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Abstract Using the fan sector backscatter maps of 47 MHz Equatorial Atmosphere Radar (EAR) at Kototabang
(0.2°S geographic latitude, 100.3°E geographic longitude, and 10.4°S geomagnetic latitude), Indonesia, the spatial
and temporal evolution of equatorial plasma bubbles (EPBs) were examined to classify the evolutionary-type
EPBs from those which formed elsewhere and drifted into the field of view of radar. A total of 535 EPBs were
observed during the low to moderate solar activity years 2010-2012, out of which about 210 (~39%) are of
evolving type and the remaining 325 (~61%) are drifting-in EPBs. In general, both the evolving-type
and drifting-in EPBs exhibit predominance during the postsunset hours of equinoxes and December
solstices. Interestingly, a large number of EPBs were found to develop even a few minutes prior to the
apex sunset during equinoxes. Further, the occurrence of evolving-type EPBs exhibits a clear secondary
peak around midnight (2300-0100 LT), primarily, due to higher rate of occurrence during the postmidnight
hours of June solstices. A significant number (~33%) of postmidnight EPBs generated during June solstices
did not exhibited any clear zonal drift, while about 14% of EPBs drifted westward. Also, the westward drifting
EPBs are confined only to June solstices. The responsible mechanisms for the genesis of fresh EPBs during
postmidnight hours were discussed in light of equatorward meridional winds in the presence of weak
westward electric fields.

1. Introduction

The equatorial plasma bubbles (EPBs)/equatorial spread F (ESF) irregularities are an important topic of
space weather interest because of their impact on transionospheric radio communications, satellite-based
navigation and augmentation systems. This local plasma-depleted structures develop at the bottom side
F layer through Rayleigh-Taylor instability and rapidly grow to topside ionosphere via polarization electric
fields within them. A series of cascading instability processes lead to the formation of wide spectrum of
irregularities with scale sizes ranging from 1072 to 10° m [Haerendel, 1973; Kelley, 1989] that can affect

a wide band of radio wave spectrum. A variety of instruments such as ionosondes, airglow photometers,
coherent and incoherent backscatter radars, transionospheric scintillations, and satellite in situ probes are
employed for probing the EPB/ESF irregularities at different scale sizes toward understanding the genesis,
dynamics, and morphological characteristics of EPBs.

The EPBs are essentially a nighttime phenomena when the E region conductivity becomes negligible that
liberates the polarization electric fields in F region to grow nonlinearly. The steep vertical gradients due

to quick loss of bottomside ionization and rapid uplift of equatorial F layer via prereversal enhancement (PRE)
of zonal electric field makes the postsunset hours as the most preferred local time for the formation of
EPBs [Kelley, 1989; Fejer et al., 1999; Tulasi Ram et al., 2006]. Once developed, these EPBs generally drift eastward
with velocities ranging from 50 to 200 m/s [Aarons et al., 1980; Bhattacharyya et al., 2001; Rama Rao et al.,
2005]. The seasonal and longitudinal variability of EPBs are influenced by the alignment between sunset
terminator and magnetic meridian. The close alignment of sunset terminator with magnetic meridian causes
simultaneous decay of E region conductivity at both ends of field line and maximizes the PRE [Eccles, 1998].
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Figure 1. An example showing the genesis and successive development of EPB (evolving-type) over Kototabang observed from the fan sector maps of EAR on

1 March 2012.

In the Asian sector where the declination angle of geomagnetic field lines is nearly zero, EPB occurrence
maximizes during the equinoxes and becomes less in solstices [Tsunoda, 1985; Mendillo et al., 1992; Lee
et al., 2005; Tulasi Ram et al., 2006].

However, there is another class of irregularities that frequently occur during the postmidnight hours of June
solstices over Asian sector which were earlier termed as class-Il type by Krishna Moorthy et al. [1979]. This
postmidnight irregularities maximizes during the low solar activity periods and are mostly associated with
frequency-type spread F on ionograms [Krishna Moorthy et al., 1979; Subbarao and Krishna Murthy, 1994;
Sastri, 1999; Rama Rao et al., 2005]. Using VHF backscatter radar at Kototabang in Indonesia, Otsuka et al.
[2009] have reported that these postmidnight field-aligned irregularities (FAI) are generally weaker than
those of premidnight EPBs and were not accompanied by GPS scintillations. Further, these summertime
postmidnight irregularities often exhibit westward propagation though the majority of them do not show
clear propagation. During the very low solar activity periods, the frequency of postmidnight irregularities
of summer solstices may be even larger than the premidnight EPBs of equinoxes [Heelis et al., 2010; Nishioka
et al,, 2012]. Yokoyama et al. [2011b] have studied a few cases of postmidnight FAls using Equatorial
Atmosphere Radar (EAR) over Kototabang and simultaneous topside in situ observations from vector electric
field instrument (VEFI) on board the C/NOFS (Communication/Navigation Outage Forecasting System) satellite.
They have reported that these postmidnight FAls can be active upwelling-type EPBs associated with rapid
electric field fluctuations and need not be always fossil bubbles that are drifting into the field of view of radar.
Later, Nishioka et al.[2012] have reported that uplift of F layer would play an important role in the evolution of
fresh postmidnight FAls over Kototabang. However, the reports of Yokoyama et al. [2011b] and Nishioka et al.
[2012] were only case studies, and there is no statistical study on the frequency/probability of freshly evolving
EPBs during postmidnight hours. Therefore, in the present statistical investigation, we distinguish the freshly
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Figure 2. An example showing the drifting-in EPB entering from the western edge of fan sector map and drifting toward east on 24 March 2011.

