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Abstract In this work we present direct ground-based observational evidence for the merging of
individual equatorial plasma bubbles (EPBs) obtained through the imaging of OI 630.0 nm airglow. Three
potential mechanisms have been identified: (1) One of the EPBs tilts and reaches location of the adjacent
growing EPB finally merging with it. (2) Some of the branches of an EPB arising from secondary instabilities
reach out to adjacent EPB and merge with it. (3) The eastward zonal drift of the EPB on the eastern side slows
down while the adjacent EPB on the western side drifts relatively faster and catches up. In one of the cases, a
branch of an EPB was observed to get interchanged with another EPB as a result of merging and consequent
pinching off from the parent EPB.

1. Introduction

Equatorial plasma bubbles (EPBs) are detrimental for transionospheric radio communication and have been
studied for decades (see review articles by Makela [2006],Woodman [2009], and Abdu [2012], and references
therein). It is now understood that EPBs form due to generalized Rayleigh-Taylor instability mechanism occur-
ring in the nocturnal ionosphere. On occasions, EPBs grow to reach altitudes of ~1500 km over the dip equa-
tor [Mendillo and Tyler, 1983; Shiokawa et al., 2004]. Though substantial progress has been made in our
understanding of their origins, the exact triggering mechanisms are still being debated. Apart from the onset
of EPBs, understanding their evolution is also important. It was reported earlier that individual EPBs undergo
bifurcations on occasions resulting in Y-shaped EPBs [Zalesak et al., 1982; Mendillo and Tyler, 1983; Aggson
et al., 1996; Yokoyama et al., 2014]. Sometimes, secondary instabilities forming near the walls of the EPBs give
rise to smaller-scale branching and finger-like structures in and around the envelope of the EPBs [Tsunoda,
1983;Makela et al., 2006]. There have been reports revealing different directions of vertical plasma drift at dif-
ferent altitudes indicating pinching of the EPBs [Laakso et al., 1994]. On occasions, the EPBs were seen to
shrink in their altitudinal extent over the dip equator [Narayanan et al., 2016].

EPBs can serve as tools for studying the nocturnal ionospheric electrodynamics as well. For example, EPBs are
used tomeasure the nocturnal zonal plasma drift in the low-latitude regions [Martinis et al., 2003; Arruda et al.,
2006; Paulino et al., 2011; Chapagain et al., 2012].Martinis et al. [2003] used airglow imaging observations from
two locations to understand the latitudinal variabilities in nocturnal plasmadrift. On theother hand,Chapagain
et al. [2012] use EPBmeasurements to identify vertical shears in the zonal plasmadrift. Such shears are believed
to cause tilt of the bubbles, and earlier works support this view [Zalesak et al., 1982; Sekar and Kelley, 1998; Sekar
et al., 2012]. However, direct observations of vertical profiles of zonal plasma drift are sparse except for some
reports based on Jicamarca radar measurements [Fejer et al., 1985; Hui and Fejer, 2015].

Recent observations made by Communication and Navigation Outages Forecasting System satellite during
extended solar minimumperiod of 2008–2009 have revealed the existence of plasma depletions of scale sizes
~700 km or more in their longitudinal extent. Such features are referred to as wide plasma bubbles by Huang
et al. [2011]. On someoccasions, even larger-scaledepletionswith sizes greater than3500 kmare foundandare
termed as broad plasma depletions. These features frequently occurred during postmidnight hours [Huang
et al., 2011, 2012].Huang et al. [2011] hypothesized that it is possible for the individual EPBs tomerge and con-
sequently produce wide and broad plasma depletions. The simulations of Huang et al. [2012] indicated that
during the evolution of EPBs, the tilt of one EPB might interfere with the growing channel of the adjacent
EPB thereby resulting in their merging. To our knowledge, merging was first observed by Rohrbaugh et al.
[1989], thoughwas not discussed in detail. Recently,Huba et al. [2015] simulated themerging of EPBs and also
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presented all-sky images in support
of their simulations. Their simula-
tions revealed that the electrostatic
potentials of adjacent bubbles
reconnected favoring the merging.

