
The zonal motion of equatorial plasma bubbles
relative to the background ionosphere
Hyosub Kil1, Woo Kyoung Lee2, Young-Sil Kwak2, Yongliang Zhang1, Larry J. Paxton1, andMarcoMilla3

1The Johns Hopkins University Applied Physics Laboratory, Laurel, Maryland, USA, 2Korea Astronomy and Space Science
Institute, Daejeon, South Korea, 3Radio Observatorio de Jicamarca, Instituto Geofísico del Perú, Lima, Peru

Abstract The zonal motions of plasmas inside equatorial plasma bubbles are different from those in
the background ionosphere. The difference was explained in terms of the tilt of bubbles by recent studies,
but observational evidence of this hypothesis has not yet been provided. We examine this hypothesis and,
at the same time, look for an alternative explanation on the basis of the coincident satellite and radar observations
over Jicamarca (11.95°S, 76.87°W) in Peru. In the observations at premidnight by the first Republic of China
satellite (altitude: 600 km, inclination: 35°), plasmas inside bubbles drift westward relative to ambient plasmas.
The same phenomenon is identified by radar observations. However, the relative westward plasma motions
inside bubbles occur regardless of the tilt of bubbles, and therefore, the tilt is not the primary cause of the
deviation of the plasma motions inside bubbles. The zonal plasma motions in the topside are characterized by
systematic eastward drifts, whereas the zonal motions of plasmas in the bottomside backscatter layer show
amixture of eastward andwestward drifts. The zonal plasmamotions inside backscatter plumes resemble those
in the bottomside backscatter layer. These observations indicate that plasmas inside bubbles maintain the
properties of the zonal plasma motions in the bottomside where the bubbles originate. With this assumption,
the deviation of the zonal motions of plasmas inside bubbles from those of ambient plasmas is understood
in terms of the difference of the zonal plasma flows in the bottomside and topside.

1. Introduction

Our knowledge of the plasma motions in the equatorial F region relies on the observations of the incoherent
scatter radar (ISR) at the Jicamarca Radio Observatory (JRO) (11.95°S, 76.87°W) in Peru. Typically, the plasma
motions are upward andwestward during daytime and downward and eastward at night [e.g., Fejer et al., 1991].
In situ satellite observations show the existence of a similar diurnal drift pattern in other longitudes
[e.g., Coley and Heelis, 1989; Fejer et al., 1995, 2008; Kil et al., 2009; Scherliess and Fejer, 1999]. The ISR and in
situ satellite observations provide the plasma motions at all local times (LTs). However, the ISR observations are
available only for a few days in a month and the in situ satellite observations are not available continuously
at a local region. In addition to the ISR and in situ satellite observations, the phenomenon known as “bubble”
has been used as a tool for measuring the zonal plasmamotion at night [Abdu et al., 1985, 1987; Basu et al., 1991,
1996; Bhattacharyya et al., 2001; de Paula et al., 2010; Immel et al., 2003; Kil et al., 2000, 2002; Liu et al., 2013;
Makela, 2006; Martinis et al., 2003; Park et al., 2007; Sobral and Abdu, 1990; Valladares et al., 1996]. Bubbles
indicate the structures or regions in which the plasma density is smaller than the ambient plasma density. The
low plasma density inside a bubble is associated with the transport of low-density plasmas in the bottomside
F region into a higher-altitude region. The formation of a steep plasma density gradient in the bottomside
and the occurrence of upward plasmamotions just after sunset provide a favorable condition for the creation of
bubbles by the Rayleigh-Taylor instability [Kelley, 1989; Sultan, 1996]. Bubbles appear as nightglow suppressions
in optical observations [e.g., Makela, 2006], and the electron density irregularities inside bubbles produce
radio scintillation [e.g., Basu and Basu, 1981] and coherent backscattering [e.g., Woodman and La Hoz, 1976].
The zonal plasma motions are derived from those observations.

