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Abstract This paper for the first time reports conjugate observations of a group of evolving equatorial
plasma bubbles (EPBs) generated in the longitudinal sector of China on 4/5 November 2013 using
simultaneous airglow and Communication/Navigation Outage Forecasting System (C/NOFS) observations.
The airglow depletion structures seen by two all-sky airglow imagers had the same zonal wavelength as that
of the longitudinally periodic electron density depletions observed by the C/NOFS satellite which occurred at
almost the same time but at magnetically conjugate latitudes. Data from a VHF radar and a Digisonde
were combined to investigate the evolution of the EPB group, including their generation, development, and
dissipation. Results indicate that the EPB group developed from the bottomside large-scale wave-like
structure (LSWS) at about 195–210 km height with a characteristic zonal wavelength and longitudinal
extension of about 450 km and 2250 km, respectively. The EPB group also caused periodic bottomside type
spread F associated with the LSWS. We found that the development of the EPB group and their associated
spread F could be limited by the equatorward motion of equatorial ionization anomaly (EIA) and the
southwestward motion of an extremely bright airglow region (SMEBAR). The SMEBAR is a newly discovered
structure of plasma density increase but not a plasma blob reported before. Both EIA and SMEBAR could feed
high plasma density into an EPB airglow depletion structure that was eventually seen as a bright airglow
structure or disappeared. Meanwhile, spread F associated with the EPBs did not evolve from the bottomside
type into the strong range type.

1. Introduction

Equatorial plasma bubbles (EPBs) are nighttime ionospheric structures. They are usually associated with
equatorial spread F (ESF) or plume structures. All-sky airglow imagers (ASAIs) have been used to record their
two-dimensional horizontal structures that are characterized by magnetic field-aligned airglow depletion.
They are the regions where the ionospheric plasma densities are reduced significantly compared to the
surrounding plasma [e.g., Weber et al., 1982; Tinsley et al., 1997; Su et al., 2001].

The generalized Rayleigh-Taylor instability (RTI) [Kelley, 1989] is suggested as a likely mechanism to cause the
EPBs that frequently occur in equatorial region, especially near the sunset when large vertical plasma density
gradients occur. Perturbations in the bottomside of the ionosphere, such as gravity waves and polarization
electric fields, can initiate the RTI process in regions of large vertical plasma density gradients to produce
plasma irregularities. These irregularities can extend from the bottomside ionosphere into the topside
ionosphere. They can further extend poleward to low latitudes. Because of the equatorial ionization anomaly
(EIA) crest, this extension of EPBs usually has a limited latitudinal range of less than ±20° magnetic latitudes
[Kelley et al., 2002]. In addition, other high-density plasma regions, such as the midnight brightness wave
(MBW), can also constrain the poleward development of EPBs [Narayanan et al., 2014, 2016].

The perturbation sources of the RTI process remains an open question. The postsunset rise (PSSR) of the
ionospheric F region [Fejer et al., 1999] and the large-scale wave-like structure (LSWS) [Tsunoda, 2005] are
proposed to be the two possible ways to seed the RTI process. The PSSR appears to be well correlated
climatologically with the occurrence of the EPBs [Fejer et al., 1999]. However, as described by Tsunoda
[2005, 2006], the PSSR cannot explain the day-to-day variability in EPB occurrence. Tsunoda [2005, 2006],
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therefore, invoked the LSWS to explain the day-to-day variability of the EPBs. Further efforts [e.g.,Makela and
Miller, 2008; Thampi et al., 2009; Takahashi et al., 2010; Narayanan et al., 2012] have been made to search for
the LSWS that are associated with EPBs. More observations and analyses are needed to illustrate the signifi-
cance of the LSWS in the development of the EPBs.

Plasma blobs are plasma density-enhanced regions where the plasma density is increased by a factor of 2
above the background level. Observations [Watanabe and Oya, 1986; Park et al., 2003; Le et al., 2003;
Pimenta et al., 2004, 2007; Yokoyama et al., 2007; Martinis et al., 2009; Huang et al., 2014] and simulations
[Krall et al., 2009, 2010a, 2010b] suggest a close relationship between plasma blobs and EPBs. On the other
hand, Kil et al. [2011] and Klenzing et al. [2011] indicate that creation of blobs does not need to be associated
with EPBs.Miller et al. [2014] also reported a case that mesoscale traveling ionospheric disturbances (MSTIDs)
can be as a possible source of blobs. These studies, therefore, suggest that our knowledge on the relationship
between plasma blobs and EPBs is still unclear.

Two ASAIs, one at Dax (22.6°N, 107.1°E; dip latitude: 12.6°N) and one at Quj (25.6°N, 103.8°E; dip latitude:
15.6°N); a VHF radar; and a Digisonde at Fuk (19.5°N, 109.1°E; dip latitude: 9.5°N) have been installed as a part
of the Chinese Meridian Project [Wang, 2010]. This cluster of instruments makes it ideal to investigate the
EPBs in the equatorial region of China. The two ASAIs can provide two-dimensional horizontal airglow
structures of EPBs. The VHF radar provides vertical echo structures of ionospheric irregularities from 80 to
680 km. The spread F associated with the irregularities can be recorded by the Digisonde. In addition to these
ground-based observations, the Communication/Navigation Outage Forecasting System (C/NOFS) satellite
[de La Beaujardière et al., 2004] also passes over the equatorial region of China. The plasma density and velo-
city perturbations inside the EPBs can be detected in situ by the Planar Langmuir Probe (PLP) on board the
C/NOFS satellite [Roddy et al., 2010]. A combination of ground-based and satellite observations can facilitate
us well understanding the evolution and possible physical processes involved in the EPB development.

In this paper, we use data from the two ASAIs, the VHF radar, the digital Digisonde, and the C/NOFS satellite to
investigate, for the first time, the evolution processes, including generation, development, and dissipation, of
a group of EPBs that were locally generated in the Chinese longitudinal sector during the night of 4/5
November 2013. We show the significance of the LSWS, the EIA crest, and a southwestward motion of an
extremely bright airglow region (SMEBAR) in the development of the observed EPB group and their
associated spread F. Note here that the SMEBAR is a plasma density enhancement region that appears not
the blob discussed above. This is the first time to report such a southwestward moving plasma
density enhancement.