evolved EPBs from those formed elsewhere and subsequently drifted into the field of view of radar, to
explicitly study their local time, seasonal preferences, and zonal drift patterns over Kototabang.

Because of increasing reliability on satellite-based communication and navigation systems, the need of the
hour is the prediction/forecasting of ionospheric scintillation in advance. There were also some recent attempts
toward the deterministic prediction of scintillation based on the background ionospheric conditions at the
afternoon hours [Sridharan et al., 1994; Thampi et al., 2006; Sridharan et al.,, 2012]. However, not much progress
has been made in those lines because the background conditions at the afternoon hours in those reports can
only provide precursors for the development of postsunset EPBs over that location. On the other hand, the
scintillation at any given location is not only determined by the EPBs developed over that location but also
occurs due to the EPBs which are drifted in to that location. In addition, the evolutionary-type EPBs during the
postmidnight hours of June solstices [Yokoyama et al., 2011a; Nishioka et al,, 2012] adds further complexity for
the prediction of ionospheric scintillation. Therefore, distinguishing the freshly evolving-type and drifting-in
EPBs; and their distinct local time, seasonal preferences, and zonal drift characteristics provide important
insights to improve the forecasting capability of ionospheric scintillations.

2. Observations

The Equatorial Atmosphere Radar (EAR) at Kototabang (0.2°S geographic latitude, 100.3°E geographic
longitude, and 10.4°S geomagnetic latitude) operates at 47 MHz with a peak power of 100 kW and a beam
width of 3.4° [Fukao et al., 2003]. During nighttimes (18-06 LT), the EAR is generally operated in F region FAI
mode to study the ESF irregularities at 3 m scales. Using the active-phased array antenna system, it can
steer the beam on a pulse-to-pulse basis. The rapid beam-scanning ability enables the EAR to detect the
temporal and spatial variations of backscatter plumes. In the present study, the nighttime equatorial plasma
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Table 1. The Annual and Seasonal Occurrence Statistics of Both Evolving-Type and Drifting-In EPBs

Equinox June Solstice December Solstice
No. of EPBs No. of EPBs No. of EPBs
Days Having Evolving Drifting Days Having Evolving Drifting Days Having Evolving Drifting
Year Observation Type In Observation Type In Observation Type In
2010 68 16 34 66 12 12 48 0 1
2011 120 52 11 120 24 21 112 10 18
2012 120 64 98 121 21 25 113 1 5
Total 308 132 243 307 57 58 273 21 24

bubbles (EPBs) over Kototabang were studied using multibeam (16 beams) observations of EAR during the
ascending phase of the solar cycle 24 (2010-2012 years). The annual mean F, o solar flux for the years 2010-2012
are 80, 116, and 120 solar flux units, respectively, which indicates the low to moderate level of solar activity. The
azimuth angles and ranges of these 16 beams were converted into zonal distance and vertical altitudes. The fan
sector maps are constructed by combining the signal-to-noise ratio of back scatter echoes from the 16 beams.
These fan sector backscatter maps has a wide east-west field of view (FoV) of ~500 km at 250 km altitude and
~800 km at 400 km altitude. This wide FoV of backscatter maps enabled us to observe the spatial and temporal
evolution of EPBs over Kototabang. The data from two FMCW (frequency-modulated continuous wave)
ionosondes operated at Chumphon (10.7°N geographic latitude, 99.4°E geographic longitude, and 3.3°N
geomagnectic latitude) and Kototabang under SEALION (SouthEast Asia Low-latitude ionospheric network)
have been used to study the background ionospheric conditions favorable for the development of EPBs.

