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Abstract We investigated a postmidnight field-aligned irregularity (FAI) event observed with the
Equatorial Atmosphere Radar at Kototabang (0.2°S, 100.3°E, dip latitude 10.4°S) in Indonesia on the night
of 9 July 2010 using a comprehensive data set of both neutral and plasma parameters. We examined the rate
of total electron content change index (ROTI) obtained from GPS receivers in Southeast Asia, airglow images
detected by an all-sky imager, and thermospheric neutral winds and temperatures obtained by a Fabry-Perot
interferometer at Kototabang. Altitudes of the F layer (h0F) observed by ionosondes at Kototabang, Chiang
Mai, and Chumphon were also surveyed. We found that the postmidnight FAIs occurred within plasma
bubbles and coincided with kilometer-scale plasma density irregularities. We also observed an enhancement
of the magnetically equatorward thermospheric neutral wind at the same time as the increase of h0F at
low-latitude stations, but h0F at a station near the magnetic equator remained invariant. Simultaneously, a
magnetically equatorward gradient of thermospheric temperature was identified at Kototabang. The
convergence of equatorward neutral winds from the Northern and Southern Hemispheres could be
associated with a midnight temperature maximum occurring around the magnetic equator. Equatorward
neutral winds can uplift the F layer at low latitudes and increase the growth rate of Rayleigh-Taylor
instabilities, causing more rapid extension of plasma bubbles. The equatorward winds in both hemispheres
also intensify the eastward Pedersen current, so a large polarization electric field generated in the plasma
bubble might play an important role in the generation of postmidnight FAIs.

1. Introduction

Plasma bubbles are localized plasma density depletions in the ionosphere at equatorial and low-latitude
regions. They contain plasma density irregularities with various sizes [e.g., Woodman and Lahoz, 1976; Basu
et al., 1978; Otsuka et al., 2004]. Using VHF, UHF, and L band radars at magnetically low latitudes, intense
coherent echoes caused by the Bragg scattering from field-aligned irregularities (FAIs) with the size of half
the radar wavelength have been observed as manifestations of plasma bubbles [e.g., Woodman and
LaHoz, 1976]. Tsunoda et al., 1982 showed that FAIs observed using the ALTAIR radar were collocated with
plasma depletions measured using the Atmosphere Explorer-E satellite. Plasma irregularities in the iono-
sphere can cause scintillation of radio waves passing through the ionosphere and can degrade ground–
satellite communication and satellite-based positioning systems, such as the Global Positioning System
(GPS). Therefore, ionospheric plasma bubbles or irregularities are important in ionospheric research. It is well
known that plasma bubbles are generated via Rayleigh–Taylor (RT) instabilities that occur after sunset when
the eastward electric fields increase. Enhancement of the eastward electric field occurring around the eve-
ning terminator in the equatorial ionosphere, known as prereversal enhancement (PRE), increases the extent
of upward E × B drift. The rate at which plasma bubbles occur depends on the local time, the season, and solar
activity. In the Asian longitudinal sector, plasma bubbles occur frequently after sunset in equinoxes during
high solar activity [Tsunoda, 1985; Burke et al., 2004; Nishioka et al., 2008]. Such local-time, seasonal, and
solar-activity dependences could be attributed to the magnitude of the eastward electric field at the mag-
netic equator, which is one of the most important parameters in relation to plasma bubble generation.
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During the most recent solar minimum period, FAIs were commonly observed after midnight using VHF
radars at low magnetic latitudes in India, Indonesia, and the southern part of China [Otsuka et al., 2009,
2012; Patra et al., 2009; Li et al., 2011; Ajith et al., 2015]. The C/NOFS satellite has been used to observe post-
midnight plasma density irregularities [Dao et al., 2011]. Recent studies show some typical characteristics of
postmidnight FAIs differed from those of postsunset FAIs. Postmidnight FAIs occur frequently around the
June solstice and tend to propagate westward [Otsuka et al., 2009, 2012], while postsunset FAIs appear com-
monly in equinoxes and propagate eastward. Most postmidnight FAIs do not reach an altitude of 450 km,
while postsunset FAIs develop quicker to higher altitudes (above 500 km) [Dao et al., 2016].