In section 2, a description of the instruments is given; the observational results are presented in section 3;
discussion is given in section 4; and the conclusions are drawn in section 5.

2. Observation

The ASAIs located in Dax and Quj were installed by the State Key Laboratory of Space Weather, National
Space Science Center, Chinese Academy of Sciences. Their locations are shown by a red solid circle and a
red solid diamond in Figure 1. The two red dashed circles denote their projected field-of-view (FOV) regions
with a radius of 800 km (151.6° FOV). The ASAIs of the same type have been previously used to study meso-
spheric gravity waves [Li et al., 2011, 2013, 2016; Xu et al., 2015] and thermospheric medium-scale traveling
ionospheric disturbances (MSTIDs) [Sun et al., 2015]. A statistical study on the EPB airglow structures was also
done by Sun et al. [2016] in the almost same equatorial region of China. With a Mamiya 24 mm/f4.0 fish-eye
lens and a 180° FOV, this type of imager has a CCD detector consisted of 1024 × 1024 pixels with a pixel depth
of 16 bits. The physical dimension of the CCD array is 13.3 × 13.3 mm. Its filter has a bandwidth of 2.0 nm and
a center wavelength of 630.0 nm. The 630.0 nm airglow emission is filtered to observe the EPBs in the
thermospheric height of about 250 km. During the night of 4/5 November 2014, the two ASAIs recorded a
group of EPBs that were locally generated in the Chinese longitudinal sector. The temporal resolution of
the images on this night was 5 min.

The Fuk VHF radar has been operating since December 2010 [Shang et al., 2014]. Its location is indicated by
the black solid triangle. Using this instrument, Chen et al. [2015] found a strong correlation between quasiper-
iodic echoes and plasma drifts in the E region. The VHF radar transmits 47 MHz barker-code-modulated radio
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waves with amaximum bandwidth of
2 MHz and a peak power of 54 kW.
The sampling integration time for
observing the irregularities is 20 s.
The detecting range of the radar is
between 80 and 680 km. The mini-
mum range resolution is 75 m. An
array composed of 4 × 8 Yagi anten-
nas with 4.47 m spacing is used by
this radar to form seven beams with
a spacing of 7.5°. The cone angle of
each vertical beam is 21°. The centric
beam “4” directs to the geographic
north at a zenith angle of 28.2°, and
deviates about 1.0° from the geomag-
netic north. The green dashed circle
gives the FOV of beam 4 at the height
of 250 km. Based on the International
Geomagnetic Reference Field 2007
model, all radar beams are adjusted
to directions perpendicular to the
magnetic field lines in the E and F
regions. In this study, radar echo
recorded by all seven beams are used
to describe the vertical echo struc-
tures of the EPBs when they passed
over the radar site.

The Fuk Digisonde has a vertical
upward cone of ~60° angle. Its beam

covers a circular region with a radius of about 144.3 km at the ionospheric height of 250 km, and is denoted
by the black dashed circle in Figure 1. Using data from this instrument, studies have beenmade to investigate
the correlation between strong range spread F and ionospheric scintillations occurred at Fuk [e.g., Shi et al.,
2011, Wang et al., 2015]. In this study, the ionograms recorded by the Digisonde are used to investigate the
spread F when the EPBs passed over the station.

The C/NOFS satellite is a three-axis stabilized spacecraft that was launched into 13° inclined orbit on 16 April
2008 [de La Beaujardière et al., 2004]. Its initial apogee and perigee were at altitudes near 850 and 400 km,
respectively. The C/NOFS’ scientific payloads include sensors to monitor the variability of plasma in the low-
latitude ionosphere. The ion density is measured by the Planar Langmuir Probe (PLP) on board the C/NOFS
[Roddy et al., 2010]. The data used are 1s averages from 512 samples per second obtained from the PLP.
The ion velocity is calculated from the electric field measured by the Vector Electric Field Instrument (VRFI)
[Pfaff et al., 2010]. In this study, C/NOFS ion density and velocity data are used to investigate the plasma
irregularities occurring in the geomagnetic conjugation region of the EPB airglow structures seen in ASAIs.

3. Results
3.1. EPB Airglow Structures

Figure 2 gives time sequences (in 15 min interval) of airglow images that show the evolution of the EPB event
observed at Dax and Quj during the night of 04/05 November 2013. Assuming that the emission height of the
airglow layer was at 250 km, the raw airglow images were calibrated using star fields and projected onto
uniformly spaced grids. Each image in Figure 2 is part of the calibrated image with a radius of 800 km from
the center of the image (151.6° FOV of the ASAI). The sizes of the projected regions of the images are the
same as those circles in Figure 1. All images are shown in the form of “up-north, down-south, left-west,
and right-east.” The airglow images from Dax were shown directly under those from Quj at the same

Figure 1. Maps showing the locations of the all-sky imagers located in Quj
and Dax. The red solid circle and solid diamond denote the geographic
locations of Qujing (Quj, 25.6°N, 103.8°E; dip latitude: 15.6°N) and Daxing
(Dax, 22.6°N, 107.1°E; dip latitude: 12.6°N), respectively. These two red
dashed-line circles denote the regions with a radius of 800 km, about 151.6°
field of view (FOV) of these two imagers. The black solid triangle denotes the
location of the Fuk Digisonde (Fuk, 19.5°N, 109.1°E; dip latitude: 9.5°N). The
black dashed line circle and green dashed line give the region covered by 60°
cone angle of the Digisonde and the field of view (FOV) of beam 4 at the
ionospheric height of 250 km, respectively.
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universal time (UT). The relationships
between UT and local time (LT) at
Dax, and Quj are LT = UT + 7.14 and
LT = UT + 6.92, respectively. In this
analysis, we used the airglow images
occurred between 12:00 and 18:45
UT at Quj and between 12:00 and
16:45 UT at Dax. Airglow images were
contaminated by clouds after 18:45
UT at Quj and after 16:45 UT at Dax.
Five EPBs were observed during the
night. We marked them with “d1,”
“d2,” “d3,” “d4,” and “d5” in Figure 2.