In this study, the EPBs observed from EAR during the geomagnetically quiet (Kp < 3) periods of 2010-2012
are broadly classified into (i) evolving-type EPBs and (ii) drifting-in EPBs based on their spatial and temporal
evolution. An EPB is considered as an

_— evolving-type when it is originated

100} (a) Evolving-type EPBs within the FoV of EAR and found

Total No. of EPBs: 210 to grow successively. On the other hand,
the developed EPBs entering from the
western edge of FoV and drifting toward
east were considered as drifting-in type
EPBs. On some occasions, there were
also some EPBs entering from the
eastern edge of the FoV and drifting
toward west during geomagnetically
quiet periods.

Count

An example showing the evolution of
an EPB within the FoV of EAR is
presented in Figure 1. It can be seen that
there were no backscatter echoes at

(b) Drifting-in EPBs
Total No. of EPBs: 325

100}

80r 1948 LT in Figure 1. At 1951 LT, a faint
- backscatter echo which is a signature of
§ 60y EPB can be seen around 360-400 km
o altitude. As time progresses, one can
40r observe the successive growth of EPB in
size and echo intensity. Further, it can
20r also be observed that the developed
o . EPB exhibits an eastward drift starting
18 19 20 21 22 23 0 1 2 3 4 5 6 from 2009 LT and drifted completely out
Local Time (hs) of FoV by 2100 LT. In the present study,

the EPBs originated and successively

Figure 3. Hist howing th t | f Iving- s e
igu istograms showing the nocturnal occurrence of (a) evolving-type grown within the FoV of EAR similar to

EPBs and (b) drifting-in EPBs during the ascending phase of solar cycle 24

(2010-2012). The numbers shown on top of histogram bars indicate the the example shown in Figure 1 are
percentage of occurrence. considered as evolving-type EPBs.
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&0 (a) E\;olving-typé EPés ‘ - 2610 Figure 2 shows an example of drifting-in
3 sl 12011 | EPB where one can see a developed
‘g{ I 2012 bubble with high echo intensity
5 a0l i (signal-to-noise ratio) entering from
5 western edge of FoV around 2030 LT.
§ 30t ] Subsequently, one can clearly see the
g bubble drifting eastward and moving
£ 20f 1 outof FoV by around 2227 LT. The
§ developed EPBs entering from either
& 101 ] edge of FoV similar to the example

shown in Figure 2 were considered as
drifting-in EPB in the present study.
S R A total of 535 EPBs were observed from
(b) Drifting-in EPBs EAR during 2010-2012. Each of the

S0y i EPBs was individually considered and
classified in to evolving-type and
drifting-in bubbles as described above.
The annual and seasonal occurrence
statistics of both evolving-type and

20} , drifting-in EPBs are given in Table 1.

60

40+ R

Percentage occurrence(%)
w
o

10} 1 3. Results

3.1. Nocturnal Occurrence of

0
18 19 20 21 22 23 0 1 2 3 4 5 6 Evolving-Type and Drifting-In EPBs
Local Time (hs)

It is known that the EPBs usually develop
Figure 4. The nocturnal occurrence (percentage) of (a) evolving-type around F region sunset over the magnetic
and (b) drifting-in EPBs during the low solar activity year 2010 and equator [e.g., Aarons et al., 1980; Abdu
moderately higher solar activity years 2011 and 2012. et al, 1983; Yokoyama et al., 2004]. Further,

it is also reported in literature that the
EPBs can develop even several hours after apex sunset when there is an upwelling of equatorial F layer [e.g.,
Tsunoda, 2010; Nishioka et al., 2012]. Therefore, with a view to understand the nocturnal occurrence pattern of
evolving-type and drifting-in EPBs, the EPBs observed during 2010-2012 over Kototabang were binned into 1 h
intervals between 1800 and 0600 LT based on the local time of their initial appearance in FoV of radar. A total of
535 EPBs were observed by EAR during 2010-2012 out of which 210 (~39%) are of evolving-type and the
remaining 325 (~61%) are of drifting-in EPBs. The histograms showing nocturnal occurrence of evolving-type and
drifting-in EPBs are presented shown in Figures 3a and 3b, respectively. The numbers shown on top of histogram
bars indicate the percentage of occurrence. It can be observed from Figure 3a that the evolving-type EPBs mostly
occurred during 1900-2100 LT and decreases sharply to a minimum of 4% at 2200 LT. An important finding
that can be noted from Figure 3a is that the evolving-type EPBs exhibit a secondary peak around midnight with
6% and 9.5% occurrences in 2300-0000 and 0000-0100 LT bins, respectively. It is also interesting to note that
there were small but significant number of evolving-type EPBs observed even at late midnight hours. In case
of drifting-in bubbles (Figure 3b), the number of EPBs during 1900-2000 LT bin were significantly smaller than
evolving-type EPBs, and the maximum percentage of occurrence (76%) is shifted to 2000-2300 LT interval. Unlike
the evolving-type EPBs, no secondary peak around midnight is observed in the occurrence of drifting-in bubbles
which decreases monotonically with local time.