By carrying out multibeam observations of FAIs using the Equatorial Atmosphere Radar (EAR) in Indonesia,
Ajith et al. [2015] classified postmidnight FAIs into two categories: the evolutionary type which is generated
within the EAR’s field of view (FOV); and drifting-in type, which is formed elsewhere and then drifts into the
radar’s FOV. Some of the drifting-in FAIs may correspond to the FAIs associated with medium-scale traveling
ionospheric disturbances, which appear frequently at midlatitudes and tend to propagate to lower latitudes
[Saito et al., 2008; Otsuka et al., 2009; Candido et al., 2011]. The other possibility for drifting-in FAIs is that they
exist within plasma bubbles generated elsewhere and move into the EAR’s FOV just after midnight. The evol-
ving type of FAIs could exist in plasma bubbles that are growing. Dao et al. [2016] used the EAR to examine
the growth of freshly evolving postmidnight FAIs and suggested that the plasma bubbles associated with
fresh postmidnight FAIs are initiated around midnight. Just after sunset, the enhanced eastward electric field
is the main cause of plasma bubbles via RT instabilities. However, the electric field during the night is west-
ward [Fejer et al., 1991], which makes the RT growth rate negative. Nishioka et al. [2012] have suggested that
uplift of the F layer may play an important role in enhancing the RT growth rate by increasing the gravity-
driven eastward electric current during conditions of low solar activity. Using a longitudinal chain of
ionosondes, Ajith et al. [2015] measured frequent uplifts of the F layer around midnight during the low solar
activity at the June solstice. Nicolls et al. [2006] showed that uplifts of the F layer around midnight could be
related to a decreasing westward electric field, which in turn may be caused by a change in the wind system
related to the midnight pressure bulge associated with the midnight temperature maximum (MTM).

Maruyama et al. [2008] reported that the MTM during summer is associated with a convergence of equator-
ward thermospheric winds near local midnight. This causes a density maximum, and the MTM then appears
via adiabatic heating [Herrero et al., 1993].Meriwether et al. [2008] showed that the nighttimemeridional wind
toward the equator results from thermospheric tidal activity that contributes to the formation of the MTM.
Huba and Krall [2013] calculated the growth rate of RT instabilities using the SAMI3/ESF model. They showed
that equatorward winds at low latitudes (i.e., at nonzero inclination of the magnetic field) could destabilize
the bottomside of the F layer by decreasing the Pedersen conductivity. However, there have been no
reported observations of thermospheric neutral winds or temperatures during postmidnight irregularities.

The present paper reports a case of postmidnight FAIs that were observed with the EAR in Indonesia on 9 July
2010. This was a case of postmidnight FAIs recorded during 2010–2013 in which thermospheric neutral winds
and temperatures were detected. The FAIs are compared with 630 nm airglow images, kilometer-scale
plasma irregularities, ionospheric F layer altitudes, and thermospheric neutral winds and temperatures
observed with multiple instruments at Kototabang, Indonesia, and in Southeast Asia. For the first time, we
reveal the relationship of neutral winds and the MTM to the postmidnight FAIs. In addition, we study the
mechanisms responsible for generating postmidnight FAIs at low latitudes.

2. Observations

The observation sites in Southeast Asia that were used in this study are shown in Figure 1. The EAR is located
at Kototabang, Indonesia (0.2°S, 100.3°E; dip latitude 10.4°S) and was used to observe 3 m scale FAIs. An iono-
sonde, an all-sky airglow imager, and a Fabry-Perot interferometer (FPI) are collocated at this site (red star in
figure). More than 120 GPS receivers (magenta points in figure) were in operation at the time in Indonesia and
Malaysia. Two other ionosondes, one each installed at Chumphon (10.7°N, 99.4°E, dip latitude 3.3°N) and
Chiang Mai (18.8°N, 98.9°E, dip latitude 13.0°N) in Thailand were used in this study. The EAR, which was
installed in 2001, has a peak power of 100 kW and a beam width of 3.4° [Fukao et al., 2003a]. Because the
operating frequency of the EAR is 47.0 MHz, 3 m scale FAIs in the ionosphere can be detected as coherent
echoes of the radar beam perpendicular to the magnetic field lines. The EAR can steer the radar beams
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rapidly on a pulse-by-pulse basis by
means of an active phased-array
antenna system. Multibeam observa-
tions can be used to perceive the spa-
tial structure of 3 m scale FAIs in the F
region of the ionosphere [Fukao et al.,
2003b, 2004; Yokoyama and Fukao,
2006; Dao et al., 2016]. Nighttime
ionospheric FAI measurements have
been carried out routinely since May
2010. As described by Yokoyama
et al. [2011], one cycle of observa-
tions takes approximately 140 s and
consists of four measurement modes:
(1) three sets of single-beam F region
FAI measurement, (2) two sets of
eight-beam F region FAI measure-
ment, (3) two sets of three-beam E
region FAI measurements, and (4)
lower atmosphere observations. The
three sets of single-beam F region
FAI measurements provide a radar
echo spectrum with a Doppler spec-
tral width of ±398 m/s. For the
eight-beam F region FAI measure-
ments, by scanning the radar beam
on a pulse-to-pulse basis, FAI echoes
are measured simultaneously in
the eight beam directions practi-
cally. Combining the two sets of
eight-beam measurements, a two-
dimensional map of the echo inten-
sity in a fan-shaped range-azimuth
sector is obtained every 140 s. The

