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Abstract Using the 47MHz Equatorial Atmosphere Radar (EAR) at Kototabang, Indonesia, the nocturnal
evolution of equatorial plasma bubbles (EPBs) was examined during the moderate solar activity years
2011–2012. While the evolution of EPBs was mostly (86%) confined to post sunset hours (1900–2100 LT)
during equinoxes, in contrast, the majority of EPBs (~71%) in June solstice found evolve around the midnight
hours (2200–0300 LT). The mechanisms behind the fresh evolution of summer time midnight EPBs were
investigated, for the first time, through SAMI2model simulations with a realistic input of background ExB drift
variation derived from CINDI IVM on board C/NOFS satellite. The term-by-term analysis of linear growth rate
of RT instability indicates that the formation of high flux tube electron content height gradient (KF) (steep
vertical gradient) region at higher altitudes is the key factor for the enhanced growth rate of RT instability. The
responsible factors are discussed in light of relatively weak westward zonal electric field in the presence of
equatorward neutral wind and bottomside recombination around the midnight hours of June solstice. The
effects of neutral winds and weak westward electric fields on the uplift of equatorial F layer were examined
separately using controlled SAMI2 simulations. The results indicate that relatively larger linear growth rate is
more likely to occur around midnight during June solstice because of relatively weak westward electric field
than other local times in the presence of equatorward meridional wind.

1. Introduction

The nighttime equatorial ionosphere is responsible for a number of electrodynamic processes often leading
to the formation of equatorial plasma bubbles (EPBs). These irregularities are characterized by the depletions
in the plasma, generated by spatial large scale density perturbations that serve as a seeding source for the
development of EPBs [Tsunoda et al., 2011; Tulasi Ram et al., 2012, 2014]. Since the scintillations caused by
EPBs result in outages of the communication and navigation systems, understanding the day-to-day variabil-
ity of this phenomenon is very important. According to our present understanding, EPBs are developed at the
bottomside F layer through Rayleigh-Taylor (RT) instability, preferably, during post sunset hours when the F
layer is elevated to higher altitude due to the prereversal enhancement (PRE) in the zonal electric field [Farely
et al., 1986]. Besides the height rise of the F layer, the vertical density gradient that antiparallel to gravity stee-
pens at the bottomside F region due to the rapid recombination at regions below the F layer after sunset.
These conditions make the post sunset period more conducive for the development of EPBs [Kelley, 1989;
Tulasi Ram et al., 2006]. Beginning with the generation and growth phase, the bubble nonlinearly rises in
to the topside ionosphere via polarization electric fields within them. Once developed, these EPBs generally
drift eastward with velocities ranging from 50 to 200m/s [Aarons et al., 1980; Bhattacharyya et al., 2001]. The
seasonal and longitudinal variability of EPB occurrence is influenced by the alignment of sunset terminator
with magnetic meridian. The EPB occurrence is higher for equatorial locations where the local magnetic field
lines align with the sunset terminator. More specifically, in the Asian sector, the occurrence of EPBs is gener-
ally higher during the equinox months, where the declination angle of geomagnetic field line is nearly zero
and less during the solstices [Tsunoda, 1985; Tulasi Ram et al., 2006]. However, in the South American sector
where the magnetic declination is negative, the EPB occurrence enhances during December solstice months
[Abdu et al., 1981].

However, a different class of EPB irregularities often observed around and after the midnight hours of the
June solstice those having different characteristic features from post sunset EPBs. The occurrence of these
summertime midnight irregularities was confirmed using various observational techniques like iono-
sondes [Subbarao and Krishna Murthy, 1994; Sastri, 1999], VHF scintillation [Krishna Moorthy et al., 1979;
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Rama Rao et al., 2005], VHF backscatter radar [Otsuka et al., 2009; Yokoyama et al., 2011; Nishioka et al.,
2012], and topside in situ observations from low Earth orbiting satellites [Dao et al., 2011; Yizengaw
et al., 2013]. The occurrence of these midnight EPBs maximizes during the low solar activity periods,
and their occurrence frequency can be even larger than that of post sunset EPBs of equinox during solar
minimum [e.g., Heelis et al., 2010]. Using the ionosonde observations, Subbarao and Krishna Murthy [1994]
reported that the post midnight irregularities manifest as frequency-type spread F on ionograms. Otsuka
et al. [2009] studied the dynamics and occurrence of the field aligned irregularities (FAIs) at midnight
hours during 2006 to 2007 using 30.8MHz VHF radar at Kototabang, Indonesia, and reported that these
midnight FAIs are weaker than the post sunset FAIs and were not accompanied with GPS scintillation.
Otsuka et al. [2009] and Ajith et al. [2015] have shown that most of the EPBs around and after midnight
hours do not exhibit significant zonal drift, whereas about 15% of them show clear westward drifts. Using
the fan sector backscatter maps of Equatorial Atmosphere Radar (EAR), Ajith et al. [2015] found that
majority of these EPBs are freshly evolving around midnight, however, exhibit slower vertical growth velo-
cities than the post sunset EPBs [Dao et al., 2016].

