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ABSTRACT

Nighttime equatorial plasma bubble merging is examined using the NRL code SAMI3/ESF.
It is found that bubbles merge through an ‘electrostatic reconnection’ process. As multiple
bubbles develop, the electrostatic potential associated with one bubble can connect with
that of a neighboring bubble: this provides a pathway for the low density plasma in one
bubble to flow into the adjoining bubble and merge with it. Additionally high-speed plasma
channels (∼> 100s m/s) can develop during the merging process. Optical data is presented
of equatorial plasma bubble evolution that suggests bubble merging occurs in the nighttime
equatorial ionosphere.

1. INTRODUCTION

The equatorial ionosphere can become unstable to a Rayleigh-Taylor-like instability after
sunset [Sultan, 1996]; this leads to large scale (∼< 100 km) plasma bubbles that can rise
to high altitudes (∼ 1000 km) [Ossakow, 1981; Kelley, 1989; Hysell, 2000]. Associated
with these bubbles, secondary fluid instabilities can develop on the ‘walls’ of the bubbles
[Haerendel, 1974], as well as kinetic instabilities [Huba et al., 1978]. This phenomenon is
generally known as equatorial spread F (ESF) because it ‘spreads’ the return radio signal
from ionosondes [Booker and Wells, 1938]. It is a concern because ESF causes the scintil-
lation of radio signals that can degrade and disrupt communications and navigation systems.

Recently Huang et al. (2011) and Huang et al. (2012) reported observations of broad
plasma depletions measured by the C/NOFS satellite during the last deep solar minimum.
They suggest that these broad depletions form by the merging of multiple plasma bubbles
and presented the results of a simulation study using PBMOD demonstrating the merging
of two bubbles [Retterer, 2005; Huang et al., 2012]. Similar behavior was observed in earlier
simulations of equatorial spread F [Huba and Joyce, 2007].

In this paper we reexamine plasma bubble merging using the NRL code SAMI3/ESF.
We find that bubbles merge through an ‘electrostatic reconnection’ process. As multiple
bubbles develop, the electrostatic potential associated with one bubble can connect with
that of a neighboring bubble which provides a pathway for the low density plasma in one
bubble to flow into the adjoining bubble and merge with it. We also find that during the
merging process high-speed plasma channels (∼> 100s m/s) can develop. We present optical
data of equatorial plasma bubble evolution that suggests bubble merging occurs.
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MODEL

The NRL 3D equatorial spread F code SAMI3/ESF [Huba et al., 2008] is used in this
study. It is initialized using results from the two-dimensional SAMI2 code [Huba et al.,
2000]. SAMI2 is run for 48 hrs using the following geophysical parameters: F10.7 = 120,
F10.7A = 120, Ap = 4, geographic longitude 0◦, and day-of-year 97 (e.g., 6 April 2012).
The plasma parameters (density, temperature, and velocity) at time 1920 UT (of the second
day) are used to initialize the 3D model at each magnetic longitudinal plane. SAMI3/ESF
has recently been upgraded to use a 4th order, flux corrected transport scheme (the partial
donor cell method) for E × B transport [Hain, 1987; Huba, 2003] and can now model the
bifurcation and complex structuring of equatorial plasma bubbles.

We assume a magnetic dipole field aligned with the spin axis of the earth so geographic
and geomagnetic coordinates are the same. The 3D model uses a grid with magnetic apex
heights from 90 km to 2400 km, and a longitudinal width of 4◦ (e.g., ' 460 km). The range
of latitudes modeled is ±31◦ at the base of the field lines in each hemisphere. The grid is
(nz, nf, nl) = (201,200,192) where nz is the number grid points along each magnetic field
line, nf the number in ‘altitude,’ and nl the number in longitude. This grid has a resolution
of ∼ 6 km × 2.5 km in altitude and longitude in the magnetic equatorial plane. The grid
is periodic in longitude. In essence we are simulating a narrow ‘wedge’ of the ionosphere
in the post-sunset period in the range -2◦ to +2◦. A Gaussian-like perturbation in the
ion density is imposed at t = 0. A 15% ion density perturbation is centered at 0◦, ±0.8◦,
and ±1.6◦ longitude with a half-width of 0.35◦ so that the system is initialized to generate
multiple bubbles. The perturbed ion density at the boundaries is enhanced by ∼ 1% so that
an asymmetry is introduced at t = 0 at ±2◦. The altitude of the perturbation is at z = 400
km with a half-width of 38.5 km. For simplicity and clarity, the neutral wind is set to zero.