The annual mean F;(; cm solar flux increases from 80 solar flux unit (sfu) in 2010 to 116 and 120 sfu during the
years 2011 and 2012, respectively. Therefore, with a view to further examine the solar activity influence, the
nocturnal percentage occurrence of EPBs during the years 2010-2012 are separately presented in Figure 4.
During the postsunset hours (1900-2100 LT), it can be noticed that the occurrence of both evolving-type and
drifting-in EPBs (Figures 4a and 4b) is increased with increasing solar activity from 2010 to 2011-2012. However,
the nocturnal occurrence pattern of evolving-type EPBs (Figure 4a) during all the years (2010-2012) show
similar features with a primary peak at postsunset hours (1900-2100 LT) and a secondary peak around
postmidnight hours (2300-0100 LT). In the case of drifting-in EPBs (Figure 4b), the maximum percentage of
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150

occurrence is shifted to 2000-2300 LT
interval for all the years. There was no
clear secondary peak is observed in
drifting-in EPBs during the postmidnight
hours except some enhancements in
the year 2010. It should be mentioned
here that the number of observational
days in 2010 are significantly less than in
the years 2011 and 2012 (see Table 1).
Therefore, considering the similar
nocturnal occurrence patterns for all the
three years, we combine all the EPB

| (b) June Sol. B 57 | observations from 2010 to 2012 in the
I 58 rest of our analysis.

(a) Equinox M Evolving EPBs: 132
I Drifting-in EPBs: 243

100 -

Count

50

30

25

3.2. Seasonal Occurrence of
Evolving-Type and Drifting-In EPBs

Count

In order to further examine the seasonal
occurrence pattern, the EPBs observed
during 2010-2012 over Kototabang
were separated into equinox (March,
April, September, and October), June
——— (May—August), and December (January,

I 21 February, November, and December)
N 24 solstices and presented in Figure 5.
20t | During equinoxes (Figure 5a) both
evolving-type and drifting-in bubbles
are maximized around postsunset
hours (1900-2200 LT) and decreases
monotonically with local time. There
was no secondary peak around
midnight during equinoxes. However,
018 19 20 21 22 23 0 1 2 3 4 5 6 during the June solstice (Figure 5b),

Local Time (hs) the occurrence of evolving-type EPBs

is enhanced and exhibits a clear

Figure 5. Seasonal variations in the nocturnal occurrence of EPBs over  peak around midnight. Further, the
Kototabang during the ascending phase of solar cycle 24 (2010-2012).

25| (C) Dec Sol.

Count

evolving-type EPBs are in fact higher
than drifting-in bubbles during
postmidnight. The overall occurrence of EPBs was significantly small during December solstice over Kototabang
and the majority of them occur during the postsunset hours. Therefore, the results from Figures 3 and 5 indicate
that a large number of EPBs observed during the postmidnight hours are freshly evolved and are primarily
during June solstice.

3.3. Onset Time and Altitudes of Evolving-Type EPBs

We now focus our investigation only to evolving-type EPBs which originated and successfully grown within
the FoV of EAR to further understand the probable local times and altitude regions of EPB onset during different
seasons. From the fan sector backscatter maps of EAR, the longitude, altitude, and local times of EPB onset are
identified. It should be mentioned here that the EPB onset referred here corresponds to the time and location
(altitude and longitude) at which the ~3 m scale irregularities were seen by the EAR at their first appearance with
detectable amplitude. Basu et al. [1978] have shown that during the generation phase of EPBs, the kilometer- and
meter-scale irregularities coexist. Since the EPBs generally originate at the equator, the altitudes of the bubble
onset (at first appearance) are converted to apex altitude using the field line equation. The local time of bubble
onset is corrected for the longitude of EPB at their first appearance. It should be mentioned here that the EPBs
observed by EAR are generally associated with topside ESF which rose to an apex altitude of ~400 km in order to
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7 ‘ ‘ ‘ ‘ ;
" (a) Equinox be detected at ~200 km in EAR

days having obs: 308 backscatter maps. That means, the
bubble whose onset takes place around
F region altitudes will take small, but,
finite time to raise up to 400 km altitude
i to be detected from EAR. Dabas and
Reddy [1990] estimated that the EPB rise
° ) velocity vary ~128-416 m/s at F region
400 | E altitudes, which indicate that the rise
time is small and only ~4-13 min for an
EPB initiated at apex altitude of 300 km
(b) June sols. ‘ (F region) to be detectable from EAR. On
the other hand, the EPBs which initiated
above ~400 km apex altitude would be
detected immediately by the EAR.