The plasma depletions spreading
over a few degrees in longitude
are expected to bring about large-
scale variations in the horizontal
plasma distribution of postdawn
ionosphere, whose effects need to
be studied in detail. Certainly, the
decay due to cross-field plasma dif-
fusion [Singh et al., 1997] will take
much longer durations for such
broad depletions. Depending on
the topside altitude attained by
the bubbles over the equator, their

refilling duration due to photoionization after sunrise will be larger [Sidorova and Filippov, 2014]. Such broad
depletions might have important consequences for early morning ionospheric processes because the field
line-integrated conductivity is supposedly lower in the region of few to several degrees of longitudes, where
the merging of individual EPBs on previous night would have resulted in a broad plasma depletion.
Therefore, understanding how individual bubbles merge becomes important.

In this work, based on low-latitude imaging of OI 630.0 nm airglow, we show three different mechanisms by
which EPBs undergo merging. Direct observations supporting the simulations of Huang et al. [2012] (different
tilts between adjacent EPBs bring about merging) are presented for the first time. We also report an example
of merging similar to that shown in Huba et al. [2015], wherein a branch of one EPBmerged with the adjacent
EPB. Moreover, a new mechanism for merging of EPBs is proposed based on the observations, in which one
EPB slowed in its zonal drift speed and then merged with the trailing EPB. These observations reveal that
merging of EPBs is facilitated by multiple pathways. The observations reported herein are made over two
different low-latitude sites from the Indian sector, as described in the next section. After briefly describing
the database used, we present the results from observations on 6 January 2008, 3 February 2008,
5 February 2008, and 23 March 2009 as separate cases showing the merging of individual EPBs and discuss
the implications of these observations.

2. Database

Airglow imaging observations were made with an all-sky airglow imager in manual operation mode from the
Indian sector between the years 2007 and 2010, after which the operation was automated. The instrument
comprises a six-position filter wheel to observe both mesospheric and thermospheric emissions. The details
of the instrument, observation routines, and the basic data analysis techniques employed here can be found
in Narayanan et al. [2009, 2012, 2013]. The manual observation routine usually involved acquisition of a few
successive images of a particular filter for a prolonged duration depending on whether any interesting
features were observed in that emission. In this work, we discuss observations made with OI 630.0 nm airglow
emission. In addition to the equidistance projection of images over the geographical grid, we have also cal-
culated the apex altitudes over the dip equator corresponding to the footprint of magnetic field lines at
250 km altitude for the area covered by the field of view of the instrument based on the method described
in Chapagain et al. [2012] and followed in Narayanan et al. [2016]. The results discussed herein are based on
the observations from Panhala (16.8°N, 74.1°E; 11.1°N dip latitude) on 6 January 2008 and 3 and 5 February
2008 and those from Gadanki (13.5°N, 79.2°E; 6.5°N dip latitude) on 23 March 2009. The apex altitudes are
calculated for 74°E longitude for observations from Panhala and 79°E longitude for observations from
Gadanki. In order to prevent excess vehicular light from nearby road entering the field of view (FOV), we phy-
sically restricted the FOV of the imager to 120° over Gadanki [Narayanan et al., 2012]. Figure 1 shows the

Figure 1. Schematic of observation locations, area covered by images at
250 km altitude, and location of the dip equator.
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schematic of the observation locations, position of the dip equator, and the area covered by the imaging
of OI 630.0 nm nightglow for an emission altitude of 250 km.

3. Results

Figure 2 shows the images acquired during the night of 6 January 2008 from Panhala. Attention may be paid
to the region marked by dashed ellipses. In Figures 2a and 2b, two closely spaced EPBs in their growth phase
can be noticed. From Figure 2c, it is clear that they merged at higher apex altitudes of ~650 km and above. An
important feature noticed in this process of merging is the enhanced westward tilt around apex altitudes of
500–600 km on the EPB situated on the right side within the dashed ellipse. This westward tilt enables the
EPB channel to evolve into the spatial region of the adjacent EPB, with the end result being the merging
of both depleted channels (shown in Figures 2c and 2d).