Bubbles have been used as tracers of the zonal motion of the bubble-embedded background ionosphere.
However, differences exist between the plasma motions inside bubbles and in the background ionosphere [e.g.,
Huang et al., 2010; Kudeki and Bhattacharyya, 1999]. Recent studies [Huang et al., 2010; Liu et al., 2013]
explained the difference in terms of the tilt of bubbles. Following this hypothesis, the zonal drift of plasmas
inside a bubble relative to the background ionosphere is westward when the bubble is tilted westward and
eastward when the bubble is tilted eastward. The relative westward or eastward plasma motions inside a tilted
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bubble were explained by the polarization electric field induced by the plasma density gradient between the
bubble and background ionosphere [Huang et al., 2010]. However, the deviation of the zonal plasma motions
inside bubbles exists regardless of the tilt of bubbles in radar observations [e.g., Kudeki and Bhattacharyya, 1999].
From our own investigation of radar observations, we found that the fluctuations in the zonal plasma velocity are
comparable to or even greater than the fluctuations in the vertical plasma velocity inside upright bubbles. The
large fluctuations in the zonal plasma velocity inside upright bubbles are difficult to explain by the polarization
electric field described above because the vertical component of the polarization electric field that drives the
zonal plasma motion is zero inside an upright bubble. These observations raise a question about the hypothesis
described above.

In this study, we provide an alternate explanation for the plasma motions inside bubbles based on the
simultaneous satellite and radar observations. We also examine the hypothesis described above. Huang et al.
[2010] validated their hypothesis using model simulation results, but the hypothesis has not yet been validated
by observations. From the observations of the first Republic of China satellite (ROCSAT-1) (altitude: 600 km,
inclination: 35°) [Yeh et al., 1999] fromMarch 1999 to June 2004, we have searched for bubbles over JRO on the
days when either the observations from the ISR or the 50 MHz coherent scatter radar, Jicamarca Unattended
Long-term Investigations of the Ionosphere and Atmosphere (JULIA) [Hysell and Burcham, 1998], are available.
We have found six events, and we report those events here.

2. Observations
2.1. Comparison of the ROCSAT-1 and JULIA Observations

The coincident observations of bubbles by ROCSAT-1 and JULIA occurred on 3 February 2001, 2 January 2002,
16 September 2002, and 2 October 2002. Bubbles were detected at premidnight on the first 3 days and
at postmidnight on the last day. The ROCSAT-1 and JULIA observations at premidnight are shown in Figure 1:
(a) 3 February 2001, (b) 2 January 2002, and (c) 16 September 2002. On each day, the ROCSAT-1 orbit (blue line),
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Figure 1. The ROCSAT-1 and JULIA observations on (a) 3 February 2001, (b) 2 January 2002, and (c) 16 September 2002.
(top row) The ROCSAT-1 orbits (blue lines), (middle row) the ROCSAT-1 observations of plasma density (black lines) and
zonal plasma velocity (red lines), and (bottom row) the JULIA observations of the backscatter powers. In Figure 1 (top row),
the magnetic equator is shown by a black dashed line. In Figure 1 (middle row), the blue thick curves over the red curves
are the five-point averaged zonal velocities. The magnetic apex heights of ROCSAT-1 orbits are shown by red dots.
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ROCSAT-1 observations of plasma density (black line) and zonal plasma velocity (red line), and JULIA observation
of the backscatter power (signal-to-noise ratio (SNR)) are shown from the top to the bottom. The magnetic
equator is shown by a black dashed line in the map. The ROCSAT-1 observations are 1 s averaged data. In the
middle panels, the blue thick curves over the red curves are the five-point averaged zonal velocities. The bubbles
detected over JRO are marked by the letters “A,” “B,” and “C.” The ROCSAT-1 orbits projected onto the magnetic
equator along the magnetic field lines (magnetic apex heights) are shown with red dots in the SNR maps.
Note that only those labeled bubblesmatch the plumes (vertical structures in the radar observations) at the same
LTs. Backscatter plumes are produced by the electron density irregularities inside bubbles.

In the ROCSAT-1 observations, the zonal motions of plasmas in the background ionosphere (ionosphere where
bubbles are absent) are steady eastward drifts. However, the plasma motions inside bubbles are turbulent.
On average, as the thick blue curves show, the plasma motions inside bubbles are westward relative to the
background ionosphere. The JULIA observations show that the bubbles labeled A, B, and C are associated with
nearly upright plumes. We can estimate the tilt angles of the plumes by calculating the horizontal drift distance.
With the use of the eastward drift velocity (~200 m s�1) of the background ionosphere observed by ROCSAT-1,
the tilt angles of plumes A, B, and C are approximately 18°, 0°, and 10°, respectively. Huang et al. [2010]
explained the relative westward plasma motions inside bubbles in terms of the tilt of bubbles, but
our observations show that the relative westward plasma motions occur at nearly upright plumes.