600 | Total No. of EPBs: 132

500 |

Apex altitude (km)

700

days having obs: 307
600 Total No. of EPBs: 57 1

[ ]
Figure 6 shows the apex altitude of EPB
5001 b o ¢ o% o 1 onset as a function of time difference
SV, 0 W sl o | ® between bubble onset and apex sunset.
® e o % e ° The red vertical line represents the apex
4001 ¢ sunset time. The blue dots in Figure 6
indicate the EPBs which exhibit clear
‘ ‘ ‘ ‘ ‘ eastward drift after their development.
(c) Dec sols. The green dots indicate EPBs which did
days having obs: 273 not exhibited any clear drift, instead,
600} ° Total No. of EPBs: 21 , decayed and slowly disappeared within
the FoV of radar. The red dots indicate
b X Badi) westward drifting EPBs. It can be noticed
500 | ° oo ° ° 7 from Figure 6 that there were many EPBs
° were found to develop even several
hours after apex sunset which is in
400 1 contrast to that reported by Yokoyama
et al. [2004] and Fukao et al. [2006] from

-1 0 1 2 3 4 5 6 7 8 9 the EAR observations of high solar
Time difference (hs) activity period

Apex altitude (km)

700

Apex altitude (km)

Figure 6. Apex altitudes of EPBs onset as a function of time difference  During equinoxes (Figure 6a) the majority
between bubble onset and apex sunset. The red vertical line represents of the EPBs were found to evolve around
the apex sunset tjme. The bl.ue dots represent the EPBs whic'h e'xhibited the apex sunset and ~76% of EPBs are
clear eastward drift after their development. The green dots indicate EPBs -

which did not exhibited any clear drift, but instead decayed and slowly formed within 1 h from the apex sunset.
disappear within the FoV of radar. The red dots indicate westward It is also interesting to note that a large
drifting EPBs. number of evolving-type EPBs were

observed even a few minutes before the
apex sunset. Yokoyama et al. [2004] also reported similar observations of EPBs prior to the apex sunset. The altitude
of bubble onset is generally high (470-625 km) for those EPBs which developed prior to apex sunset. The onset
altitude generally decreases with time after sunset with a few exceptions around midnight. Further, almost all of the
bubbles observed during equinoxes exhibited eastward drift except three which slowly decayed within the FoV
with no clear drift pattern. There were no bubbles observed with clear westward drift during equinoxes.

During June solstice (Figure 6b), the majority of EPBs found to develop well after apex sunset and ~86% EPBs
developed after 1 h from apex sunset. The apex altitudes of EPBs onset during June solstice are generally low
(~400-500 km). It can be noticed from Figure 6b that a significant number of EPBs (33%) developed during
June solstice did not exhibited any clear zonal drift and about 14% EPBs exhibited westward drift. The onset
times of EPBs during December solstices (Figure 6¢) are mostly clustered within 2 h from the apex sunset in
addition to a few that scattered during late night hours. Further, the onset altitudes of these EPBs which
generated around sunset are generally high (>470 km) and they normally drift eastward. There were no EPBs
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350 ‘ ‘ observed with westward drift during
e ' (a) Equinox : 231? Ezg:g::g::g; December solstice. Therefore, the results
300} / — 2012 (Kototabang) | from Figure 6 indicate that the EPBs
E = = =2010 (Chumphon) which exhibit westward drift are
w confined only to June solstice.
< 250 Otsuka et al. [2009] have also reported
that the postmidnight FAls observed
200 over Kotatabang during June solstices
350 ‘ ‘ ‘ often tend to propagate westward
(although most of them did not
show clear propagation) similar to
—~ 300} midlatitude FAls. The nighttime eastward
g thermospheric wind during June
L 250l solstices is very weak [Fejer et al., 1991; Liu
et al., 2006] and may turn into westward
around midnight during low solar activity
200 periods [Fejer, 1993; Biondi et al., 1999].
350 Further, Sobral et al. [2011] suggested
that the zonal drift of irregularities
may turn into westward when the
. 300 thermospheric wind reverses from
g eastward to westward. Nevertheless,
L 250l the significant number of EPBs observed
during postmidnight hours June solstices
did not exhibited any clear zonal drift;
200 s s ‘ ‘ ‘ instead, they slowly decayed within
18 20 22 0 2 4 6

the FoV of radar perhaps due to weak
thermospheric winds during this low
solar activity period. The absence of

Local Time (hs)

Figure 7. The nighttime mean h'F variation over Kototabang (solid lines) and T )
Chumphon (dotted lines) during (a) equinox and (b) June and (c) December secondary peak (around midnight) in
solstices of the years 2010-2012. The red, green, and blue curves are for drifting-in EPBs (Figure 3b) may be due
the years 2010-2012, respectively. to this nondynamic character of

postmidnight EPBs.