Severaldepletionstructures in theEPB
event were in their initial developing
stage. Between about 12:00 and
13:30 UT in Figure 2, “d1,” “d2,” and
“d3” appeared in groups and propa-
gated poleward into the FOV of the
imagers atQuj andDax. Theyoccurred
periodically. The distance between
adjacent EPBs was about 450 km.
These structures propagated east-
ward and extended to their highest
poleward latitudes at about 13:30 UT.
d2 and d3 extended to their highest
geographic latitudes of about 30.0°
and27.9°, respectively. Their eastward
drift speed also reached a maximum
value of about 115.0 m/s. After 13:45
UT, they stopped growth and gradu-
ally disappeared. We cannot deter-
mine the maximum extending
latitudes of d1, because it disappeared
fromtheFOVafter 12:45UTatQuj, and
13:45 UT at Dax. At 14:00UT, d4 and d5
were first seen at Quj. At the same
time, d4was first observed by the ima-
ger at Dax but d5 was not observed
there. d4 and d5 evidently stopped
poleward motion when they came
into the FOVs of the ASAIs. Bubbles
that have halted their upward or
poleward motion are called “fossil
bubbles” [Mendillo et al., 1992; Abreu
et al., 2014]. The d2 and d3 became
fossil bubbles after 13:45 UT and d4
and d5 as well after 14:45 UT.

Note that a previous statistical study
done by Sun et al. [2016] indicates
that the EPBs in the almost same
region usually extended poleward to

Figure 2. Airglow images (in 15min cadence) of the EPB event obtained atQuj
and Dax during the night of 4/5 November 2013. The images occurred at
12:00–18:45 UT (12:00–16:45 UT) of Quj (Dax). The red-solid circles, diamonds,
and triangles in the image of 18:45 UT give the locations of Quj, Dax, and Fuk,
respectively. The red dashed circle gives the 60° cone angle range of the
Digisonde. Five EPBs marked with d1, d2, d3, d4, and d5 were observed during
this night. The BBAR and SMEBAR are bright airglow regions propagating
equatorward and southwestward, respectively.
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attain the maximum magnetic latitude at about 22:00–00:00 LT and then quickly retreated back toward the
equator. However, the EPB airglow depletions shown in Figure 2 had no obvious equatorward motion after
they became fossil bubbles.

There was a bright background airglow region (marked with BBAR) indicated by the big red ellipse at 12:00
UT at Quj and Dax in Figure 2. In addition, another a region of extremely bright airglow (marked with
SMEBAR) enclosed by a small red ellipse at 12:45 UT at Quj and 12:15 UT at Dax can be clearly seen in the
images. The BBAR propagated equatorward from 11:00 to 16:30 UT, but it turned poleward between 16:30
and 18:00 UT. The SMEBAR propagated southwestward from 12:00–16:30 UT and also turned poleward
between 16:30 and 18:00 UT. Figures 3a and 3b give the N-S cross sections (keogram) of the airglow images
at Quj and Dax, respectively, to further illustrate the meridional motion of BBAR and SMEBAR structures. The
keogram was obtained by stacking all N-S cross sections (100 (1600) pixel width (length) in the W-E (N-S)
direction), which passed over the zenith of the images, at successive times from 11:00 to 22:00 UT. The
zeniths of Quj and Dax were indicated by the black dashed lines. The airglow structures contaminated by
the clouds were shown by the red rectangles in Figures 3a and 3b. We can see that the depleted structures
of d2, d3 (enclosed by the red ellipses), and the SMEBAR (pointed by the red arrows) were embedded in the
BBAR. The meridional velocity reversal of BBAR and SMEBAR occurred near 16:30 UT at Quj.

In Figure 2, all the eastward moving depletion structures encountered the BBAR and SMEBAR, and their inten-
sity decreased obviously with time. The EPB airglow depletions were eventually seen as bright airglow struc-
tures or disappeared. As the time passed by, the bright d2 and d3 airglow structures drifted out of the FOV.
Together with the SMEBAR, the bright d4 and d5 airglow structures eventually overlapped by BBAR. After
17:00 UT, we can only see the bright d5 airglow structure. The entire south part of the FOV of the imagers,
especially that at Quj, became a bright airglow region that suddenly changed its drift direction from equator-
ward to poleward after 17:00 UT (Figure 3a).

3.2. C/NOFS Observations

In Figure 4, we show C/NOFS observations of three orbits on the night of the EPB event. In Figures 4a–4c, the
C/NOFS orbits (St; blue solid lines), C/NOFS altitudes (Alt; green solid lines), and the magnetic equator (Meq;
black solid lines) were projected into a region of geographic latitude of 15.0°S–30.0°N and geographic
longitude of 90.0°–130.0°E. Figures 4d–4f give in situ ion densities along the three orbits.

During the interval of 10:33:17–10:44:14 UT (the first orbit; Figure 4a), the C/NOFS passed over the magnetic
equator in the longitudinal range of 90.0°–115.0°E where the EPBs were observed by the airglow imagers. Its
orbit altitude was about 350–380 km. However, no plasma density depletion structures (PDDs) were observed
by the C/NOFS during this time. Several PDDs were observed in the longitude between 115.0° and 130.0°E
and between about 5.0° and 7.5°S magnetic latitudes. But these PDDs had no relationship with the observed
EPB airglow structures of our interest. Between 12:15:04 and 12:26:17 UT (the second orbit; Figure 4b), five

Figure 3. The N-S cross sections (keograms) of the airglow images at (a) Quj and (b) Dax.
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PDDs marked with “d01,” “d02,” “d03,” “d0
4,” and “d05” were observed in geographic longitudes of 95.0°–110.0°E

and magnetic latitudes of 5.0°–10.0°S. The zonal distance between the adjacent PDDs was about 450 km; this
group of PDDs had a longitudinal extension of about 2250 km. These PDDs also existed at 13:57:01–14:08:24
UT (the third orbit; Figure 4c) but had weak PDDs (Figure 4f) compared with those in Figure 4e. The PDDs
occurred in almost the same longitudinal range and at almost the same time as the EPBs seen in our
airglow observations in Figure 2. Thus, we simultaneously observe PDD and EPB airglow groups in
magnetically conjugate latitudes.

