Some of the results of the present study are similar to the earlier studies on quasi-
periodicities of FAI-E [22,23,26–28]. The Doppler magnitude of about 100 m/s of prior
QP-EDs is similar to the magnitude of about 50 m/s-75 m/s reported by Woodman and
Chau [22] and Kherani et al. [23]. The low-latitude QP-EDs also attains a magnitude of
about 50 m/s [26]. Low-latitude FAI-E are predominantly quasi-periodic at higher altitude
E region and relative regular FAI layers dominated by the tidal modes are present in the
lower altitude E region [26,28]. The present study reveals a similar pattern on most of the
days such that the contributions from short quasi-periodicities increase with the increase in
altitude. Therefore, a notable outcome of our study is that the equatorial QP-EDs can have
similar altitude distribution as the low-latitude QP-EDs.

Aveiro et al. [24] had reported the intensification of the electric field of FAI-E towards
the sunset terminator until 21 UT. The present study reports the presence and intensification
of QP-EDs from about 21:30 UT onwards, i.e., it fills the time interval between sunset
terminator and occurrence time of EPBs. This time interval is the evolution phase of
the background electric field that determines the nature of the pre-reversal enhancement
electric field, a most significant energetics to decide the occurrence of EPBs. In other words,
this time interval is the preparation phase of EPBs. For this time interval, only two previous
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studies by Woodman and Chau [22] and Kherani et al. [23] have reported the observations
of equatorial QP-EDs above the 120 km altitude region. The present study is the first report
of the equatorial QP-EDs below the 110 km altitude region.

Both background electric field due to the tidal wave modes and polarization electric
field due to the gradient-drift instability mode contribute to the Doppler magnitude of
upper E region QP-EDs [22]. The growth rate of the instability is proportional to the back-
ground electric field and it is larger than about 5 mHz during the evening and nighttime E
region conditions [29]. In other words, the instability modes share a common frequency
range with the acoustic-gravity wave modes. The numerical simulation of acoustic-gravity
waves demonstrates that they can generate quasi-periodic atmospheric structures in the
MLT region of 90–110 km altitudes [30] and associated energetics are likely to generate the
QP-echoes in the E region [22]. The wavelet spectrum in Figure 3 reveals that the quasi-
periodicities are associated with the higher frequency gravity wave modes and acoustic
wave modes. Moreover, their intensifications occur during the positive phase of tidal
wave modes. Therefore, the generation and intensification mechanisms of QP-EDs in the
90–110 km altitude region involves the energetics of background electric field due to the
tidal wave modes and the quasi-periodic electric field due to the acoustic-gravity wave
modes in the MLT region. The mechanism involves the same electric fields that are re-
sponsible for the generation for the upper E region QP-EDs above 120 km altitudes [22,23].
However, the relative contributions from these electric fields may vary at different altitudes
and that can be inferred from the simultaneous observations of FAIs in lower and upper
E regions. Though the São Luis radar detects them simultaneously [23], the FAIs of the
upper E region are often contaminated by the artificial echo layers due to the radar beam
coding and side lobes [3]. Thus, in the absence of conclusive upper FAI-E characteristics
in the present study, the comparative study of FAIs of the lower and upper E regions is
not possible.

During the pre-reversal enhancement phase, Abdu et al. [31] have reported the inten-
sification of the electric field of gravity waves. They associate them as potential energetics
to monitor for the short-term forecasting of EPBs. They have also demonstrated that the
intensification of the electric field of gravity waves is due to a mechanism similar to the
intensification of the background electric field that drives the pre-reversal enhancement.
Aveiro et al. [24] had suggested the possible role of tidal modulation in the evening time
intensification of gravity wave activities in the E region. In the present study, the intensifica-
tions of QP-EDs and acoustic-gravity wave modes during the positive phase of tidal wave
modes, i.e., during the positive phase of the background electric field is the manifestation
of the similar mechanism in the E region. Moreover, the intensification of QP-EDs before
the EPB occurrence highlights the role of acoustic-gravity waves in the coupling process
between E and F regions and the short-term forecasting of EPBs.