locations of the FAI measurements on the 16 beams are projected along the magnetic field (solid lines in
Figure 1) onto a surface at an altitude of 250 km.

The GPS receiver networks in Southeast Asia are useful for studying the extension and development of equa-
torial plasma bubbles in the region. In our study, the total electron content (TEC) was calculated from the GPS
data obtained from the networks of IGS, SuGAr, and MyRTKnet (the last is operated by the Department of
Survey and Mapping (JUPEM), Malaysia [Buhari et al., 2014]) via the Scripps Orbit and Permanent Array
Center (SOPAC) website and the National Institute of Information and Communications Technology (NICT)
database. The rate of TEC change index (ROTI) is defined as the standard deviation of the rate of TEC change
over 5 min. The ROTI was calculated for each satellite-receiver pair and mapped on an ionospheric shell at an
altitude of 300 kmwith a latitude-longitude pixel size of 0.15° × 0.15°. The ROTI can indicate the occurrence of
irregularities on a scale of a few kilometers [Otsuka et al., 2006; Nishioka et al., 2008]. Therefore, using the two-
dimensional ROTI maps, the horizontal structures of the plasma bubbles that contain kilometer-scale irregu-
larities can be investigated.

An all-sky airglow imager has been in operation at Kototabang since 2002 as part of the optical mesosphere
thermosphere imagers (OMTIs) [Shiokawa et al., 2009]. All-sky images of the 630 nm airglow intensity are
obtained every 5.5 min with an exposure time of 165 s. An oxygen line with a wavelength of 630.0 nm is
emitted from the lower thermosphere at altitudes of 200–300 km. Its intensity is proportional to the product
of the plasma and atomic oxygen densities. Therefore, the two-dimensional structures of plasma bubbles can
be detected in the 630 nm airglow images as airglow intensity depletions. In Figure 1, the FOV of the airglow

Figure 1. Map of the observation sites. The red star represents the location
of Kototabang, where the EAR, an airglow imager, an FPI, and an ionosonde
are hosted. The circle represents the field of view (FOV) of the airglow imager;
its radius is 500 km (which corresponds to approximately 70° off zenith when
the airglow layer is assumed to exist at an altitude of 250 km). The fan-
shaped lines represent the EAR radar beams that are projected along the
magnetic field to an altitude of 250 km. The magenta dots represent the
locations of GPS receivers. The blue and green stars represent the locations
of ionosondes at Chumphon and Chiang Mai, respectively.

Journal of Geophysical Research: Space Physics 10.1002/2017JA024048

DAO ET AL. POSTMIDNIGHT IRREGULARITIES 7506



images is represented by a circle with a radius of 500 km, corresponding to approximately 70° off zenith when
the airglow layer is assumed to exist at an altitude of 250 km. The airglow imager’s FOV covers the location of
the EAR radar beam projected onto the 250 km altitude, hence the airglow structure can be compared with
the FAI echo region. A low-cost compact FPI has been in operation at Kototabang since 2010 as part of the
OMTIs [Shiokawa et al., 2012]. It consists of a 70 mm etalon and a highly sensitive cooled charge-coupled
device (CCD) camera using 1024 × 1024 pixels to obtain the interference fringes of the weak airglow
emission. A sky scanner is located above the FPI optics to point in any direction. During routine FPI
observations, this direction is changed sequentially (north, south, east, then west) with a zenith angle of
45° and a 3.5 min exposure time for each direction. The FPI etalon produces 10 interference fringes per
image. The line-of-sight velocity and neutral temperature are measured from the Doppler velocity and
broadening associated with the differences in location and width of each fringe, respectively. In this study,
we take the average value obtained from the 10 fringes in an image. Four line-of-sight velocities are
combined to obtain the horizontal meridional and zonal components of the neutral wind. We assume that
the neutral wind velocity is uniform within the FPI FOV and that the vertical component of the neutral
wind is negligible relative to the horizontal component. The temperature estimated from FPI was also
presented thoroughly by Nakamura et al. [2017].