In Figures 4b and 4c, we projected the EPB airglow structures occurred at 12:18:45 UT and 14:02:08 UT into the
magnetic conjugate region of those PDDs in Figures 4e and 4f. The red lines (Cojp) give the conjugate pass of
the C/NOFS orbits. Because the airglow layer and C/NOFS orbit altitudes are at different altitudes, wemapped
the C/NOFS orbits along the magnetic field lines to the airglow layer height (250 km) using the International
Reference Ionosphere 2012 model. The blue-green lines are the footprints of the C/NOFS conjugate orbits
at the 250 km altitude. The red stars in Figures 4b and 4c give the C/NOFS observations, including the position
of orbit, orbit altitude, conjugate orbit, and the 250 km footprint of the conjugate orbit, at 12:18:45 UT and
14:02:08 UT, respectively. The locations of the red stars were also .indicated in Figures 4e and 4f.

From Figures 4b and 4c, the footprint locations of the d03 and d3 airglow structures matched well for two
successive C/NOFS orbits. Therefore, d3 is the conjugate airglow structure of d0

3. We can further determine
that d0

1, d02, d0
4, and d0

5 are the conjugates of d1, d2, d4, and d5, respectively. Because the satellite was moving
very fast (approximately several km/s) compared to the observed plasmamotion (approximately hundreds of
m/s), Figures 4e and 4f capture primarily the spatial variation and not the temporal variation of EPBs. In other
words, the C/NOFS satellite observed large-scale wave-like PDDs that occurred in the conjugate latitude of
our airglow observations.

Figure 4. C/NOFS observations during the night of 3/4 November 2013. (a–c) The location of the C/NOFS satellite (St; blue lines) and altitudes (alt; green lines) for
three successive orbits. The black lines (Meq) represent the magnetic equator. In Figures 4b and 4c, the airglow images at 12:18:45 UT and 14:02:08 UT at Dax were
projected onto the map. d2 and d3 stand for two EPB airglow structures. The red lines (Cojp) give the conjugate location of the C/NOFS satellite positions. The
blue-green lines give the footprint positions (at 250 km altitude) of the red lines. The red asterisks give the C/NOFS observation results occurred at the times of
airglow images. (d–f) The corresponding ion density (Ni) at three successive orbits. d’1, d’2, d’3, d’4, and d’5 stand for five plasma density depletion structures (PDDs).
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3.3. Digisonde Observations

The 60° FOV of the Hainan Digisonde is also denoted by the red dotted circle in the airglow images in Figure 5.
The solid triangle, diamond, and circle in Figure 5 give the locations of Fuk, Dax, and Quj, respectively. The
corresponding spread F caused by the EPBs is shown in Figure 6.

From Figure 5, the d1 structure was passing over the Digisonde at 12:00 UT. At almost the same time
(beginning from 11:45 UT) in Figure 6, d1 caused bottomside type of spread F. This spread F is the typical
type one range spread F (RSF-I) reported by Chen et al. [2006]. It is characterized by spreading in the
bottomside ionospheric virtual height in ionograms. It became stronger and consistently existed until
13:00 UT when d1 totally passed over the cone beam of the Digisonde. Note that this spread F did not
develop into strong spread F (SSF) as reported by Shi et al. [2011] and Wang et al. [2015] or RSF-II
described by Chen et al. [2006]. The same kind of spread F appeared at about 14:00 UT (15:30 UT) when
d2 (d3) first approached and then passed over the cone beam of the Digisonde (see Figures 5b and 5c).
The RSF-I trace also appeared at 19:00 UT. Unfortunately, the airglow images at Dax were contaminated
by clouds after 16:30 UT. We cannot determine which EPB caused the RSF-1 trace occurred at 19:00 UT.
However, from the airglow images at Quj, we can clearly see that the bright d5 airglow structure in
Figure 2 was passing over Dax (the red solid diamond) at 18:45 UT. Because the location of Fuk (the
red solid triangle) lies southeast of Dax, the RSF-I observed at 19:00 UT should be caused by the lower
latitude portion of d5 at later times. Note that d3 also became the bright airglow structure when the
spread F traces were detected by the Digisonde. The occurrence of spread F means that irregularities still
existed in the bright d3 and d5 airglow structures.

Figure 7 presents variations of the bottomside ionosphere when d1, d2, d3, and d5 continuously passed over
the Digisonde. Figure 7a gives temporal variations of the true height (TH) of the bottomside ionosphere at
successive 15 min intervals for 3.5, 5.0, 6.5, and 8.0 MHz, respectively. Time spans covered by the rectangular
dashed line frames indicate the occurrence of spread F accompanying with d1, d2, d3, and d5 during those
times. The black solid line indicates the time when sunset occurred. Figure 7b gives the height difference
of TH (dTH) obtained by subtracting TH between successive 15 min time intervals. Figure 7c gives the
bottomside minimum TH on 4 November (red solid line) and the 10 day mean result (black solid line) (from
30 October to 3 and 5–9 November).