Figure 3 shows the observations made from Panhala on the night of 3 February 2008. As in Figure 2, the
region marked by a dashed ellipse shows the merging. From the marked region in Figures 3a and 3b, it
may be noticed that the EPB on the right side develops some finger-like branches on its wall. These branches
reach the EPB on the left side by ~15:14 UT, resulting in merging as represented by the arrows in Figure 3c.
Two branches of the EPB on the right side appear to merge with the EPB on the left. This observation is similar
in nature to that shown in Huba et al. [2015]. At the same time, in Figure 3c it may be seen that the channel of

Figure 2. OI 630.0 nm images from Panhala on 6 January 2008. Top and right corresponds to the north and the east,
respectively.
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Figure 3. OI 630.0 nm images from Panhala on 3 February 2008.
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the EPB on the left edge of the marked portion shows an eastward tilt between apex altitudes of about 550
and 650 km, slightly below the region of merging with one of the branches of EPB on the right. In Figure 3d
(at 15:38 UT), that particular part seems to get pinched off from its parent EPB on the left side. Earlier, pinch-
ing was reported using satellite observations by Laakso et al. [1994] and in the simulations of Yokoyama et al.
[2014]. Understanding the exact mechanism of the pinching is not the focus of the present work. An interest-
ing point relevant to this study is that the pinched part moves with the EPB on the right side after merging. As
a result, what we have noticed is that a part of the EPB on the left side has got pinched off, merged with the
EPB on the right to finally become part of the latter. This is a good example of complex interactions between
EPBs involving merging.

Figure 4 shows images from the night of 5 February 2008. One can notice the occurrence of many thin EPBs
whose lateral dimensions are less than ~50 km in longitudinal extent. Note that they cannot be bifurcation
branches of a large EPB because we could trace them from an apex altitude of ~280 km, which is too low
for bifurcations to occur. It is a general understanding that bifurcations occur when the EPBs reach topside
ionosphere [Zalesak et al., 1982; Aggson et al., 1996; Yokoyama et al., 2014; Huba et al., 2015].

We now proceed to examine closely the two EPBs that could be identified within the marked portion in
Figure 4a. The second EPB from the right within the dashed ellipse shows an excessive westward tilt com-
pared to the other EPBs on the image. In Figure 4b, the formation of two additional EPBs westward (on the
left side) of the existing ones may be noticed in spite of the fact that their intensities were weaker. Those faint

Figure 4. OI 630.0 nm images from Panhala on 5 February 2008.
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EPBs are seen to be relatively well developed in Figures 4c and 4d. From these latter images, it is evident that
those EPBs eventually got merged with the tilted EPB. This event also indicates that highly tilted EPB favors
merging of growing EPBs from the adjacent areas. It may also be noted that this event was similar to the one
presented in Figure 2.

Figure 5 shows another set of images recorded from Gadanki on 23 March 2009. Several aspects of the EPBs
observed on this night were already reported in Narayanan et al. [2012]. In this work, we focus only on the
merging aspect of the EPBs observed on this night that was not discussed in Narayanan et al. [2012].
Figure 5a shows three EPBs with considerable westward tilts. This group of EPBs started to enter the FOV
of imager from ~17:02 UT. In Figure 5b corresponding to the time 17:43 UT, it may be noticed that the separa-
tion distance between the first two EPBs was smaller compared to that seen at the earlier time of 17:33 UT
(Figure 5a). Figures 5c and 5d reveal that the first two EPBs have merged. Here it does not seem to be caused
by the different tilts as in Figures 2 and 4. Indeed, the figures reveal nearly equal tilts for both EPBs. This case
appears to be different from that in Figure 3 as well in which secondary instabilities favored the merging.