From the extensive studies during past few decades, the generation mechanisms of post sunset EPBs were
fairly well understood. However, the responsible mechanisms behind the formation of EPBs around and after
midnight were not clearly known. Some attempts are made to understand the plausible background iono-
spheric conditions for the development of EPBs around midnight hours. Using Equatorial Atmosphere
Radar (EAR), Yokoyama et al. [2011] have studied a few cases of post midnight EPBs over Kototabang. They
have reported these post midnight EPBs as upwelling plumes and suggested RT instability could be the gen-
eration mechanism. From the simultaneous observations using radar and ionosonde over Indonesian sector,
Nishioka et al. [2012] reported that the uplift of equatorial F layer enhances the gravity driven eastward cur-
rent that plays an important role in the development of these post midnight EPBs. Later, Yizengaw et al.
[2013] demonstrated the existence of the RT instability during the post midnight hours using model studies.
Even though, many of the above studies suggest RT instability as one of the key mechanism for the develop-
ment of post midnight EPBs, the factors conducive for RT instability around the midnight hours were not
clearly explained. In the present study, we investigated the nocturnal evolution of EPBs over Kototabang
using EAR during 2011–2012. The responsible factors conducive for the development of summer time mid-
night EPBs were investigated by term-by-term analysis of flux tube integrated growth rate of RT instability
using SAMI2 model simulations.

2. Data

The Equatorial Atmospheric Radar (EAR) at Kototabang, Indonesia (0.2°S geog. lat, 100.3°E geog. long, and
10.1°S dip. lat), operates at 47MHz with a peak and average powers of 100 kW and 5 kW. During night-
time (18–06 LT) EAR is operated to observe the F region field aligned irregularities (FAIs) at ~3m scale.
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 observe the temporal and spatial variations of backscatter
plumes [Fukao et al., 2003]. In the present study, only the fresh and evolving-type EPBs observed over
Kototabang during magnetically quiet periods of 2011–2012 were considered from the careful examina-
tion of their spatial and temporal evolution as explained in Ajith et al. [2015].

The vertical E × B drift velocities measured from the Ion Velocity Meter (IVM) on board the
Communication/Navigation Outage Forecasting System (C/NOFS) satellite [de La Beaujardière et al.,
2004] during 2011–2012 over 60–120° longitude were considered. The detailed description of the calibra-
tion of IVM is given by Stoneback et al. [2012]. The E × B drift velocity data derived from C/NOFS-IVM were
fed to drive the SAMI2 model to reconstruct the background vertical electron density distributions and
compute linear growth rate of RT instability. SAMI2 is a low-latitude ionospheric model, which models
the plasma along the Earth's dipole magnetic field [Huba et al., 2000]. The model takes in to account
of photoionization of neutrals and chemical evolution of seven ion species (H+, He+, N+, O+, N+

2, NO
+,

and O+
2) in the altitude range 90–20,000 km. The ionospheric equations are solved along each field line

using empirical models of neutral atmosphere NRLMSISE00 [Picone et al., 2002] for chemical reactions
and HWM93 [Hedin et al., 1996] for thermospheric neutral winds.
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3. Results

It is well understood that the EPBs
develop over magnetic equator, predo-
minantly, during the post sunset hours
of equinoxes [Aarons et al., 1980;
Yokoyama et al., 2004]. Further, it is also
reported in the previous studies that the
EPB occurrence often increases around
themidnighthoursof Junesolstice,parti-
cularly, during the low solar active peri-
ods [Otsuka et al., 2009; Yokoyama et al.,
2011; Yizengaw et al., 2013]. Hence, with
a view to further examine the local time
preferences of EPB development over
Indonesian sector during equinox
(March, April, September, and October)
and June solstice (May, June, July, and
August), only the plasma bubbles which
are freshly originated and successively
developed in the field of view of EAR
were selected following the method of
Ajith et al. [2015]. A total of 116 EPBs dur-
ing equinox and 45 EPBs during June
solstice was considered and binned in
to 30min intervals from 1700 to
0400 LT. Figures 1a and 1b show the
nocturnal occurrence pattern of EPBs
during 2011–2012 for equinox and
June solstice, respectively. The numbers
shown on top of each bin indicate their
percentages. From Figure 1a, it is clear
that the EPBs develop predominantly
during the post sunset hours of equi-