Figures 7a and 7b indicate that wave-like perturbations occurred with time. The first appearance of spread F
(see the left dashed line in rectangular dashed line frames) usually occurred when the ionosphere was
uplifted. At Fuk, the postsunset rise of the F layer occurred at about 11:25 UT (the black solid line), 45 min
later, the EPB group was first observed by the ASIAs. As shown in Figure 7c, the bottomside ionosphere asso-
ciated with the EPB group was uplifted to about 240.0 km (the red solid line), which was higher than the
10 day mean result (about 225.0 km) at sunrise. A 15.0 km difference in the bottomside ionospheric uplift
between 4 November and 10 day mean should be the result of the vertical plasma drift velocity near sunset
[Fejer et al., 1999]. At other times, the bottomside ionospheric perturbations mainly occurred at about
195–210 km. Note that variations of the minimum TH in 4 November and the 10 day mean were almost
in-phase. The bottomside ionosphere had a 3 h oscillation structure, which also appeared in Figures 7a

Figure 5. (a–c) The airglow images taken at 12:00 UT, 14:00 UT, and 16:00 UT at Dax, respectively. The red solid circles,
diamonds, and triangles give the locations of Quj, Dax, and Fuk. The Digisonde beam range (60° cone angle) was
indicated by the red dashed circle. The cone range of VHF’s beam 4 is indicated by the green dashed ellipse.
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Figure 6. The ionograms observed every 15 min by the Digisonde at Fuk from 11:00–20:45 UT on the EPB night.
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and 7b. This might suggest that the bottomside ionospheric perturbations associated with the EPB group
could be linked with background ionospheric oscillations.

3.4. VHF Radar Observations

Figure 8 shows the VHF radar observations of the EPB event during the same night. Two EPB echo structures
were detected by beam 7 at about 12:00–12:30 UT and 13:30–14:30 UT, respectively. The same EPB echo
structures were also continuously recorded by other beams (beams “6”, “5”, 4, “3”, “2”, and “1”) at later times.
The EPB range height (r) in the bottomside ionosphere was 300–350 km, which corresponds a vertical altitude
(h) of 264–308 km (h = r × cos (28.2°), where 28.2° is the off-zenith angle of the beams). In Figure 5, the green
ellipse gives the projected location of beam 4 at the ionospheric height of 250 km. We determine that the first
and second EPB echo structures in Figure 8 correspond to d1 and d2 structures, respectively.

d1 was a new depletion structure when observed by the airglow image in Figure 2 at about 12:00 UT (see
beam “7”). In Figure 8, d1 appeared as a vertical echo band structure, which extended to a maximum range
of about 500 km that corresponds to a vertical altitude of 440 km. At later times, d1 did not extend further to a
larger range (or altitude). Plume-like structures were quickly generated at the topside of the ionosphere, and

Figure 7. (a) Temporary variations of the ionospheric true height (TH) at successive 15 min for 3.5, 5.0, 6.5, and 8.0 MHz,
respectively. Time spans covered by the rectangular dashed line frames indicate occurrence of spread F accompanying
with d1, d2, d3, and d5 during these times. The black solid line indicates the time of sunset (b) height difference of TH (dTH)
obtained by subtracting h0F at successive two times (in 15 min interval) for 3.5, 5.0, 6.5, and 8.0 MHz, respectively. (c) The
bottomside minimum TH on 4 November and the 10 day mean one (from 30 October to 3 and 5–9 November).
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can be clearly seen at about 12:30 UT (see beam 5). Note that the size and echo intensity of d1 quickly
decreased from beam 5 at about 12:30 UT to beam 1 at about 13:10 UT. In almost the same time spans,
the airglow intensity of d1 in Figure 2 was also decreased.

However, d2 was a fossil structure when it came into the FOV of beam 7. It appeared in an ionospheric
uplifting region and rotated clockwise. Similarly, the size and echo intensity of d2 also obviously decreased
from beam 5 at about 14:10 UT to beam 1 at about 15:45 UT. The topside plume-like echo structure of d2
was not recorded by beams 1–5 after 14:00 UT. There were only weak bottomside echo structures that can
be clearly seen. Note that the VHF radar did not record echo structures of d3, d4, and d5 after 14:30 UT when
their bright EPB airglow structures gradually passed through the VHF radar. This means that irregularity struc-
tures remained in those bright EPB airglow structures could not cause the VHF radar echo after 14:30 UT.

Note that the rotating characteristic of d1 and d2 can be also seen in the EPB airglow structures in Figure 2
(see the second–fourth rows). The phase elongations (aligned from the northwestward (NW) to the
southeastward (SE)) of d1 and d2, which had almost the same angle of about 14° with respect to the
geographic north at 12:30 UT at Quj, gradually rotated clockwise to be parallel to geographic north. d3 also
had the similar characteristics.

4. Discussion

In section 3, we showed a group of EPBs that were generated in the longitudinal sector of China during the
night of 4/5 November 2013 using data from two ASIAs, a VHF radar, a Digisonde, and the C/NOFS satellite.
We analyzed their evolution processes (generation, development, and dissipation) in detail.

Figure 8. A rang-time-intensity (RTI) plot showing the vertical structures of two EPB structures (d1 and d2) measured by
seven VHF radar beams.
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Simultaneous observations of EPBs in the conjugate hemispheres were previously reported by Otsuka et al.
[2002] in Japan, Martinis and Mendillo [2007] in Arecibo, and Fukushima et al. [2015] in the western Pacific
region. This paper, however, for the first time, gives conjugate observations of a group of evolving EPBs in
the longitudinal sector of China using simultaneous airglow and C/NOFS satellite observations. Because of
current continuity and high electrical conductivity along the geomagnetic field lines in the ionospheric F
region, a polarization electric field generated in the equatorial region is mapped along the geomagnetic field
lines to the conjugate hemispheres and results in the simultaneous occurrence of EPBs in both hemispheres.

Transequatorial thermospheric neutral winds [Rishbeth, 1972] can constrain development of EPBs in North-
South Hemispheres. Otsuka et al. [2002] reported that the 630.0 nm intensity at Sata (31.0°N, 130.7°E; mag-
netic latitude 24°N) is much stronger than that at Darwin (12.4°S, 131.0°E; magnetic latitude 22°S), suggesting
a highly asymmetric distribution of the F region plasma density with respect to the geomagnetic equator
(asymmetry of the equatorial ionization anomaly (EIA)). However, lacking of data in North-South
Hemispheres prevent us further test this hypothesis.