Three ionosondes have been installed along the 100°E magnetic meridian at Kototabang, Chiang Mai, and
Chumphon in the past decade. These ionosondes belong to the Southeast Asia Low-latitude Ionospheric
Network (SEALION) [Maruyama et al., 2007]. Kototabang and Chiang Mai form a pair of nearly magnetically
conjugate points, connecting the Northern and Southern Hemispheres by magnetic field lines; Chumphon
is located near the magnetic equator. The height variation between those two locations is useful for deriving
the thermospheric winds in the magnetic meridional plane [Maruyama et al., 2008; Saito et al., 2008]. In this

Figure 2. Altitude-time cross sections of (a) signal-to-noise ratio (SNR), (b) Doppler velocity (positive toward the radar), and
(c) spectral width observed on a beam of 180° azimuth with the EAR at Kototabang, Indonesia on the night of 9 July 2010.
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study, the virtual height of the F layer, h0F, is used to measure variations in the altitude of the bottomside of
the F layer.

3. Results

In this section, we present observational results of the effects of thermospheric neutral wind on the occur-
rence of a FAI on the night of 9 July 2010. First, the postmidnight FAI detected by the EAR is shown in
Figure 2. Figure 2a shows range-time intensity plots of the signal-to-noise ratio (SNR) observed on a beam
with a 180° azimuth and a 23.8° zenith, on which FAIs first appeared at an altitude of 250 km at around
2320 LT and subsequently extended to higher altitudes. The other FAI echoes were detected at 0130 LT.
This echo region extended to higher altitudes with time and persisted until 0300 LT. Figures 2b and 2c show
the Doppler velocity (positive toward the radar) and spectral width, respectively, as functions of local time
and altitude over the same period as in Figure 2a. The Doppler velocity of the FAI echo is upward and south-
ward (negative values). Large spectral widths (up to 200 m/s) were observed at the underside of the FAI echo
regions between 2320 and 0100 LT. These features indicate that the FAI in this event was in the
generation phase.

We use a pair of eight-beam EAR measurements to view the spatial structure of the FAI echoes in a plane per-
pendicular to the magnetic field to investigate the spatial and temporal variations of the FAIs. Figure 3 shows
a time sequence of two-dimensional maps of the SNR observed with the EAR on the night of 9 July 2010. In
this figure, a FAI echo was observed at an altitude of 250 kmwithin the FOV of the EAR at around 2310 LT, and
subsequently developed to higher altitudes. Another FAI echo was also detected at the eastern side of the
EAR’s FOV at 2329 LT. The first echo region extended to higher altitudes, moved slowly eastward and

Figure 3. Time sequence of fan-shaped range-azimuth sector plots of SNR observed with the EAR from 2310 LT on 9 July
2010 to 0108 LT on the next day.
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merged with the other echo region at 0008 LT. The FAI echo region kept moving eastward after 0032 LT while
changing shape. Another FAI echo region appeared at the western side of the FOV at 0108 LT. This echo
region corresponds to the FAI that appeared between 0130 and 0300 LT, as shown in Figure 2.

A time sequence of 630 nm airglow images taken with the all-sky imager at Kototabang on the night of 9 July
2010 is shown in Figure 4. In these images, airglow depletions extending along the north-south direction are
seen as darker colors. These low-intensity structures correspond to plasma bubbles. In the figure, plasma
bubbles can be seen in the FOV of the airglow imager from 2133 LT (denoted by the yellow arrows). Note that
the structures of the plasma bubbles could not be seen before 2127 LT because of clouds. Two band-like
plasma bubble structures appeared between 2133 and 2138 LT, but the western airglow depletion dimmed
from 2152 LT and kept the same shape until 2208 LT. From 2222 until 2238 LT, two other small plasma bub-
bles existed. Between 2227 and 2238 LT, one of the plasma bubbles extended southward and reached 3–4°S.
From 2252 LT, only one plasma bubble existed, lasting for more than 30 min. It was difficult to detect plasma
bubbles after 2333 LT because of clouds. A feature to which we pay attention in this study is that the plasma
bubble extended southward rapidly at around 2230 LT.