noxes. Out of 116 EPBs during equinoxes, 68 EPBs (~59%) were evolved between 1900 and 2000 LT and 31
EPBs (~27%) during 2000–2100 LT. However, during June solstice, the nocturnal development pattern of
EPBs is quite different from equinox as shown in Figure 1b. During June solstice, the EPB occurrence is signif-
icantly less compared to equinox at post sunset hours and the majority of EPBs (32 EPBs, i.e., ~71%) found to
develop around and after midnight (2200–0300 LT).

From the previous studies, it is clear that the higher occurrence of EPBs during post sunset hours of equi-
nox is associated with the post sunset height rise (PSSR) of equatorial F layer due to PRE [Fejer et al.,
1999]. Further, it is also reported that the uplift of F layer is responsible for the development of EPBs
around midnight of June solstice as well [e.g., Nishioka et al., 2012; Ajith et al., 2015]. Hence, in order to
understand the F layer height elevation and the background zonal electric field variation during midnight
hours, the vertical E × B drift velocity data from IVM on board C/NOFS satellite was analyzed. The E × B
drift velocities in our analysis are taken within ±10° latitudes centered on magnetic equator over 60–
120° longitudes during 2011–2012. The days with Kp> 3 were excluded to restrict the data to periods
of low geomagnetic activity. To ensure the accuracy of the velocity measurements the satellite altitude
is limited to 400–550 km and a lower limit for the O+ concentration of 3 × 103 cm�3 is maintained similar
to Stoneback et al. [2011]. Finally, the E × B drift velocities are averaged for each 30min local time interval
from 1700 to 0400 LT. The mean E ×B drift velocity calculated separately for equinox (March, April,
September, and October) and June Solstice (May, June, July, and August) and its local time variations
are presented in Figures 2a and 2b, respectively. The thick black curve in Figure 2 shows the mean drift
velocity, and the standard deviation is represented by error bars. From Figure 2a, it is clear that during

Figure 1. Histogram showing the nighttime occurrence of freshly
evolved EPBs over Kototabang in (a) equinox and (b) June solstices
during 2011–2012. The numbers shown on top of histogram bars indicate
their percentages.
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post sunset hours of equinox, the E × B
drift is largely positive (upward) and
reaching a maximum of 22.6m/s
around 1830 LT representing the well-
known PRE effect. After reaching the
peak value, E × B drift velocity quickly
decreases and become negative
(downward) around 1930 LT with a
maximum downward velocity of
�20.0m/s around 2100 LT. The E × B
drift slightly recovers at later times,
however, remains downward through-
out the night. From Figures 1a and
2a, the large post sunset vertical drifts
due to PRE explain the higher occur-
rence of EPBs during the post sunset
hours of equinox. On the other hand,
PRE is almost absent in June solstice
and E × B drift is downward with a
minimum of �13.1m/s at 2000 LT as
shown in Figure 2b. Further, it is inter-
esting to observe that E × B drift starts
increasing around 2100 LT and exhibits
broad peak between 2200 and 0200 LT
with a maximum value of �1.7m/s
around 2330 LT. This weak westward
electric field around the midnight hours
of June solstice from C/NOFS observa-
tions is consistent with the earlier obser-

vations by Fejer et al. [1991]. Thus, enhanced development of EPBs during the midnight hours (2200–0300 LT)
of June solstice (Figures 1b and 2b) could be due to the presence of weaker westward electric fields.