The EPBs occurred periodically in longitude. Such a characteristic was simultaneously recorded by all instru-
ments used in this study. The EPBs appeared in group, propagated poleward into the field of view of the
ASAIs and became fossil structures at later times. Longitudinally periodic PDD structures detected by the
C/NOFS satellite occurred in almost the same longitudinal range and at almost the same time of the EPB air-
glow observations. In addition, our observations allow us to directly investigate the one-to-one relationship
between the EPB depleted airglow structures, spread F, and VHF echo structures.

An equatorward moving bright background airglow region (BBAR) and a southwestward moving extremely
bright airglow region (SMEBAR) were also observed. Narayanan et al. [2014] pointed out that both EIA and
midnight brightness wave (MBW) [Colerico and Mendillo, 2002] can pass through the nighttime ionosphere
and interact with nighttime medium-scale traveling ionospheric disturbances (MSTIDs) and EPBs. The EIA
crest decays after sunset and drifts equatorward to lower latitudes [Narayanan et al., 2013, 2014]. The
MBW, resulting from the midnight pressure bulge (MPB) occurring in the midnight sector of the equatorial
thermosphere, however, is expected to propagate poleward in off-equatorial regions near midnight
[Narayanan et al., 2014]. In our case, the southward velocity of the SMEBAR is about 27.8 m/s (100 km/h),
which is comparable to the velocity of EIA crest reported by Narayanan et al. [2013] in India. Thus, the
equatorward moving BBAR in our airglow observations should be the EIA crest, not the MBW. However, it
appears to be unreasonable to directly explain the SMEBAR as the EIA crest, because the observed
SMEBAR was structured and propagated southwestward. We cannot directly explain the SMEBAR as the
EIA crest. In the following analyses, we further discuss the feature of the SMEBAR.

Figure 9 presents the variations of ionospheric parameters associated with the SMEBAR. Figure 9a gives the
N-S cross sections of the airglow images from Dax from 12:00 to 16:00 UT. The N-S section has a width of
~100 km in the W-E direction. The centric line of the N-S section passed through the zenith of Fuk. The black
solid line is the location of the zenith of Fuk. From Figure 9a, we can see that the SMEBAR was passing over
Fuk at about 12:30–13:45 UT (between the dashed lines of L1 and L2). An increase in airglow counts (about
1.5 × 105) occurred when the SMEBAR passed over, as shown in Figure 9b. Note that the increase of airglow
counts could be the results of two processes, one is the background EIA crest and the other the SMEBAR itself.
It is unfortunate that we could not use the 10 day mean airglow counts as the background counts because of
the bad weather conditions in most of those days. Figure 9c gives an estimated bottomside average electron
density<Ne> from the Digisondemeasurements. The red solid line gives the<Ne> on 4 November, and the
black one gives the 10 day mean<Ne> (30 October to 3 and 5–9 November). The methodology described by
Weber et al. [1980] and Pimenta et al. [2004] was used to estimate<Ne>. During the period that the SMEBAR
passed over the Fuk (at about 12:30–13:45 UT), the 10 daymean<Ne> increased fromabout 1.0 × 106 el/cm�3

at 12:30 UT to 1.5 × 106 el/cm�3 at 13:45 UT. The <Ne> on 4 November, on the other hand, increased from
about 0.25 × 106 el/cm�3 at 12:30 UT to about 2.2 × 106 el/cm�3 at 13:45 UT. The <Ne> during the SMEBAR
increased by about 50% of the 10 day mean result at 12:30 UT. The blue solid lines in Figure 10 further gives
the <Ne> on 30 October to 3 and 5–9 November. A sudden increase in <Ne> also occurred from about
13:30–14:30 UT in most days. Thus, increasing in<Ne> in our region should be a common phenomenon dur-
ing those days. However, this <Ne> change has never been reported before. Figure 9d gives the temporal
variation of the critical frequency of the F layer (foF2) on 4 November (red solid line) and the 10 day mean
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one (black solid line). The 10 day mean foF2 remained at about 14 MHz between 12:30 and 13:45 UT, whereas,
foF2 increased from 14 MHz to 18 MHz when the SMEBAR passed over. The foF2 increase during the SMEBAR
was about 4 MHz, compared to the 10 day mean value. Because of the simultaneous increases of airglow
counts, <Ne>, and foF2, we can therefore conclude that the SMEBAR was a plasma density enhancement
associated with the EIA crest.

A question arises as whether the SMEBAR is the same type of plasma blob in airglow structures reported by
Pimenta et al. [2004, 2007]. The electron density accompanying blobs described by Pimenta et al. [2004, 2007]
increased by at least a factor of 2 from the background ionosphere, same as those found by Watanabe and
Oya [1986] and Park et al. [2003]. Note that Pimenta et al. [2004, 2007] chose the <Ne> values with almost
constant variation at previous times as the background value. However, here we choose the 10 day
mean < Ne> as the background value. Because the sudden increase of <Ne> also occurred from about

Figure 9. Variations of ionospheric parameters accompanying with the SMEBAR. (a) N-S cross sections (keogram) of the air-
glow images from Dax during 12:00–16:00 UT. The black solid line is the location of the zenith of Fuk. The SMEBAR was
indicated by the black arrow. The SMEBAR was passing over the Fuk at about 12:30–13:45 UT (between the dashed lines L1
and L2). (b) The count in the airglow images of zenith of the Fuk. (c) The estimated bottomside average electron density
(<Ne>) from the Digisonde measurements on 4 November and the 10 day mean one (from 30 October to 3 and 5–9
November). (d) The critical frequency of the F layer (foF2) on 4 November and the 10 day mean one. (e) The bottomside
minimum true height (TH) on 4 November and the 10 day mean one.
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13:30–14:30 UT in other days, we
believe that it is reasonable to choose
the 10 day mean < Ne> as the back-
ground <Ne>. The electron density
increase in the SMEBAR was thus only
about 50% of the 10 day mean and
obviously different from that of
blobs. In addition, the blob structures
of airglow in Pimenta et al. [2004,
2007] drifted eastward at a speed
that was very close to that of EPBs,
whereas the observed SMEBAR here
propagated southwestward, a differ-
ent direction from that of EPBs.
Furthermore, the EPB depletions and
blobs appeared in pair in Pimenta
et al. [2004, 2007], but it is not the

case in our SMEBAR event. It appears that the SMEBAR reported in this study is unlikely a blob. It should
be a plasma density enhancement region within the EIA crest or the EIA crest itself.