MODELING RESULTS

In Fig. 1 we show color-coded contours of the electron density as a function of longitude
and altitude at four times: 22:00 UT, 22:46 UT, 23:02 UT, and 23:14 UT. At time 22:00
UT the multi-bubble system has developed from the initial perturbation. We also note that
the bubbles at ±1.6◦ have risen slightly higher than the interior bubbles because of the
asymmetric initial perturbation. At time 22:46 UT, the bubbles have bifurcated and have
risen to over 500 km. We highlight two bubbles: labeled A and B. At time 23:02 bubble B
has moved closer to bubble A. Finally, at time 23:14 UT bubble B has merged with bubble A.

In order to understand the merging process we present Fig. 2. This is the same as Fig. 1
except we have limited the spatial range and show only three times at one minute intervals:
22:48 UT, 22:49 UT, and 22:50 UT. Additionally we show contours (white lines) of the
electrostatic potential and highlight a single potential contour level shown in dark red. The
potential contours are also indicative of the plasma E × B flow. In the top panel, at time
22:48 UT, the direction of plasma flow (arrows) is shown on each of the dark read potential
contours. The flow is clockwise on the right side of both bubbles A and B. However, the
flows are oppositely directed where the potential contours are closest. At time 22:49 UT the
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Figure 1: Color-coded contours of the electron density as a function of longitude and altitude
at four times: 22:02 UT, 22:46 UT, 23:02 UT, and 23:14 UT.

potential contour lines have reconnected and bubble B is now directly coupled to bubble A.
Finally, at time 22:50 UT the process continues and plasma in bubble B can begin to flow
into bubble A. It is the direct connection of the electrostatic potential between bubbles A
and B that allows bubble B to merge with bubble A as shown in the lower right panel of
Fig. 1.

OBSERVATIONAL RESULTS

A wide-angle imaging system, the Portable Ionospheric Camera and Small Scale Observatory
(PICASSO), was installed on Tahiti (geographic: 17.56 S, 210.43 E; geomagnetic: 15.03
S, 285.73 E) at the end of January 2014. By utilizing narrowband interference filters,
PICASSO obtains images of specific nightglow emissions that naturally occur in the earths
ionosphere/thermosphere over an approximately 120◦ field-of-view. Here, we use images
of the emission occurring at 630.0 nm, caused by the dissociative recombination of O+
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[Link and Cogger, 1988], which has a peak emission altitude of approximately 250 km.
This emission has a long history of being used to study the spatio-temporal development
of equatorial plasma bubbles (EPBs), which show up in the images as elongated dark
bands, typically moving from west to east (see Makela (2006) and references therein).
The wide field-of-view of PICASSO, approximately 1000 km at the altitude of the 630.0-
nm emission, allows the simultaneous observation of multiple EPBs as they drift over
the observation site. The high temporal cadence of the images, approximately 2-3 min-
utes, allows for studying the development of the primary and secondary depletion structures.

In Fig. 3 we present four images of equatorial plasma bubbles from Tahiti using PICASSO
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Figure 2: Color-coded contours of the electron density as a function of longitude and altitude
at three times: 22:48 UT, 22:49 UT, and 22:50 UT. The electrostatic potential contours are
shown in white, with a single contour value highlighted in dark red. The arrows on this
contour level indicate the direction of plasma flow.

to image the 630.0-nm emission on July 5, 2014. The image times are 00:09:19 LT (a),
00:23:03 LT (b), 00:36:48 LT (c), and 00:50:32 LT (d) (roughly 14 min apart). Because the
imaging system is in the southern hemisphere, the bubbles form at the top of each panel and
rise toward the bottom of each panel (i.e., to larger latitudes). We label two bubbles A and
B similar to the labeling in Fig. 1. In panel (a) the two bubbles are distinct and separated.
In panel (b) bubble B has bifurcated and is moving towards bubble A. In panel (c) bubble
B appears to be merging with bubble A. And lastly, in panel (d) the two bubble B has
merged with bubble A. This sequence is very similar to the simulation results shown in Fig. 1.

SUMMARY

We have studied the merging of equatorial plasma bubbles using the NRL code SAMI3/ESF.
It appears that bubbles merge through an ‘electrostatic reconnection’ process: as multiple
bubbles develop, the electrostatic potential associated with one bubble can connect with
that of a neighboring bubble which allows a pathway for the low density plasma in one
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Figure 3: Four images of equatorial plasma bubbles from Tahiti using PICASSO on July 5,
2014.

bubble to flow into the adjoining bubble. For this to occur there must be a diffusive process
(e.g., collisionality) that allows reconnection to occur and a change in topology (i.e., flow
fields). This is analogous to the physics of magnetic reconnection. Additionally, for this
to occur there must be a strong asymmetry in adjacent bubbles such that the E × B
flows are oppositely directed, i.e., the vorticity (∇ × V) is the same sign between the two
merging bubbles. We have also presented optical data of equatorial plasma bubble evolu-
tion that suggests bubble merging occurs. However, this merging process does not appear
to lead to significantly broader depletions. Further details can be found in Huba et al. (2015).
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