3.1. SAMI2 Model Calculations

As mentioned earlier, the elevated equatorial F layer is playing an important role in the development of EPBs
around midnight. However, the mechanism which causes the uplift of F layer during this period is not yet
understood well. Several processes can contribute to the F layer height rise during midnight over equator
and low-latitude regions. For example, the enhanced equatorward wind around midnight over Indonesian
sector [Maruyama et al., 2008] can drag the plasma toward the equator from off-equatorial latitudes and
maintain at higher altitudes over equator. Further, due to the weak westward electric field (Figure 2b), the
downward drift of F region plasma is negligible and the F layer remains at higher altitude. Another process
that can cause the apparent vertical drift of F layer is the recombination of bottomside plasma during night-
time. Thus, the influence of these weaker westward electric fields in the presence of enhanced equatorward
wind and bottomside recombination on the uplift of F layer and development of EPBs around and after mid-
night hours of June solstice need to be investigated. Hence, we employed SAMI2 model to obtain the back-
ground vertical electron density distribution under the conditions of mean E ×B drift velocities shown in
Figure 2. In the present study, our objective is to examine the possibility of EPB development under the influ-
ence of weakly westward electric field around the midnight hours of June solstice as shown in Figure 2b.
Therefore, in the present SAMI2 model simulation, we considered only the mean E× B drift curve from
Figure 2 (ignoring the scatter indicated by the error bars) as an input to model. The model simulation is car-
ried out under the moderate solar activity conditions (F10.7 cm solar flux = 100 solar flux unit) over EAR long-
itudinal (100.32°E) sector for day numbers 80 (representing equinox) and 172 (representing June solstice).
Figure 3 shows the vertical electron density distribution over dip equator from the SAMI2 model simulations
as a function of local time for equinox (Figure 3a) and June solstice (Figure 3b). The white curves in Figures 3a
and 3b indicate the mean E× B drift velocity variations obtained from CINDI-IVM (shown in Figure 2) that fed

Figure 2. The mean E × B drift variation for (a) equinox and (b) June
solstice obtained from IVM on board C/NOFS satellite during 2011–2012.

Journal of Geophysical Research: Space Physics 10.1002/2016JA023024

AJITH ET AL. MIDNIGHT EPBS DURING JUNE SOLSTICE 4



to the model. It can be observed from Figure 3a, during equinoxes, the F layer is elevated to higher altitudes
with increasing E × B drift velocity and reaches maximum height around 1830 LT. Further, it can be seen that
during the post sunset hours (~1800–1830 LT) electron density is relatively less and distributed over a large
altitudinal range (~300–700 km) because of the vertical transport of plasma via equatorial fountain process
due to PRE. This redistribution of F layer plasma due to large upward E × B drift results in small vertical density
gradients in F region during this period (1800–1830 LT). After reaching a maximum altitude at 1830 LT, F layer
is started to descend due to decrease in upward E × B drift. During this descending period, the F layer con-
tracts in altitude due to the quick decrease of upward E × B drift which results in a steep vertical density gra-
dient at the bottomside F layer around 1830–2000 LT. As the time progresses, the F layer descends to lower
altitudes with the reversal of E × B drift and the electron density become small due to recombination. Further,
during late night hours, the F layer is slightly elevated in response to small recovery in E × B drift.

In case of June solstice, F layer does not exhibit height rise during post sunset hours because of the absence
of PRE and overall electron density is much lesser than equinox (Figure 3b). The bottom height of F layer is
around 200 km during the post sunset hours and as time progresses the F layer height increases around mid-
night hours. Further, it is interesting to observe that a noticeably enhanced density region with significant
vertical density gradient is developed at the altitude ~300-400 km around 2200–0200 LT. It can be noticed
from Figure 3b that the input E × B drift is not upward; however, it is weakly downward during this period.
Hence, the uplift of equatorial F layer is not necessarily due to eastward zonal electric field. Due to this weak
westward electric field, the downward drift of F layer is generally weak during these local times in June sol-
stice that keeps the F region plasma at relatively higher altitudes. Figure 4 shows the meridional neutral wind
(positive northward) along EAR longitude (100.32°) around 200 km altitude from HWM93 model as a function
of geographic latitude and local time for June solstice, which inputs to the SAMI2 model. It can be seen from
Figure 4 that the equatorward neutral wind is enhanced at low latitudes of both hemispheres during 2200–
0200 LT.Maruyama et al. [2008] have also reported the enhanced equatorward neutral winds during this per-
iod over Indonesian sector using the low-latitude meridional chain of ionosonde observations. The enhanced
equatorward meridional wind during this period can drag the plasma along the field lines from off-equatorial
region to the higher altitudes over equatorial region. In addition, the bottomside recombination of plasma,

Figure 3. The altitude-local time distributions of ionospheric electron density over magnetic equator derived from SAMI2
Model for (a) day no. 80 (equinoctial day) and (b) day no. 172 (June solstice day). The white curve shows the mean E × B drift
velocity derived from CINDI IVM observations on board C/NOFS satellite.
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particularly, when the F layer heights are
below 300 km [Bittencourt and Abdu,
1981] causes an apparent uplift of F
layer. Using model simulation, Nicolls
et al. [2006] have shown that bottom-
side recombination is an important fac-
tor for the F layer uplift when the
westward electric field is weak. Hence,
the results observed from Figure 3b
shows that weaker westward electric
fields in the presence of bottomside
recombination and enhanced equator-
ward meridional wind play important
role for the uplift of F layer and forma-
tion of enhanced density region with
significant vertical gradient around the
midnight hours of June solstice.