Figure 4. Time sequence of airglow images observed with the all-sky airglow imager at Kototabang, Indonesia from 2122 to 2338 LT on 9 July 2010. The yellow
arrows indicate the plasma bubble.
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To investigate the locations of the FAIs and plasma bubbles, we projected the observed FAI echo intensity
along the magnetic field onto a horizontal plane at an altitude of 250 km. Figures 5a and 5b show distribu-
tions of the FAI echo intensity (SNR) observed with the EAR and 630 nm airglow images taken by the all-
sky airglow imager at the EAR site from 2303 to 2327 LT on 9 July 2010. In Figure 5c, the instantaneous FAI
echo intensity is superposed on each airglow image. Contour lines are drawn above the 0 dB level at 3 dB
intervals. The fan-shaped black lines represent the EAR’s FOV on this 250 km plane. As shown in Figure 5c,
a faint FAI echo was first observed at 2303 in the western side of the EAR’s FOV at 0.2°S within the plasma
depletion. Thus, we observed postmidnight FAIs that clearly existed inside a plasma bubble and were gener-
ated after 2300 LT.

We now use GPS data from Southeast Asia to investigate the ROTI, which represents the existence of
kilometer-scale plasma density irregularities. Figure 6 shows a time sequence of ROTI maps charted on the
ionospheric shell at an altitude of 300 km between 2020 and 0020 LT on 9 July 2010. The ROTI enhancement
elongating in the north-south direction appeared at the western edge of the FOV of the ROTI map between
2°N and 4°N at 2040 LT and then moved eastward. The ROTI values increased with time between 2020 and
2110 LT, and decreased after 2130 LT. The plasma density irregularities represented by the ROTI existed in
a plasma bubble that was generated at the western side of the FOV and moved eastward. The decrease in
ROTI values after 2130 LT was due to the earlier disappearance of smaller-scale irregularities due to diffusion
across the magnetic field. The ROTI values then increased between 2250 and 2310 LT, and this enhanced
region extended to higher latitudes. By comparing with the airglow images in Figure 4, we can see the coex-
istence of a plasma bubble and few-kilometer-scale irregularities represented by the ROTI. However, the ROTI
values increased 20 min after the plasma bubble extended to higher latitudes.

We examine the temporal variation of ROTI enhancement at longitudes around Kototabang. Figure 7a shows
latitude and local time variations of ROTI values on the night of 9 July 2010. The maximum ROTI values over

Figure 5. (a) Distribution of FAI echo intensity (SNR) observed with the EAR from 2303 to 2327 LT on 9 July 2010. The SNR is mapped along the magnetic field
lines onto a horizontal plane at an altitude of 250 km. (b) The 630 nm airglow images taken by the all-sky airglow imager at the EAR site. (c) Airglow images of
Figure 5b overlain with the FAI echo intensities shown in Figure 5a. The contour lines are drawn above the 0 dB level at 3 dB intervals. The fan-shaped black lines
represent the EAR’s FOV on this 250 km plane.
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Figure 6. Time sequence of maps showing ROTI in Southeast Asia from 2020 LT on 9 July 2010 to 0020 LT on the next day.
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98–103°E are selected at every latitude grid. This shows that the first ROTI enhancement occurred between
2050 and 2150 LT. Another one appeared at 2250 LT, extending rapidly northward and southward after
2300 LT and reaching the latitude of Kototabang (0.2°S) around midnight. The two red horizontal lines in
the figure represent the latitudes at which the magnetic field lines connecting to the EAR’s southward
beam at altitudes of 250 and 400 km cross a horizontal plane at an altitude of 300 km. The green line in
Figure 7b shows the temporal variation of the maximum ROTI value within the latitudes of the EAR FOV
(0–3.6°S). The orange dashed line represents the temporal variation of the maximum ROTI value over
2–5°N, wherein the ROTI enhancement was strongest. We can see that the ROTI near the magnetic
equator increased dramatically at 2300 LT. By comparing with the airglow images shown in Figure 4, the
ROTI enhancement is found to appear 30 min after the plasma bubble extended to higher latitudes. Based
on the green line, ROTI enhancement exceeding 0.15 TECU/min within the EAR’s FOV can be seen
between 2330 and 0315 LT. The black line in the figure represents FAI echoes that lasted from 2310 to
0330 LT. The ROTI enhancement is found to coincide with the FAIs observed by the EAR, although the
ROTI enhancement started 20 min after the FAI appearance.