The present study also reveals that besides their surge before the first occurrence of
EPB, the QP-EDs continue to be present during the subsequent EPBs. Takahashi et al. [17]
and Taylor et al. [18] reported the simultaneous occurrence of wave disturbances in the E re-
gion and EPB and associated them to the gravity waves. The observations of simultaneous-
QP-EDs in the present study is another manifestation of the vertical coupling from the
gravity waves.

A consistent characteristic of QP-EDs on all five nights of observations and for all EPBs
on a night is that the simultaneous QP-EDs are the continuation of prior QP-EDs at some or
all altitudes in the range 90–110 km. Therefore, the surge of prior-QP-EDs and associated
electric field energetics from the acoustic-gravity waves and tidal waves in the E region
determine the subsequent formation of EPBs. The background electric field of the tidal
wave origin couples E and F regions by driving the vertical current to satisfy the curl-free
electric field condition [4]. In other words, the coupling is electrodynamical and is almost
instantaneous. On the other hand, the coupling of E and F regions from acoustic-gravity
waves can be either electrodynamical along the geomagnetic field lines or mechanical
across the geomagnetic field lines [30]. In the mechanical coupling, the acoustic-gravity



Atmosphere 2021, 12, 1106 8 of 10

waves propagate from the E to F region and produce wave-like electric field disturbances in
two regions with a certain time lag decided by the the propagation speed of the waves [30].
Assuming the average speed of the waves of about 300–600 m/s in the lower thermosphere,
the time lag of wave-like electric field disturbances at altitudes of 100 km and 250 km is
about 500–250 s. Figure 5 shows the FAI-E and FAI-F on 5 October 2005, the day when a
well-defined bottom-side FAI-F layer was present before the the first occurrence of EPB. We
note that, the time of the first peak of QP-ED of FAI-E and the onset of FAI-F are at 22:54 UT
and 23:05 UT, i.e, the time difference of onset of QP-EDs and FAI-F is about 600 s. Therefore,
the time difference can be explained, based on the coupling mechanism energized by the
acoustic-gravity waves.
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Figure 5. Doppler velocity of FAI-E at the altitude of 110 km and RTI map of FAI-F on 5 October 200 are shown.

The irregular bottom-side FAI-F layers host wave structures associated with the gravity
waves [16,17] which is one of the significant energetics to be monitored for the short term
forecasting of EPBs [13,16,31]. Figure 5 reveals the presence of QP-EDs in the E region
10 min before the the onset of the bottom-side FAI-F layer. Therefore, the monitoring of
QP-EDs of FAI-E can considerably improve the short-term forecasting of EPBs.

5. Summary

We present the Doppler velocity characteristics of FAI in the E region, before and
during the occurrence of Equatorial Plasma Bubbles. The study finds Quasi-Periodic
variation in the Doppler velocity within the FAI-E layers at altitudes between 90 and
110 km, which is evidence of the presence of QP-EDs. The QP-EDs are present before
the onset of first EPB and also, present simultaneously with the subsequent occurrence
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of EPBs. The prior-QP-EDs tend to be intensified towards the first occurrence of EPB.
The wavelet spectrum of FAI-E reveals the significant contributions from the acoustic and
gravity wave modes to the QP-EDs. Moreover, the intensification of QP-EDs occur during
the positive Doppler velocity associated with the long periodic electric field of tidal wave
modes. The study associates the prior and simultaneous presence of QP-EDs with EPBs
as the manifestation of robust energetics of vertical coupling energized by the acoustic
and gravity waves. Therefore, the presence of QP-EDs ensures the availability of seeding
perturbations in the F region. The study finds the presence of QP-EDs in the E region
10 min before the the onset of bottom side FAI-F layer. Therefore, the monitoring of QP-EDs
of FAI-E can considerably improve the short-term forecasting of EPBs.
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