In order to see the influence of such ver-
tical electron density distributions shown in Figures 3a and 3b, on the development of EPBs during equinoxes
and June solstices, respectively, the flux tube integrated linear growth rate of RT instability is computed by
estimating the individual terms of growth rate equation given by Sultan [1996] as

γRT ¼
ΣF
P

ΣF
P þ ΣE

P

VP � UP
L �

ge
νFeff

� �
KF � RT ; (1)

whereΣF
P andΣ

E
P are the flux tube integrated F region and E region Pedersen conductivities, respectively. VP is

the upward drift speed taken from the mean drift curve obtained from CINDI-IVM as shown in Figure 2. UP
L is

the flux tube integrated neutral wind perpendicular to the field line weighted by the Pedersen conductivity
calculated using HWM model.

The flux tube integrated effective F region collision frequency (νFeff) is computed by the flux tube integration of
local ion-neutral collision frequency given by Kelley [1989],

νin ¼ 2:6�10�9 nn þ nð ÞA�1=2; (2)

where nn is the neutral density and A is the mean neutral molecular mass in atomic mass units. The
KF ¼ 1

Ne

∂Ne
∂h

� �
is the vertical gradient of the field line integrated electron content in the F region, Ne is the flux

tube electron content, and RT is the flux tube integrated recombination rate, which is assumed to be n
egligible in the present study.

Following Sultan [1996], the flux tube integrated parameters in the RT instability growth rate equation is esti-
mated by an integration of local values from an altitude of 125 km in one hemisphere to 125 km in the oppo-
site hemisphere along the magnetic flux tubes. The integration is performed separately for a series of flux
tubes up to an apex altitude of 1000 km. The boundary between E and F layer was chosen to be 200 km
for the calculation of Pederson conductivities. The E and F region Pedersen conductivities are obtained by
the field line integration of local Pedersen conductivity given as

σp ¼ ne
B

Ki

1þ K2
i

� Ke

1þ K2
e

� �
(3)

where n is the electron density, e is the elementary charge, B is the magnetic field, and Ki and Ke are the ratios
of the gyro frequency to collision frequency for ions and electrons, respectively.

The altitudinal and local time variations of the F region flux tube electron content height gradient (KF) (a, b),

flux tube integrated effective F region collision frequency (νFeff ) (c, d), and the flux tube integrated linear

growth rate for RT instability (γRT) (e, f) are presented in Figure 5. Figures 5a, 5c, and 5e are for the equinoctial
day (day no. 80) and Figures 5b, 5d, and 5f are for June solstice day (day no. 172). An important feature that

Figure 4. The meridional neutral wind (positive northward) as a function
of geographic latitude and local time along Indonesian sector (EAR
longitudes) at 200 km altitude for day number 172.
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can be noted from Figure 5a is that the steep vertical density gradient region forms at an altitude of ~250–
300 km and KF reaches its maximum value during 1830–1930 LT when the E × B drift starts decreasing
(Figures 2a and 3a). This steep gradient (high KF) region descends to lower altitudes (~200 km) with the
decrease in E × B drift and disappears by ~2000 LT with reversal of E × B drift. During the June solstice period
(Figure 5b), the KF reaches a value of ~7 × 10�5m�1 around 1830–1930 LT, however, at a lower altitude of
~200 km due to the absence of PRE. The KF starts increasing again from 2100 LT, and the steep gradient
region is gradually ascending with time reaching a peak altitude of ~250–300 km with a maximum value
of ~10× 10�5m�1 around 2300 LT.