Figure 2 provides the JULIA observations of the plasma motions on (a) 3 February 2001, (b) 2 January 2002,
and (c) 16 September 2002. The westward and eastward plasma motions are distinguished by the black
and red arrows, respectively. In the figures hereafter, absolute velocities less than 50 m s�1 or greater than
500 m s�1 were not shown to minimize clutter. In the observation on 3 February 2001 (Figure 2a), the
zonal plasma motions vary with LT; the westward motions are dominant before 19.8 LT, the westward and
eastward motions are mixed at 19.8–20.3 LT, and then the eastward motions are dominant. The altitudinal
variation of the zonal plasma motion is not significant. The plumes at 20.0–20.5 LT and 20.8–21.2 LT are
developed above a horizontal backscatter layer which is considered to be produced by the electron density
irregularities in the bottomside F region. Although the ionosonde observations are not available on that day,
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Figure 2. The JULIA observations of the plasma velocities on (a) 3 February 2001, (b) 2 January 2002, and (c) 16 September
2002. The westward and eastward plasma motions are distinguished by the black and red arrows, respectively. The hmF2
is shown by thick blue lines in Figures 2b and 2c.
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our observations on other days clearly show that the backscatter layer below plumes is located below the
F peak height (hmF2). Here we emphasize the similarity of the turbulent zonal plasma motions inside plumes
and in the bottomside backscatter layer. For the plume at 20.0–20.5 LT, the westward and eastward motions
are mixed. On the other hand, eastward motion is dominant inside the plume at 20.8–21.2 LT. The difference of
the plasmamotions in the two plumes is consistent with the difference of the plasmamotions in the bottomside
backscatter layer at those intervals. The similarity of the plasma motions in the bottomside layer and plumes
is also visible in the observations on 2 January 2002 (Figure 2b) and 16 September 2002 (Figure 2c). The hmF2
values derived from the ionosonde observations at JRO are shown by thick blue curves. As described above,
the horizontal backscatter layers are located below the hmF2.

Figure 3 presents the ROCSAT-1 and JULIA observations at postmidnight on 2 October 2002. The ROCSAT-1
orbit and the measurements of the plasma density and zonal plasma velocity are shown in Figure 3a.
The fluctuations of the zonal plasma velocities are significant inside bubbles, but their motions relative to
ambient plasmas are not systematically westward or eastward. The JULIA observations of the backscatter
power and plasma velocities are shown in Figure 3b. The westward and eastward velocities are shown with
black and red arrows, respectively. The ROCSAT-1 orbit at the time of the pass over JRO is indicated by a blue
dot. On average, the numbers of black and red arrows are similar inside plumes, although westward and
eastward drifting tendencies exist in some local regions. The mixed zonal plasma motions inside plumes
are consistent with the ROCSAT-1 observation. The hmF2 derived from ionosonde observations is shown with
a blue line. Considering only a minor modulation of the height of the backscatter layer in the bottomside,
hmF2 may maintain about 500 km between 2.5 and 5.0 LT. The turbulent zonal plasma motions do not show
any notable difference between the regions below and above the estimated hmF2.