4, Discussion

The EPBs originate at equatorial latitudes through Rayleigh-Taylor (R-T) instability and rapidly evolve to
topside ionosphere via polarization electric fields within them. Once developed, the EPBs generally drift
eastward with ambient plasma and can cause scintillation at eastern longitudes at later local times. Hence,
the explicit characteristics of EPBs at both evolutionary phase and drifting phase, and their local time and
seasonal variability, are important to improve the forecasting ability of ionospheric scintillation. The rapid
beam steering capability of EAR facilitates the observations of spatial and temporal evolution of EPBs over
Kototabang which enabled us to classify the evolving-type EPBs and drifting-in bubbles. The results
presented in Figures 3 to 6 indicate that the evolving-type EPBs during equinox and December solstice are
highly populated around the postsunset hours during 2010-2012 (low to moderate solar activity period). The
important observation is that a large number of EPBs observed during the postmidnight hours are freshly
evolving-type and majority of them comes from June solstices. From the vector electric field instrument
(VEFI) observations on board the C/NOFS, Huang et al. [2010] and Yokoyama et al.[2011b] reported that most
of the postmidnight bubbles observed during 2008-2009 (low solar activity period) are associated with rapid
electric field fluctuations and are of generating type. Therefore, the results presented in Figures 3 to 6 are
consistent with Huang et al. [2010] and Yokoyama et al. [2011a, 2011b]. Later Nishioka et al. [2012] reported
that the equatorial F layer is elevated prior to the postmidnight FAls over Kototabang and that F layer uplift
was not caused by eastward electric field. With a view to further understand the background F layer
conditions, the base (virtual) height variations of F layer (h’F) from FMCW ionosondes over Kototabang and a
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near equatorial station Chumphon were examined. Chumphon is located along the same meridian as
Kototabang and is close to the geomagnetic equator.

Figure 7 shows the nighttime mean h'F variation over Kototabang (solid lines) and Chumphon (dotted lines)
during equinox (Figure 7a), June (Figure 7b), and December (Figure 7c) solstices of the years 2010-2012.
The Chumphon ionosonde data for the year 2011 and June solstice of 2012 were not available due to
operational difficulties. It can be seen from Figure 7 that the h'F at both Chumphon and Kototabang
exhibits pronounced postsunset rise (PSSR) due to prereversal enhancement (PRE) in the zonal electric field.
Clearly, the PSSR is higher at near equatorial station Chumphon than at off-equatorial station Kotatabang
and increasing with solar activity from 2010 to 2012. This explains the higher occurrence of evolving-type
EPBs during the postsunset hours of equinox (Figures 3a, 4a, 5a, and 6a).

During December solstices (Figure 7c), the h'’F over Chumphon exhibit significant PSSR during the relatively
higher solar activity year 2012; however, the PSSR during the low solar activity year 2010 is very small. The
significant number of EPBs observed around the postsunset hours of December solstices (Figures 5c and 6¢)
can be attributed to this observed PSSR over the near-equatorial station Chumphon during December solstice.
Interestingly, the h'F increase after sunset (PSSR) at off-equatorial station Kototabang is significantly higher
than at Chumphon and increases with solar activity from 2010 to 2012. This nighttime h'F variations over
Kototabang during December solstice is similar to that reported in Figures 5c¢, 6a, and 9a of Maruyama et al.
[2007] from the observations during 2004. They have explained that this uplift of F layer (increase of h'F) over
Kototabang is predominantly due to transequatorial northward wind during December solstice in addition
to the smaller contribution from E x B drift due to PRE. The enhancement in h'F after sunset increases with
solar activity from 2010 to 2012 which can be attributed to increase in PRE with solar activity. Hence, the h'F
variations shown in Figure 7 corroborate with the results of Maruyama et al. [2007].