4. Discussions

The EPBs in the nightside ionosphere generally develop at magnetic equator under RT instability. Using the
Advanced Research Project Agency (ARPA) Long-range Tracking and Identification Radar (ALTAIR) data set,
Sultan [1996] correlated the RT instability growth rate with Equatorial Spread-F (ESF) occurrence and shows
good agreement. Later, Carter et al. [2014] studied the relation between RT instability growth rate and EPB
occurrence over the Southeast Asian longitudes and showed good correlation. During equinox, the steep ver-
tical density gradient (high KF) region is formed around ~1830–1930 LT when the E × B drift starts decreasing
(Figure 5a). This high KF can be explained as follows. During the peak E × B drift period, F region plasma is ver-
tically transported to topside ionosphere and distributed over large altitude range via equatorial fountain
process; hence, the bottomside vertical density gradient becomes minimum. However, the F layer contracts
in altitude when the E × B drift is decreasing that result in a steep vertical density gradient at the bottomside F
layer as can be seen from Figure 3a. Further, at time of E × B drift reversal, reverse fountain effect [Sridharan
et al., 1993] will play a major role to keep the density high over equator. Under the effect of downward E × B
drift, the plasma in the topside F region around the equator is pushed downward across the magnetic field
lines and creates a low plasma region in the topside ionosphere. Plasma flows toward equator from low lati-
tudes to fill this low-pressure region and again pushed downward across the magnetic field lines [Balan and
Bailey, 1995]. This process results higher plasma density around equator and steep vertical density gradient at
the bottomside of F region near the time of drift reversal. This steep vertical density gradient (high KF) region
at relatively higher altitude region of ~250–300 km during 1830 to 1930 LT causes enhanced growth rate (γRT)
as shown in Figure 5e that sets the most favorable conditions for the development of EPBs during equinoxes.

Figure 5. Altitude-local time variations of (a, b) F region flux tube electron content height gradient (KF), (c, d) flux tube inte-
grated effective F region collision frequency (νFeff), and (e, f) the flux tube integrated linear growth rate for RT instability (γRT)
for equinox (Figures 5a, 5c, and 5e) and June solstice (Figures 5b, 5d, and 5f), respectively.
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This result shows good agreement with the previous studies, which reported that the plasma bubbles usually
develop at the bottomside F region around the time of reversal of E × B drift [Rastogi, 1980; Abdu et al., 1982;
Fejer et al., 1999]. Using Jicamarca radar observations, Farley et al. [1970] suggested that the high altitude
obtained by F layer is more important for the onset of spread F than the upward velocity of F layer during
onset time. Later, Fejer et al. [1999] observed that spread F irregularities are generated close to the time of
reversal of evening drift velocity and they suggested that the evolution of spread F during this period is a race
against time where the irregularities in the low altitude layers are developed and rise in to the topside layer
under the influence of polarization electric fields, before they are damped as a result of large downward drift.
This higher growth rate during the post sunset hours will explain the higher occurrence of evolving-type EPBs
during the equinoxes observed by EAR (Figure 1a).

However, one can observe from Figure 1a that a significant number of EPBs (27%) found to develop at local
times between 2000 and 2100 LT where the growth rate (γRT) obtained from SAMI2 simulation is negligibly
small (Figure 5e). This could be due to the fact that an EPB takes a finite rise time, ~10–50min [e.g., Dao et al.,
2016], from its onset at bottomside F region over equator and grow altitudinally to ~400 km to map along
field lines so as to be detected by EAR at an off-equatorial (10° dip. lat) location. Further, Figure 5e represents
the model simulation for a particular day (day no. 80) assuming that the mean E× B drift variation shown in
Figure 2a, the day-to-day variability of E × B drift, and post sunset height rise were not accounted in the cur-
rent model simulation. The KF again increases around 2300 LT and reaches to a value of ~ 7 × 10�5m�1, how-

ever, at altitudes below 240 km. The relatively low value of KF and high value of νFeff (Figure 5c) at these

altitudes make growth rate (γRT) insufficient for the development of EPBs around the midnight hours of
equinoxes.

The interesting point that should be noted from Figure 5b is that during June solstice the steep vertical
density gradient (high KF) region around midnight hours is present at a higher altitude where the ion-

neutral collision frequency is significantly small. From Figure 5d, it can be seen that νFeff decreases expo-

nentially with increasing altitude. The decrease in νFeff with altitude causes increase in the growth rate (γRT)
when the high KF region is elevated to higher altitude as can be seen from Figures 5b and 5f. Further, the
estimated linear growth rate (γRT) is sufficiently high during 2200–0200 LT (Figure 5f) that can explain the
onset and development of EPBs around midnight hours observed from EAR over Indonesian sector
(Figure 1b) during June solstice. Hence, the results from this study confirm the role of RT instability
behind the fresh development of EPBs around midnight as suggested by the previous studies
[Yokoyama et al., 2011; Nishioka et al., 2012; Yizengaw et al., 2013] through model simulations. It may also
be mentioned that there are sufficient number of EPBs observed during 2000–2100 LT of June solstice
where the growth rate obtained from SAMI2 simulation is negligibly small. The mechanism behind the
occurrence of these EPBs over Indonesian sector is not clear, and these cases needed to be studied in
case-by-case basis. The model simulation of growth rate indicates the mean variation representing for
June solstice, and there could be a large day-to-day variability in the controlling factors such as F layer
height, E × B drift, and neutral winds that may cause inconsistency between the actual observation from
EAR and growth rate obtained from model simulation.