4. Discussion

An important aspect to note in the observations shown in Figures 2 and 4 is that the tilts were not uniform
between the adjacent EPBs and there was also a height variation in the tilt of an EPB. That is, the tilt at an apex

Figure 5. OI 630.0 nm images from Gadanki on 23 March 2009.
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altitudeof 300 kmwasnot the sameas
that corresponding to 500 km. This
nonuniform tiltwith altitude facilitates
themerging of adjacent EPB channels.
Therefore, the observations in
Figures 2 and 4 support the simulation
results of Huang et al. [2012], wherein
they found similar nonuniform tilting
of an EPB leading to merging with
adjacent EPBs.

The westward tilt of EPBs is attributed
to the altitudinal shear in zonal
plasma drift. The zonal plasma drifts
in the equatorial region are asso-
ciated with thermospheric zonal
winds and the ratio of integrated con-
ductivities in the equatorial F region
and off equatorial F and E regions
along the field line [Anderson and
Mendillo, 1983; Zalesak et al., 1982;
Mendillo and Tyler, 1983; Sinha and
Raizada, 2000]. Our observations indi-
cate that it is possible for the zonal
plasma drifts to vary with altitude
over the dip equator and this varia-
tion is not uniform in longitudinal
extent over a few degrees, at least
on certain occasions. Indeed, the
zonal plasma drift speeds appear to
vary within a distance of ~100 km
(i.e., 1° longitude) enabling adjacent
EPBs with thickness of ~50 km merge

with each other. These observations also imply that the altitudinal profile of zonal plasma drifts can vary
within few minutes. The cause for the variation of plasma drifts within such short spatiotemporal scales is
not known at present. Nevertheless, the observations of zonal plasma drifts presented in Fejer et al. [1985]
indicate that there is noticeable difference in the altitudinal profile of zonal plasma drifts within few minutes
[see Fejer et al., 1985, Figure 5]. Our observations indicate that the existence of short spatiotemporal variabil-
ities in the zonal plasma drifts similar to those presented in Fejer et al. [1985] would have caused the merging
in the examples shown in Figures 2 and 4. Higher-resolution measurements of thermospheric and iono-
spheric parameters might reveal better insight about this aspect.

The example shown in Figure 3 involves merging of EPBs, wherein we invoke a different mechanism to
explain the feature. On 3 February 2008 (see Figure 3), the EPBs evolved with finger-like structures on their
edges that are usually attributed to secondary instabilities. Secondary instabilities are known to occur on
the walls of plasma bubbles when conditions are favorable. For example, wind-driven secondary instabilities
occur when the neutral wind blows antiparallel to the plasma density gradient with geomagnetic field direc-
ted perpendicular to both the neutral wind component and the plasma density gradient [Tsunoda, 1983;
Makela et al., 2006]. The nocturnal thermospheric zonal winds are usually eastward [Emmert et al., 2006],
and the plasma density gradients in the western wall of EPBs are westward. Thus, the western wall is more
favorable for onset of wind-driven secondary instabilities. Observation of finger-like branches is not an
unusual feature noticed in all-sky images. In the present case, two of the branches from the western wall
of the EPB located on the right side evolved and then went through a merging with the EPB on the left side
(see Figure 3). We thus have a scenario wherein secondary instabilities facilitate branching of EPBs on their
walls. Some of the branches reach out to the adjacent EPBs and merge.

Figure 6. East-west cross sections across the zenith of images obtained
on 23 March 2009 from Gadanki.
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The nature of the merging in the example shown in Figure 5 is different from both the mechanisms described
above. In order to understand better the merging process in this case, we present the detrended east-west cross
sections of the images from the overhead sky (corresponding to zenith) in Figure 6. The curves clearly reveal three
EPBs in the beginning (the sharp decrease in intensity implies the presence of an EPB). With the passage of time,
only two EPB signatures are discernable (see the panels corresponding to 17:57 UT and 18:03 UT in Figure 6). The
rightmost EPB noticed at earlier times (17:33 UT and 17:39 UT) is not seen at later times (in panels corresponding
to 17:57 and 18:03 UT) since by then the same has merged with the adjacent EPB (see Figure 5 as well).