2.2. Comparison of the ROCSAT-1 and ISR observations

The coincident ROCSAT-1 and ISR observations of a bubble occurred at premidnight on 18 September and
13 December in 2001. Figure 4 is the same format as Figure 3 for the (a) ROCSAT-1 and (b) ISR observations on
18–19 September 2001. In the ROCSAT-1 observations, the zonal motion of the background ionosphere is
eastward with an average velocity of ~150 m s�1. Inside the bubble detected over JRO in Figure 4a, the
plasma motions relative to the background plasmas are eastward at the west (left) side and westward at
the east (right) side of the bubble. Because the ROCSAT-1 crossing time of the bubble is short (~50 s),
the variation of the zonal velocity along the ROCSAT-1 orbit is interpreted as a spatial variation. In the ISR
observations, the westward and eastward velocities are shown by black and white arrows, respectively.
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Figure 3. ROCSAT-1 and JULIA observations on 2 October 2002. (a) ROCSAT-1 orbit, plasma density, and zonal plasma
velocity. (b) JULIA observations of the plasma velocity. The westward and eastward plasma motions are distinguished
by the black and red arrows, respectively. The hmF2 is shown by a thick blue line. The magnetic apex height of ROCSAT-1
orbit is shown by a blue dot.
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The ROCSAT-1 orbit is marked by a blue dot and the hmF2 is shown with a thick blue line. The hmF2
reaches the peak height (~540 km) at 19 LT and then decreases with time. This observation is consistent
with the downward plasma motions after 19 LT. Ignoring the black arrows, eastward plasma flow exists all
over the ionosphere. The plasma motions are not precisely divided by the topside and bottomside; the
plasma flow just below hmF2 is the same as that in the topside. The black arrows (westward motions)
appear mostly in the regions where the backscatter power is strong. In other words, the westward flow is
a characteristic of the coherent backscatter region. Inside the plume, the westward flow is significant in
the left side, but the flow is eastward in the right side with a greater velocity than the velocities of
ambient plasmas. These properties exist in the bottomside backscatter layer where the plume originates.
The opposite flows inside the plume are consistent with the plasma velocities inside the bubble detected
by ROCSAT-1. Note that the left and right sides of the plume in Figure 4 correspond to the east and
west sides of the bubble, respectively, when the x axis is changed from time to longitude. Using the
eastward velocity (~150 m s�1) of the background ionosphere observed by ROCSAT-1, the tilt angle of the
plume detected around 22 LT is about 45°. Although the tilt of the plume in Figure 4b is much more
significant than the tilts of the plumes in Figure 1c, the zonal plasma motions inside plumes do not show
any notable dependence on the tilt angle.

Figure 5 is the same format as Figure 4 for the ROCSAT-1 and ISR observations on 13–14 December
2001. In the measurements of the zonal plasma velocity by ROCSAT-1 (Figure 5a), the drift of the
background ionosphere is eastward. The plasmas inside bubbles, including the bubble detected over
JRO, do not show a systematic westward or eastward motion relative to the background ionosphere.
These observations are consistent with the plasma motions in the ISR observations in Figure 5b.
Similar to the observations in Figure 4, the eastward flow exists in the whole ionosphere and the
westward plasma motions appear mostly in the regions where the backscatter power is strong. The
hmF2 is about 500 km at 20 LT. The vertical plasma motion is upward until 22 LT, near zero between
22 and 23 LT, and downward after 23 LT. By using those vertical plasma flows and the hmF2 before
20 LT, hmF2 is estimated to reach an altitude of 600 km at 22–23 LT and then decreases to about
400 km at 01 LT. For the eastward flow (white arrows), the plasma velocity increases after ~20 LT
and then decreases after ~23 LT. For the westward flow (black arrows), the plasma velocities before
~22 LT are greater than those after ~22 LT. These variations appear both below and above the
estimated hmF2. The ISR observations again demonstrate that the zonal plasma motions inside plumes
resemble those in the bottomside backscatter layer.
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Figure 4. ROCSAT-1 and ISR observations on 18–19 September 2001. (a) ROCSAT-1 orbit, plasma density, and zonal plasma
velocity. (b) ISR observations of backscatter power and plasma motion. The westward and eastward plasma motions are
distinguished by the black and white arrows, respectively. The hmF2 is shown by a thick blue line. The magnetic apex
height of ROCSAT-1 orbit is shown by a blue dot.
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3. Discussion

The vertical shear in the zonal plasma flow, characterized by the eastward flow in the topside and
westward flow in the bottomside, exists at premidnight [Kudeki et al., 1981; Tsunoda et al., 1981]. The
combination of the zonal shear flow with the prereversal enhancement [Fejer et al., 1991] produces a
vortex flow in the clockwise direction when the equatorial ionosphere is viewed northward. This
phenomenon is explained by the F region dynamo driven by neutral winds [Eccles et al., 1999; Haerendel
et al., 1992; Kudeki and Bhattacharyya, 1999]. In the ISR observations reported in early studies [e.g.,
Kudeki and Bhattacharyya, 1999], the vertical and zonal motions of plasmas in the topside are systematic,
whereas those in the bottomside backscatter layer are turbulent regardless of the existence of plumes
in the topside. Those properties also appear in our ISR observations. Bubbles detected in the topside
are produced by the transport of plasmas in the bottomside. If the plasma motions in the bottomside
and topside are different and those transported plasmas from the bottomside maintain the bottomside
plasma motions, then the motions of plasmas inside a bubble deviate from those of ambient plasmas.