From Figure 7b, it can be observed that the h'F over Chumphon and Kototabang does not exhibit PSSR during
June solstice except a very little increase (around 1800-1900 LT) at Kototabang in 2012. The h’F over
Kototabang generally decreases after sunset and reaches to a minimum around ~2100 LT. Later, the h'F
increases again and exhibits broad peak between 2100 and 0130 LT with a maximum around 2300-0000 LT. The
h'F over the near equatorial station Chumphon also exhibits similar increase starting from 2000 LT and
maximizes around 2300-0000 LT. Further, the h'F increase at equatorial station Chumphon is much larger than
at low-latitude station Kototabang. Similar increases in h'F around midnight at Kototabang and Chumphon
during the low solar activity year 2005 were earlier reported by Maruyama et al. [2007]. The upwelling of F layer
causes significant reduction in ion-neutral collision frequency (v;,) and thereby increases the growth rate of R-T
instability. Subbarao and Krishna Murthy [1994] and Sastri [1999] have earlier reported similar increases in h'F
between 2000 and 0200 LT from the Indian sector which leads to enhanced growth rate of R-T instability in the
postmidnight sector. Nishioka et al. [2012] reported that the gravity driven (g x B drift) eastward current
increases with the uplift of F layer that contributes to the enhancement in linear growth rate of R-T instability
during the postmidnight hours. Further, it can be observed from Figure 5b that the development of
postmidnight EPBs is maximized around 2300-0100 LT which is consistent with the elevated F layer observed
during June solstices (Figure 7b) at near equatorial (Chumphon) and off-equatorial (Kototabang) stations.

Several processes can contribute to the upward drift of F layer at both equatorial and low-latitude regions.
The enhanced equatorward meridional winds during nighttime [Harper, 1973; Sastri et al., 1994] that can push
the plasma along the field lines is one important contributor for the uplift of F layer at the off-equatorial
latitudes such as at Kotatabang. The effect of equatorward wind becomes small at equatorial latitudes due
to low inclination angle of field lines. However, when the meridional wind from both the hemispheres
converges around magnetic equatorial region such as shown by Maruyama et al. [2007], it helps transporting
the plasma from off-equatorial regions along the field lines to higher altitudes over the equatorial region.
From Figure 7b, it can be observed that the increase in h’'F at near equatorial station Chumphon (3.3°N
geomagnetic latitude) is larger than at low-latitude station Kototabang (10.4°S geomagnetic latitude)
during 2010. During the June solstice which is the northern hemispheric summer, the summer to winter
transequatorial wind is much stronger that can cause larger upward transport of plasma at the northern
geomagnetic latitudes. For example, Maruyama et al. [2008] have reported a strong equatorward (southward)
wind of ~100 m/s between 2200 and 0100 LT of June solstices over Indonesian sector. Therefore, the stronger
equatorward wind from the Northern Hemisphere perhaps responsible for the larger increase in h'F over
Chumphon than at Kototabang.
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The zonal electric field is generally westward during nighttime which can cause downward drift of F region
plasma at equatorial latitudes. However, the downward drift due to westward electric field is generally weak
during the postmidnight hours of June solstices, particularly, during low solar activity periods [Fejer et al., 1991].
One can observe from Figure 7b that the h'F over Kototabang between 1800 and 2100 LT is low during 2010
and increases with solar activity during 2011 and 2012. However, after ~2100 LT (the time when h'F starts
increasing), the h'F is higher during 2010 and lower during 2011 and 2012 exhibiting an inverse relationship
with solar activity. This is due to reversal in zonal electric field around ~2100 LT. The eastward (westward) zonal
electric field during day (night) that causes the upward (downward) plasma drift generally increases with
increasing solar activity [Fejer et al., 1991]. The increase in h'F from 2010 to 2012 observed during the postsunset
hours in Figure 7b is mainly due to increase in eastward zonal electric field (PRE) with increasing solar activity.
However, when this zonal electric field reverses to westward around ~2100 LT, the weaker westward electric
fields causes smaller downward plasma drifts during the low solar activity year 2010 than during the
moderately higher solar activity years 2011 and 2012. Nevertheless, the enhancement of h'F over Kototabang
between 2100 and 0100 LT during all the three years 2010-2012 further suggests that the westward electric
field is generally weak during this low to moderate level of solar activity period which cannot overcome the
upward push by equatorward neutral wind. Though we do not have the data, we can expect similar increase
in h'F over Chumphon during 2011 and 2012 as well. Another process that can possibly contribute to the
apparent vertical drift of F layer is the recombination of bottomside plasma during nighttime. It is shown
that the vertical motion of F layer is dominated by the recombination process, particularly, when the F layer
heights are below 300 km [Bittencourt and Abdu, 1981]. Through model simulations, Nicolls et al. [2006] further
shown that bottomside recombination will play an important role in F layer uplift when the westward electric
field is weak. However, it can be observed from Figure 7b that after reaching a maximum around 0000 LT, the h'F
is again showing a decrease up to 0100-0130 LT. This decrease in h'F is perhaps due to reduced effects of
equatorward meridional winds. Later from ~0130 LT, the h'F is showing a continuous increase till the predawn
hours which can be mainly regarded as apparent drift due to recombination at bottomside F layer. Therefore,
the broad peak observed in h'F between ~2100 and 0130 LT indicates the major contribution from the
equatorward wind to the uplift of F layer and the generation of EPBs during this period.