In order to see the effects of equatorward neutral wind and weaker westward zonal electric field, separately,
on the uplift of F layer and enhanced growth rate of RT instability around the midnight hours of June solstice,
two cases of controlled SAMI2 simulations were carried out. In first case, the meridional neutral wind input to
SAMI2 model is turned off and the model simulation is carried out for day number 172 with input E × B drift
estimated for June solstice. In second case, the SAMI2 model is run by turning off neutral wind and modified
mean E×B drift with significant down ward drift of �6m/s between 2200 and 0100 LT.

4.1. Case I

In order to see the neutral wind effect on the elevation of F layer, the SAMI2 simulation is carried out without
neutral wind input. Figure 6 shows the flux tube electron content height gradient (KF) (Figure 6a) and the lin-
ear growth rate of RT instability (γRT) (Figure 6b) as a function of local time and apex altitude obtained for June
solstice with neutral wind set to 0m/s. It can be seen from Figure 6a that a steep density gradient region is
formed between 2200 and 0100 LT similar to Figure 5b but comparatively at lower altitude (~210–260 km).
Further, it can also be seen from Figure 6b that the flux tube integrated linear growth rate of RT instability
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is significantly reduced compared to the case when the neutral wind is included (Figure 5f). The lower altitude
of steep vertical gradient (high KF) region resulted in the reduced growth rate when the neutral wind is
turned off (Figure 6).

4.2. Case 2

In this case, the mean E × B drift around and after the midnight period of June solstice is modified with a
downward drift of �6m/s during 2200–0100 LT. SAMI2 model is run with this modified E ×B drift input
and neutral wind turned off for day number 172. The flux tube electron content height gradient (KF) and lin-
ear growth rate of RT instability (γRT) estimated from this controlled simulation are presented in Figures 7a
and 7b, respectively. The white curve in Figure 7a represents the modified mean E× B drift velocity that
fed to the model. It can be noticed from Figure 7a that with the modified E ×B drift of �6m/s, the steep ver-
tical gradient (high KF) region is formed at lower altitudes (~190–230 km) and the growth rate (γRT) is greatly
reduced to ~ 5 × 10� 5 s� 1 (Figure 7b, note the change in color scale). This clearly indicates that the growth
rate reduces substantially when the westward zonal electric field is significant. Hence, the presence of weaker
westward electric fields around midnight of June solstices allows the formation of high KF (steep gradient)
region at relatively higher altitudes and causes enhanced growth rate of RT instability.

Ajith et al. [2015] and Dao et al. [2016] have shown the initial altitudes of EPB onset observed from EAR are
significantly smaller during post midnight periods compared to post sunset hours. The higher initial alti-
tudes of post sunset EPBs are due to rapid uplift of equatorial F layer during PRE. However, the elevation
of equatorial F layer around midnight hours of June solstices is small compared to PSSR during equinoxes.
Thus, in order to see the necessary height rise for the onset of EPBs around the midnight period of June sol-
stice compared to post sunset hours of equinox, the altitudinal profiles of linear growth rate of RT instability
for equinox at 1900 LT (green) and June solstice at 2330 LT (black) were compared as shown in Figure 8. It
can be observed from this figure that a given growth rate (γRT) could be achieved at lower altitude around the
midnight hours of June solstice compared to post sunset hours of equinox. For example, a growth rate of
7.8 × 10�4 s�1 is attained at an altitude of 295 km (double headed green arrow) during equinox at 1900 LT;
however, the same growth rate is attained even at a lower altitude of 270 km (double headed black arrow) at

Figure 6. Altitude-local time variations of (a) F region flux tube electron content height gradient (KF) and (b) the flux tube
integrated linear growth rate for RT instability (γRT) for June solstice (day no. 172) estimated using SAMI2 model simulation
with neutral wind input turned off.
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2330 LT during June solstice. This result indicates that a bubble can initiate even at a lower altitude around the
midnight hours of June solstice than the post sunset hours of equinoxes.