In Figure 2, the SMEBAR observed at Dax appeared at 12:00 UT when the EPB group were propagating
poleward. This means that the polarization electric fields within the EPB group mapped to higher latitudes
along the magnetic field lines. Meanwhile, the SMEBAR occurred almost above the flux tube of d1 depletion.
Note that, during 12:15–12:45 UT in Figure 2, when d0 at Dax was propagating poleward, and meeting
SMEBAR, it stopped to grow and became a “fossil structure.” We can therefore, reasonably believe that d1
and SMEBAR interacted with each other.

The southwestward moving characteristic of the SMEBAR is consistent with the preferable propagation direc-
tion of MSTIDs in midlatitude and low latitude. In fact, we did observe MSTIDs in the airglow perturbation
images (see Figure 11) between 15:47 and 18:08 UT, although the SMEBAR was first observed at about
12:00 UT. The southwestward propagation of MSTIDs is the result of polarization electric fields mostly related
to the Perkins instability [Perkins, 1973]. Thus, the SMEBAR is probably a structure associated with polarization
electric fields. The MSTIDs can exist as single dark-band structure [Amorim et al., 2011] or a bright airglow
region as observed here. Miller et al. [2014] also reported that polarization electric fields associated with
mesoscale traveling ionospheric disturbances (MSTIDs) can cause plasma density enhancement. Further
observations and theoretical analyses are necessary to fully understand the physical processes associated
with the SMEBAR.

Note that MBW could also pass through on the EPB night. From Figure 3a, we can clearly see that both the EIA
crest (or BBAR) and the SMEBAR propagated equatorward before midnight (about 16:30 UT) but changed to
poleward after midnight. In addition, another poleward moving enhancement region (enclosed by the red
rectangle in Figure 2) also appeared between about 18:30 and 22:00 UT, although airglow images in this time
span were somewhat contaminated by the cloud at Quj. The MPB, causing the MBW, could have resulted in
the abatement of nighttime equatorward winds and caused a reversal of the meridional winds to the
poleward direction [Meriwether et al., 2011; Narayanan et al., 2014]; this would result in the reversal of the
propagation direction of the EIA crest (or BBAR) and the SMEBAR as observed.

Narayanan et al. [2016] recently reported shrinking equatorial plasma bubbles. In their results, the poleward
extension of the EPBs corresponds to the growth of the EPBs to higher apex altitudes and the equatorward
collapse represents the shrinking of the EPBs toward lower apex height. As analyzed in section 3.1, the
poleward extension of the EPBs was mainly seen between 12:00 and 13:00 UT. After 13:00 UT, most EPB
depletions stopped growth and show no obvious shrinking; their poleward extension almost kept at a
constant latitude. The analysis in Narayanan et al. [2016] indicates that this situation occurs when the field-
line-integrated ion mass densities are equal to those of the surroundings. These EPBs are also seen to be
gradually eroded by the passing EIA crest (or BBAR) and the SMEBAR. Because both EIA and SMEBAR (or blob)
are high plasma density regions, they could fill high plasma into the EPB depletions and smear out the EPB

Figure 10. <Ne> on 4 November (red solid line) and the 10 day mean result
(black solid line) and on 30 October to 3 and 5–9 November (blue solid lines).
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airgow depletion structures. The EPB depletion eventually became bright airglow structures or disappeared
as observed by the ASIAs.

The spread F caused by d1 at 11:45–13:00 UT, d2 at 14:00–14:30 UT, d3 at 15:30 UT, and d5 at 19:00 UT in
Figure 6 is the typical RSF-I trace previously reported by Chen et al. [2006]. The appearance of RSF-I means that
irregularities appear in the lower part of the bottomside F region. With the exception of d3 and d5 in Figure 6,
the spread F caused by d1 and d2 did not further develop into RSF-II described by Chen et al. [2006] or strong
range spread F (SSF) described byWang et al. [2015]. This type of spread F (RSF-II or SSF) indicates that irregu-
larities fill with all of the F region. Note that d2 (d1) in Figure 2 had extended to the magnetic latitude of about
15° (12°) that corresponds to a magnetic apex height of about 725 (549) km. In addition, top-side plume-like
structure of d2 detected by beam 6, and d1detected by beam 5 in Figure 8, respectively, had range extension
over 550 and 600 km that corresponds a vertical height of about 507 and 529 km. Thus, d1 and d2 in fact had
extended over the peak height of the F region (about 350–400 km). The irregularities within d1 and d2 should
have filledwith all bottomside of the F region. The RSF-I caused by d1 and d2 did not further develop into RSF-II
as we expected. Meanwhile, although the RSF-I caused by d3 and d5 developed into RSF-II, the spreading of
the trace in height was obviously narrower than those reported byWang et al. [2010, 2015] in Hainan. In addi-
tion, we can clearly see decreasing VHF radar echo intensity of d2 as it was successively detected by beams 4,
3, 2, and 1 in Figure 8. In particular, the topside plume of d2 disappearedwhen d2was successively detected by
beams 5, 4, 3, 2, and 1 at later times. Thus, both spread F and VHF radar observations also suggest that the
development of the observed EPBs be suppressed in the airglow observations of Figure 2.