In order to reveal the mechanisms whereby the plasma bubble extended to higher latitudes between
2230 and 2300 LT, we examine the F layer altitude (h0F) observed with the three ionosondes and compare
this with the thermospheric neutral winds and temperatures observed by the FPI at Kototabang.
Coordinated observations of these parameters are presented in Figure 8. Figure 8a shows local time var-
iations of h0F at Chiang Mai, Chumphon, and Kototabang. The h0F values at Kototabang (Chiang Mai)
increased by approximately 100 km from 2230 (2245) to 0015 (0000) LT, whereas those at Chumphon
did not show a significant change. This indicates a weak zonal electric field and that the rise of the F layer
at low latitudes could have been caused by equatorward neutral winds. As shown in Figure 8b, there was

Figure 7. (a) Latitude and local time variations of ROTI observed by GPS receivers in Southeast Asia on the night of 9 July
2010. The two horizontal red lines denote the EAR’s FOV in the F region (250 and 400 km altitudes) mapped onto a horizontal
plane at an altitude of 250 km. (b) Local time variation of maximum ROTI in the latitudes of the EAR’s FOV (green line)
and those of 2–5°N (orange line). The black line represents the time period during which FAIs were observed with the EAR.
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a persistent southward (magnetically poleward) wind of around 75 m/s from 2130 to 2225 LT. The
southward wind started to decrease at 2230 LT, which is almost the same time at which the h0F values
at Kototabang and Chiang Mai started to increase. This decrease of the southward wind can be
considered as an enhancement of the northward wind. The meridional neutral wind changed its
direction to northward at 2300 LT and northward wind reached a peak of approximately 50 m/s at
midnight. Note that because the magnetic latitude of Kototabang is 10°S (a magnetic inclination of
�17°), a northward wind corresponds to a geomagnetically equatorward wind, which pushes the
ionosphere up to higher altitudes along the magnetic field lines. Figure 8c shows temporal variation of
the thermospheric neutral temperature observed in four directions at Kototabang. Neutral temperatures
were estimated from each fringe. We eliminated the temperature below 400 K since such
underestimation of the temperature occurs due to contamination of OH emission from mesopause
region when the 630 nm airglow intensity is weak [Nakamura et al., 2017]. We then obtained the
neutral temperature with a standard deviation less than 60 K as estimated from the 10 fringes. As
shown in this figure, the neutral temperatures observed in the four directions decreased with time
after sunset. From 2300 to 0000 LT, the neutral temperature in the north remained almost constant at
around 600 K, whereas the temperatures in the other directions continued to decrease. As a result, the
temperature is higher at the north of Kototabang between 2300 and 0020 LT. This result suggests that
MTM is likely located at the north of Kototabang, where is in the Northern Hemisphere. After 0030 LT,
the neutral temperature in all directions increased and reached a peak at around 0200 LT. These
results suggest that the high-temperature region moved from north to south through the location
of Kototabang.

Figure 8. (a) Local time variations of virtual height of the F layer (h0F) at Chiang Mai, Chumphon, and Kototabang.
(b) Thermospheric neutral winds and (c) thermospheric temperature on the night of 9 July 2010. The virtual height was
measured with ionosondes. The thermospheric neutral wind and temperature were measured with the FPI at Kototabang,
Indonesia. The vertical dashed line indicates 2230 LT, when the virtual height at Kototabang started to increase.
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4. Discussion

Aroundmidnight on 9 July 2010, FAIs were observed with the EAR. Based on the local-time, season, and solar-
activity behavior of FAIs, these ones can be classed as postmidnight FAIs [Nishioka et al., 2012; Ajith et al.,
2015; Dao et al., 2016]. During this event, airglow depletions caused by plasma bubbles were observed by
the all-sky airglow imager at Kototabang. The postmidnight FAIs of this event were shown to be generated
within the plasma bubbles. From a time sequence of airglow images, we also found that the plasma bubbles
grew southward (higher magnetic latitudes) around 2230 LT. This plasma bubble growth coincided with the
uplift of the F layer at both Kototabang and Chiang Mai. In contrast, the altitude of the F layer at Chumphon,
which is located near the magnetic equator, did not show any significant variation during this event. These
results suggest that magnetically equatorward winds at low latitudes in both the Northern and Southern
Hemispheres could uplift the F layer to higher altitudes. Direct observation of the neutral winds at
Kototabang using an FPI showed weakening of the poleward wind followed by an equatorward wind coin-
ciding with the ascent of the F layer. Poleward winds push the F region plasma downward along the mag-
netic field lines to lower altitudes, so a weakening of the poleward wind could result in the F layer rising.