The black dotted curve in Figure 8 repre-
sents the growth rate of June solstice for
the case with neutral wind turned off
(case 1), and red curve represents the
growth rate for the case with modified
E × B drift (case 2). It can be seen from
Figure 8 that the growth rate at 2330 LT
of June solstice is maximum
(7.8 × 10� 4 s� 1) with neutral wind
effects included in the presence of
weaker westward electric fields (black
solid curve). The peak growth rate is
decreased to 4.5 × 10� 4 s� 1 when the
neutral wind is turned off (black dotted
curve). Further, the growth rate is sub-
stantially decreased (by more than one
order) to 4.8 × 10� 5 s� 1 when the
downward E × B drift of �6m/s intro-
duced (red curve). Therefore, the results
presented in Figures 6 to 8 clearly indi-
cate that the enhanced linear growth
rate and occurrence of EPBs during mid-
night hours of June solstice are mainly

Figure 7. Altitude-local time variations of (a) F region flux tube electron content height gradient (KF) and (b) the flux tube
integrated linear growth rate for RT instability (γRT) for June solstice (day no. 172) estimated using SAMI2 model simulation
with neutral wind input turned off and introducing downward E × B drift of �6m/s during 2200–0100 LT. The white curve
in Figure 7a shows the modified E × B drift input that fed to the model.

Figure 8. The altitudinal profile of flux tube integrated growth rate of col-
lisional Rayleigh-Taylor instability. The green and black solid curves
represent the 1900 LT of equinox and 2330 LT of June solstices, respec-
tively. The black dotted curve represents the case for June solstice with
neutral wind input turned off (case 1). The red curve represents the case
for June solstice with a downward E × B drift of �6m/s (case 2).
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due to the presence of relatively weaker westward electric fields with a smaller contribution from the equa-
torward meridional neutral wind.

In the present study, we examined the background ionospheric conditions for the onset of EPBs by estimat-
ing the flux tube integrated linear growth rate of RT instability. It should be mentioned here that the linear
growth rate estimated in this study indicates the initial growth of the EPBs during the time of onset at the
bottomside of F region. Once initiated, the EPB can grow vertically up to an altitude where the ambient den-
sity becomes equal to the density inside the bubble. The altitudinal development and further nonlinear
expansion of EPBs depend on several factors like ambient density, zonal electric filed, and thermospheric
neutral winds. During the post sunset hours of equinox, in the presence of strong eastward electric field
the EPBs can grow rapidly to higher altitudes with larger vertical rise velocities [Dao et al., 2016]. However,
around the midnight periods of June solstice, even though the elevated F layer and high KF results in the sig-
nificant initial growth rate, the weak westward electric field will slow down the growth of EPB development
and suppress the EPBs before growing to higher altitudes. This could be the reason for less number of EPBs,
slower rise velocities, and lower altitude confinement of EPBs [Dao et al., 2016] observed around themidnight
hours of June solstice compared to the post sunset hours of equinox.

5. Conclusions

We have analyzed the nighttime development of freshly evolved EPBs over Kototabang using the rapid beam
steering facility of EAR during the moderate solar active years 2011–2012. Out of 116 EPBs during equinoxes,
99 EPBs (~85%) were found to evolve during the post sunset hours (1900–2100 LT). However during June sol-
stice, the majority of EPBs (32 EPBs, i.e., ~71%) found to develop aroundmidnight between 2200 and 0300 LT.
Thephysics-basedSAMI2model isemployedtosimulatethebackgroundelectrondensitydistributions forequi-
noxandJunesolsticeswitha realisticE × B inputderived fromCINDI IVMobservationsonboardC/NOFSsatellite.
The altitudinal and local time variations of flux tube integrated electron content height gradient (KF), effective F

region collision frequency (νFeff ) andgrowth rateof RT instability (γRT)weremodeled separately for bothequinox
andJune solstice conditions. The results showthat thegrowth rate ismaximizedduring thepost sunsethours in
equinox and aroundmidnight hours in June solstice, which correspondswell with themaximumoccurrence of
EPBsobservedbyEAR. TheelevatedequatorialF layer and formationofhighKF layer athigher altitudes found to
be the key factors for enhanced growth rate of RT instability around the midnight hours of June solstices. The
responsible factors are discussed in terms of relatively weaker westward zonal electric fields aroundmidnight
of June in the presence of equatorward neutral wind and bottomside recombination. The case controlled
SAMI2model simulations indicate that theenhancedgrowth rateandthedevelopmentofEPBsaroundthemid-
nighthoursofJunearemorelikelyduetotheweakerwestwardelectricfieldswithasmallercontributionfromthe
equatorwardneutralwind.Further, it isobservedthatagivengrowthrate (γRT)canbeachievedataloweraltitude
during themidnight hours of June solstice compared to post sunset period of equinox. This study confirms the
role RT instability on thedevelopment of summertimeEPBs around themidnight hours over Indonesian sector.
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