At about 13:45–14:30 UT in Figure 6, we can see a type transform of spread F from the satellite trace (double/
multiple F layer trace structure) to RSF-I and then to the satellite trace. The satellite trace had a range separa-
tion of about 25 km. The presence of such satellite trace suggests the existence of bottomside large-scale

Figure 11. Perturbation airglow images at Quj during 15:47–18:08 UT. Two fronts (fronts 1 and 2) indicated by the red solid lines are two phase fronts of the MSTIDs
observed during this night.
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wave-like structure (LSWS) in developing EPBs [Tsunoda, 2005, 2006; Takahashi et al., 2010]. In addition, our
ASAIs and the C/NOFS observed locally generated periodic wave-like EPB group PDDs with a large
longitudinal extension of up to 2250 km when the EPB group were evolving. Digisonde measurements in
Figure 7 indicate that the perturbations associated with the EPB group also occurred at the bottomside
ionosphere (about 195–210 km). Thus, the EPB event reported in this paper was developed from
bottomside, large-scale, wave-like periodic structures. To our best knowledge, this is the first time that
such large-scale EPB group evolved from the bottomside LSWS was simultaneously observed by four
instruments: all-sky imager, Digisonde, VHF radar, and the C/NOFS satellite.

The LSWS thus was likely to seed the EPB group event we observed. However, the postsunset rise (PSSR) [Fejer
et al., 1999] could also contribute to the development of the EPBs. Based on the C/NOFS observations, Huang

Figure 12. Variations of ion density (Ni) and ion vertical drift velocity (V_vert) with solar local time (SLT) at the satellite positions over six successive orbits (orbits A–F)
on the EPB night. Figures 12a–12c, respectively, give the SLT variation of C/NOFS’ orbits, Ni, and V_vert for seven successive orbits. The yellow bars give the location of
the solar terminator.
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et al. [2012] presented several examples to show that EPBs can be generated in the region swept by the
sunset terminator.

Figure 12 shows the change of ion density (Ni) and ion vertical drift velocity (V_vert) with the solar local time
(SLT) at the satellite positions over six successive orbits (Orbits A–E) on the EPB night. In Figure 12a, the blue
line represents the latitude of the C/NOFS, the green line represents the altitude (in km) of the C/NOFS
labeled on the right, and the yellow bars indicate the locations of the sunset terminator. Ion density and
ion vertical velocity are plotted in Figures 12b and 12c, respectively. For each orbit, the UT interval is given in
Figure 12b.

In Figure 12b, only orbits B, C, and D observed the PDDs. In orbits B and C, the PDDs began to appear at
sunset. The PDDs in orbit C are those in Figure 4e. Those PDDs were observed at the conjugate sector of
our airglow observations. The PDDs in Orbit D were the same structures as those in Orbit C, which corotated
with the Earth. No new PDDs were seen in orbits A, D, E, and F near sunset. In fact, no PDDs were seen in orbits
A, E, and F during 18:00–24:00 SLT.

Fejer et al. [1999] pointed out that the necessary seeding mechanisms for the generation of strong spread F
always appear to be present when the sunset vertical reversal drift velocities are large enough. Sunset vertical
reversal drift velocities can be also clearly seen in orbits A, D, and E. The reversal drift velocities in these orbits
exceeded ~50 m/s and are comparable in magnitude to each other. Slow variation of the reversal velocity in
orbits B and F near sunset can be seen. However, we cannot see any reversal velocity variation in orbit C,
although the most intense PDDs was observed. The variation of reversal drift velocities in orbits A and E
are obviously larger than those in orbits B and C, but the PDDs were not generated in these two orbits.
The C/NOFs satellite, therefore, gives the conclusion that the PSSR not played a dominant role in seeding
the EPB group. Thus, we believe that additional seedingmechanism, such as the bottomside LSWS suggested
by Tsunoda [2005, 2006], must come into play to generate the EPB group we observed. However, what
generated the LSWS is beyond the scope of this paper.

5. Conclusion

This paper describes the evolution processes, including generation, development, and dissipation, of a
group of EPBs that were simultaneously observed by two all-sky airglow imagers, a Digisonde, a VHF radar,
and the C/NOFS satellite in the Chinese longitudinal sector. The EPB group was locally generated and
propagated poleward into the field of view (FOV) of the imagers. At almost the same time and in the same
longitudinal sector, plasma density depletion structures (PDDs) were observed by the C/NOFS satellite at
the conjugate latitude of our all-sky airglow imagers (ASAIs). The EPB group and PDDs had the same
longitudinal structure with a wavelength of about 450 km and covered a zonal range of about
2250 km. Their periodic characteristics were also seen by the Digisonde and the VHF radar. Our observa-
tions provide a one-to-one relationship between the EPB depleted structures and their associated spread F
and VHF echo structures.

A southwestward moving extremely bright airglow region or SMEBAR was also observed. This structure was a
high plasma density enhancement region located within the equatorial ionization anomaly (EIA) crest or EIA
crest itself. The average electron density inside the SMEBAR was only 50% of that of the background iono-
sphere (10 day mean result). The SMEBAR was seen to move southwestward, such a motion of a plasma
density enhancement has not been reported before. The characteristics of the SMEBAR are different from
those of the plasma blob structures reported in the literature.

The equatorial ionization anomaly (EIA) crest and the SMEBAR could constrain the development of the EPB
group. The high plasma density in the EIA crest and the SMEBAR could fill in EPB depletions. The EPB
depletion were eventually seen as a bright airglow structure or disappeared.

The satellite trace (double/multiple F layer trace structure) associated with spread F also occurred periodi-
cally. The occurrence of satellite trace suggests us that LSWS in the bottomside ionosphere plays an impor-
tant role in the development of the large-scale, periodic EPB group. Meanwhile, Digisonde measurements
indicate that the perturbations associated with the EPB group occurred at the bottomside ionosphere (about
195–210 km). C/NOFs measurement indicates that the postsunset rise of the ionosphere did not play a domi-
nant role in seeding EPB group. To our best knowledge, this is the first time that a EPB group that evolved

Journal of Geophysical Research: Space Physics 10.1002/2016JA023223

SUN ET AL. EVOLUTION OF A GROUP OF EPBS 4834



from the bottomside LSWS was simultaneously observed by multiinstruments, including all-sky imagers,
Digisonde, VHF radar, and the C/NOFS satellite.
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