The linear growth rate γ of the RT instability, which is responsible for generating plasma bubbles, is given by
[Zalesak and Ossakow, 1982; Sultan, 1996]

γ ¼
PF

PPE
P þ

PF
P

E
B
-un-

g
νin

� �
1
N
∂N
∂z

-R

where E is the eastward electric field, B is the magnetic field, un is the flux-tube-integrated neutral wind per-
pendicular to themagnetic field in themagnetic meridian plane (positive upward/poleward) weighted by the
Pedersen conductivity, g is the acceleration due to gravity (taken to be negative), νin is the flux-tube-
integrated ion-neutral collision frequency weighted by the plasma density, and N is the flux-tube-integrated
electron content in the F region. The terms

P F
P and

PE
P are the flux-tube-integrated F and E region Pedersen

conductivities, respectively, and R is the chemical recombination rate. The growth rate γ is proportional to
E
B -un-

g
νin

� �
, which drives an eastward Pedersen current because polarization electric fields are generated to

keep the current continuity.

Using a physics-based model, Yizengaw et al. [2013] suggested that the eastward electric field formed by the
appearance of sporadic-E cloud at night over the June solstice could lead to the formation of postmidnight
plasma bubbles via RT instabilities. On the night of 9 July 2010, however, the F layer altitude at Chumphon,
which is located near the magnetic equator, did not show any significant variation. Consequently, the zonal
electric field E in this event could have been weak, making it negligible in relation to the RT growth rate. At
Chiang Mai, which is close to the magnetically conjugate point of Kototabang, the F layer ascent was
observed with an ionosonde at almost the same time as the F layer ascent at Kototabang. When the F layer
ascends to higher altitudes, at which the neutral density is low, γ increases because the ion-neutral collision
frequency νin decreases with altitude. The simultaneous ascents of the F layer in both the Northern and
Southern Hemispheres during the present event enhanced the growth rate γ.

The equatorward neutral wind contributes to increase of the growth rate in two ways. The parallel compo-
nent of the neutral winds along the magnetic field at low latitudes drags ions along the field lines up to
higher altitudes where νin is smaller. The equatorward perpendicular component (un) combined with B drives
an eastward Pedersen current. Consequently, γ could increase where the magnetic field pierces the low-
latitude ionosphere, where Kototabang and Chiang Mai are located. This could explain why the plasma bub-
ble grew at magnetically low latitudes around midnight when the equatorward component of the neutral
wind was enhanced. Huba and Krall [2013] used the NRL ionospheric model SAMI3/ESF to study the impact
of meridional winds on the growth of RT instabilities. They found that the equatorward winds destabilize the
bottomside of the F region for the RT instability, which is consistent with the observations presented in this
paper. According to their interpretation, the parallel component of the neutral wind along the geomagnetic
field carries the plasma to higher altitudes, thereby reducing the Pedersen conductivity so that the bottom-
side of the F layer is destabilized by RT instabilities. They also pointed out that the eastward Pedersen current
induced by the equatorward wind helps to increase the RT growth rate. Their simulated equatorward-wind
convergence from both hemispheres can produce destabilizing effects leading to plasma bubbles. Our
observational results of neutral winds in this paper are consistent with their simulation.
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In this event, although plasma depletion was observed with the all-sky airglow imager within the FOV of the
EAR, FAIs were not observed until 2303 LT. They appeared just after the meridional wind over Kototabang
became equatorward at 2300 LT. Simultaneously, irregularities on the scale of a few kilometers, represented
by ROTI, also occurred. These results suggest that equatorward winds contribute to the generation and/or
intensification of plasma density irregularities. The equatorward winds at magnetically low latitudes drive
an eastward Pedersen current via the ion motion in the u × B direction, and gravity always generates an east-
ward Pedersen current because of g × B ion drift. Therefore, as mentioned above, the equatorward wind at
magnetically low latitudes could intensify the eastward current, which in turn could generate large polariza-
tion electric fields in the plasma bubbles to maintain the continuity of the electric current. These large polar-
ization electric fields could play an important role in plasma instabilities, resulting in plasma density
irregularities. Lower hybrid drift instabilities or low-frequency drift waves could generate meter-scale
irregularities [Huba et al., 1978; Huba and Ossakow, 1979]. In the present event, the appearance of the
few-kilometer-scale irregularities detected by the GPS receivers coincided with the occurrence of FAIs
corresponding to 3 m scale irregularities when the meridional neutral wind turned equatorward. These
results suggest that equatorward winds contributed to the generation of those irregularities.