In Figure 6, we have drawn three lines corresponding to the deepest points of the EPBs. The line correspond-
ing to the rightmost EPB from the earlier time of 17:33 UT is extended through the two panels in the top,
though this signature is not present therein. This is done in order to show the convergence between the lines
joining the location of first (right) and second (middle) EPBs. The inference is that as the first EPB slows down
and the adjacent EPB catches up with it leading to the merging of the two bubbles.

The estimated drift speed of the first EPB during the first half hour of observations between 17:02 and
17:33 UT was ~86m/s eastward (not shown here but may be noted from Figure 5 of Narayanan et al. [2012]).
This speed got reduced to ~55m/s by 17:51 UT, the time of initiation of the merging. The drift speed of
the second (middle) and third (left) EPBs was approximately 66m/s and 57m/s, respectively, within the
observed duration. The percentage errors in the drift speed estimations are typically ~15% or less.
The estimated drift speeds support our finding that the leading EPB slowed down favoring a merging
of the relatively fast moving trailing EPB with the leading one. These aspects are also indicated by the
double-headed arrows drawn on the panels corresponding to 17:39, 17:51, and 18:03 UT. The arrows give
the distance between the eastern edge of the first EPB and the western edge of the second EPB. The arrow
length representing the combined spatial extent of the two EPBs was larger before the EPBs merged
(see the panel corresponding to 17:39 UT) and the spatial extent decreased as the EPBs merged at subsequent
times (see the panels for 17:51 and 18:03 UT).

This process wherein the leading EPB slows down and the trailing EPB catches up with it resulting in merging
is a newmechanism, hitherto not reported, proposed herein to explain the merging of two individual EPBs. It
is known that the drift speeds of EPBs decrease with time during the night [e.g., Martinis et al., 2003]. There
were even reports that EPBs change their drift direction from east to west during the postmidnight hours and
during magnetically disturbed conditions [Paulino et al., 2010]. Any merging of adjacent EPBs occurring dur-
ing such periods can be explained by this mechanism. For example, if at a particular local time the drift
changes from eastward to westward, then the leading EPB will start drifting westward, while the adjacent
trailing EPB will still be moving eastward and it is then expected that the latter would merge with the leading
EPB. Further, such a mechanism can also explain the presence of plasma depletions on certain occasions with
widths much larger than those of EPBs occurring during other times.

5. Summary and Conclusions

We have described four cases of merging of EPBs in this work. Based on the results obtained, we invoke three
different mechanisms. In two of the cases, individual EPBsmerge when one of the EPBs develops an excessive
tilt and reaches the adjacent EPB. This suggestion was earlier made by Huang et al. [2012] through their
simulation studies. We provide herein the first observational evidence for this kind of merging earlier seen
in simulations. Another feature that was revealed in this study is to do with the merging between adjacent
EPBs caused by the formation of secondary instabilities growing on the western wall of the EPBs. In the same
example, we found a complex interaction between the adjacent EPBs, wherein a part of one of the EPBs
gets pinched off and becomes a part of the adjacent EPB due to merging phenomenon. The other mechan-
ism that seems to account for the merging observed on certain other occasions involves the slowing down of
the leading EPB on the eastern side, while the trailing one subsequently catches up with it. This is a viable
mechanism involving merging of multiple EPBs that can explain the presence of wide and broad plasma
depletions.

To conclude, as EPBs play a prominent role in undermining the utility of communication and navigation sys-
tems, understanding of the merging of the EPBs under various conditions is important to comprehend the
different phases of their evolution. Further, the aftereffects of wide and broad plasma depletions that result
from merging need to be studied in detail.
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