Another favorable factor for the generation of postmidnight EPBs is the seeding by electric field
perturbations associated with medium-scale traveling ionospheric disturbances (MSTIDs) [Otsuka et al., 2004;
Miller et al., 2009; Krall et al., 2011]. The MSTIDs generally propagate in southeast to northwest direction
over Indonesian sector and maximizes during June solstices [Otsuka et al., 2011]. Earlier studies using EAR
suggest that some of the postmidnight FAIs are midlatitude type FAls accompanied by MSTIDs [Yokoyama et al.,
20113, 2011b; Otsuka et al., 2012]. Yokoyama et al. [2011b] suggested that the electric field perturbations
associated with MSTIDs may play an important role in seeding of EPBs while the convergence of equatorward
wind and uplift of F layer provide suitable conditions for the growth of R-T instability.

During equinoxes, the occurrence of evolving-type EPBs is largely concentrated around apex sunset due
to postsunset rise of F layer associated with PRE (Figures 6a and 7a). A large number of EPBs are observed
even a few minutes prior to the apex sunset (Figure 6a). The apex altitude of onset is generally high for
these pre-sunset EPBs, which further indicates that the enhanced PRE is the responsible mechanism during
those days. Tulasi Ram et al. [2014] have shown that the polarization electric fields and large-scale wave
structure (LSWS) can grow a few minutes before the F region sunset when the field line-integrated E region
conductivity reduces. The LSWS can greatly enhance the growth rate of R-T instability and EPBs will develop
at the upwellings of the LSWS [Tsunoda, 2005; Tulasi Ram et al., 2012]. Further, Yokoyama et al. [2004] have
shown that the 3 m scale irregularities can exist before apex sunset and are usually associated with intense
bubbles that rise to high altitudes over the geomagnetic equator. Therefore, it may be possible to think
that the polarization electric fields associated with the upwelling/crest of LSWS could augment the PRE
and causes enhanced postsunset height rise of F layer [for example, Tsunoda and Ecklund, 2007]. This will lead
to the development of EPBs even prior to the apex sunset. However, this hypothesis needs to be further
validated with a detailed study. From Figure 63, it can also be observed that there are a significant number
of freshly generated EPBs after a few hours of apex sunset during equinoxes. However, from the EAR
observations during high solar activity period, Yokoyama et al. [2004] and Fukao et al. [2006] have reported
that the onset time of fresh EPBs is mainly confined to the period between local sunset and apex sunset
during equinoxes. Therefore, while the results presented in Figure 6a corroborate with Yokoyama et al. [2004]
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and Fukao et al. [2006] in terms of largely populated evolving-type EPBs around apex sunset, it differs
from those in light of significant number EPBs generating even (a few hours) after the apex sunset. This
difference is probably due to solar maximum conditions and limited number of observations considered
in Yokoyama et al. [2004] and Fukao et al. [2006].

5. Summary

We have classified the EPBs observed over Kototabang into evolving-type and drifting-in EPBs using the rapid
beam steering capability of EAR during the increasing solar activity period (2010-2012). A total of 535 EPBs
were observed from the EAR over Kototabang, out of which 210 (nearly 39%) were evolved within the FoV
of EAR and the other 325 (nearly 61%) were formed out of FoV and subsequently drifted in. The local time,
seasonal preferences, and the zonal drift characteristics of evolving-type and drifting-in EPBs are explicitly
studied, and the important findings are summarized hereunder. (i) In general, the local time occurrence of
both evolving-type and drifting-in EPBs exhibits predominance around postsunset hours during this ascending
phase of solar cycle. (ii) Interestingly, occurrence of evolving-type EPBs exhibits a clear secondary peak
around midnight, primarily, due to higher rate of occurrence during postmidnight hours of June solstice.

(iii) During postmidnight hours of June solstices, the number of evolving-type EPBs is higher than drifting-in
bubbles. (iv) During equinoxes, a large number of EPBs were found to develop even a few minutes before
the apex sunset and at higher apex altitudes. (v) The EPBs during equinoxes and December solstices mostly
exhibited eastward drift except a few during postmidnight hours which did not exhibited any clear drift pattern.
(vi) A significant number of EPBs (33%) during June solstice did not propagated, instead, slowly decayed
within the FoV of radar. (vii) About 14% of EPBs during June solstice exhibited clear westward drift, and they
are confined only to June solstice. These results are important for better understanding on the genesis of
postmidnight EPBs and provide important insights toward improved forecasting of ionospheric scintillations.
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