Figure 9 shows the relationship between equatorward wind and F layer ascent at Kototabang and Chiang
Mai, which are located at low latitudes. Because the zonal electric field was relatively weak in this event,
the F layer ascent over Chiang Mai could also have been caused by equatorward winds. Therefore, we can
consider that the winds were equatorward in both Northern and Southern Hemispheres, indicating conver-
gence of the thermospheric winds. Fesen [1996] reported that convergence of the meridional winds at low
latitudes causes compressional heating, resulting in a local maximum in the neutral temperature, namely
the MTM. When such wind convergence occurred, the thermospheric neutral temperature to the north of
Kototabang was higher than that in the other directions. These results suggest that an MTM could have
existed and that there could have been a peak in the neutral temperature at the north of Kototabang. The
neutral temperature increased in all directions with a peak around 0200 LT indicates that the high tempera-
ture region propagated from north to south through the location of Kototabang. The transported location of
this neutral temperature is consistent with movements of midnight density maximum structure simulated by
the Whole Atmosphere model [Akmaev et al., 2010] as well as the extensions of MTM observed by AEE satel-
lite at solstice [Herrero and Spencer, 1982].

Our results suggest that uplift of the F layer, which could play an important role in generating postmidnight
FAIs, could be caused by magnetically equatorward thermospheric winds associated with an MTM. The ten-
dency for FAIs to occur at midnight could be related to the dependence of the MTM on the local time.
Regarding the seasonal variation of MTMs, Fesen [1996] and Herrero and Spencer [1982] have reported that

Figure 9. Schematic showing relationship between meridional thermospheric winds and F layer uplift at magnetically low
latitudes. F layer uplift was observed at Kototabang and Chiang Mai. Equatorward wind enhancement was observed at
Kototabang. The MTM could have been located between Kototabang and Chiang Mai.
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MTMs occur most frequently in summer. Fesen [1996] also presented that the development of the MTM is due
to the upward propagating semidiurnal tides. The 2, 2 and 2, 3 tidal modes may reinforce each other in sum-
mer causing the maximum occurrence of MTM in this time period. Around the June solstice, a peak in ther-
mospheric temperature due to an MTM could occur between 10°N and 20°N. The winds converging toward
the center of the thermospheric temperature peak would become magnetically equatorward winds at both
Kototabang and Chiang Mai. Around the December solstice, the peak in thermospheric temperature due to
the MTM is located in the Southern Hemisphere between 10°S and 20°S [Herrero and Spencer, 1982; Akmaev
et al., 2010] and therefore could be at magnetic latitudes higher than Kototabang. In that case, the conver-
ging winds that contributed to the MTM formation would be poleward at Kototabang. Although this would
correspond to an equatorward wind at Chiang Mai, Chiang Mai is far from the thermospheric temperature
peak and thus the wind could be relatively weak. Consequently, we suggest that seasonal variation in the
location of the thermospheric temperature related to the MTM corresponds to the seasonal variation of
the occurrence of postmidnight FAIs. Furthermore, Niranjan et al. [2006] have suggested that the rate of
MTM occurrence is higher in conditions of low solar activity. This is also consistent with the solar-activity
dependence of the postmidnight FAIs, suggesting that MTM occurrence may contribute to the generation
of postmidnight FAIs.

5. Conclusions

We presented observational results from a postmidnight FAI event observed with the EAR on the night of 9
July 2010. We compared these with all-sky 630 nm airglow images, kilometer-scale plasma irregularities, F
layer altitudes, and thermospheric neutral winds and temperatures. Our findings in relation to this particular
event are summarized as follows. (1) The postmidnight FAIs were collocated with a plasma bubble and coin-
cided with kilometer-scale irregularities. (2) The plasma bubble grew to higher latitude when the F layer at
Kototabang and Chiang Mai rose and the equatorward thermospheric wind was enhanced at Kototabang.
(3) A northward gradient of thermospheric temperature was observed at Kototabang at the same time as
the enhancement of northward winds and during the occurrence of postmidnight FAIs.

We suggest that the convergence of equatorward neutral winds from the Northern and Southern hemi-
spheres could be associated with a MTM occurring around the magnetic equator. Equatorward neutral
winds can uplift the F layer at low latitudes and increase the growth rate of Rayleigh-Taylor instability,
causing more rapid extension of plasma bubbles. The equatorward thermospheric winds in both hemi-
spheres could also intensify the eastward current that generates the large polarization electric field.
The intensified current could then generate a large polarization electric field within the plasma bubble
to maintain the continuity of the electric current. The large polarization electric fields could also cause
plasma instabilities, resulting in plasma density irregularities. Therefore, postmidnight FAIs are generated
within plasma bubbles. This case study provides observational evidence for the role of the equatorward
thermospheric winds at low latitudes in the growth of plasma bubbles at midnight and the generation of
postmidnight FAIs.
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