This interpretation is supported by the observations of
similar turbulent plasma motions inside bubbles and in the
bottomside backscatter layer where the bubbles originate.

As the radar and satellite observations show, significant
difference exists between the zonal velocities of plasmas inside
and outside bubbles, although the tilts of bubbles are minor.
These observations contradict the hypothesis proposed by
Huang et al. [2010]. According to Huang et al. [2010], the
polarization electric field (Ep) develops perpendicular to
the envelope of a bubble due to the density gradient. The
schematic diagram in Figure 6 illustrates the tilt of a bubble
(gray region) and the direction of Ep in the longitude and
altitude frame. The diagram is the view of the equatorial plane
from the south. The direction of the magnetic field is northward
(into the paper). The tilt angle of the plume is given by θ.
Plasmas in the F region move perpendicular to the applied
electric field (E) and magnetic field (B) (i.e., E×B drift), and
therefore, the upward (Vm) and westward (Vz) plasma motions

Figure 6. Schematic illustration of the polar-
ization electric field inside a westward tilted
bubble. According to Huang et al. [2010],
the polarization electric field (Ep) is perpen-
dicular to the envelope of a bubble inside
the bubble (gray region). The vertical (Em)
and eastward (Ez) components of Ep drive
the westward and upward drifts of plasmas
inside the bubble.
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Figure 5. ROCSAT-1 and ISR observations on 13–14 December 2001. (a) ROCSAT-1 orbit, plasma density, and zonal plasma
velocity. (b) ISR observations of backscatter power and plasma motion. The westward and eastward plasma motions are
distinguished by the black and white arrows, respectively. The hmF2 is shown by a thick blue line. The magnetic apex
height of ROCSAT-1 orbit is shown by a blue dot.
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are driven by the eastward component (Ez) and upward component (Em) of Ep, respectively. The relationship
between the two velocity components is given by |Vz| = |Vm| tan θ. In all of our radar and satellite observations,
the average magnitudes of the fluctuations in the zonal velocities were greater than those in the vertical
velocities inside plumes. Substantial tilt angles are required to explain those observations by the effect of
the tilt. However, the large westward plasma motions at the bubbles of small tilt angles are not explained by
the effect of the polarization electric field. In our observations, the average eastward velocities of plasmas
inside bubbles are smaller than those of ambient plasmas. The smaller eastward velocity inside bubbles can
be caused by either an overall reduction of the eastward velocity or the existence of westward drifting
plasmas. If the vertical component of the polarization electric field were responsible for the reduced eastward
velocity, its effect would appear as a systematic reduction of the eastward velocity. However, our observations
show that the reduced eastward velocities inside bubbles are not caused by the systematic reduction of
the eastward velocities; it is primarily due to the existence of westward drifting plasmas. The mixture of the
westward and eastward plasma motions in random fashion is difficult to explain by the effect of the polarization
electric field.

Huang et al. [2010] claimed that the westward motions of plasmas inside a westward tilted bubble make the
envelope of a bubble drift eastward faster than the background because the plasmas at the east envelope are
transported to west. Following this hypothesis, the motions of plasmas inside a bubble are opposite to
the motion of the envelope. With an increase of the westward tilt angle, the plasmas at the east envelope
move westward faster. As a result, the eastward drift of the envelope relative to the background ionosphere
becomes faster with an increase of the westward tilt angle. Before we discuss the motion of the envelope of a
bubble, let us think about the definition of the envelope. The envelope may be considered to be the walls
that confine plasma depletions or turbulence. These walls are formed by the background plasmas. The
polarization electric field is effective inside the envelope, but it is not on the envelope. Otherwise, the plasmas
on the envelope will also be lifted and the region on the envelope will be depleted. Because the envelope
does not belong to a bubble, its movement represents the motion of the background ionosphere. When an
optical imager observes the zonal drift of a bubble, its observation is the movement of the envelope. The
zonal drift velocity of a bubble derived from scintillation observations can also be considered to be the drift
velocity of the envelope because the correlation time of the scintillation patterns at spaced receivers is
related to the zonal drift of the irregularity structure rather than the motion of individual plasmas. Thus, the
bubble velocities derived from those observations represent the motions of the background ionosphere.

The plasmas inside bubbles can be considered trapped plasmas by high-density ambient plasmas (or envelope).
The trapped plasmas maintain their turbulent motions inside the envelope, but their bulk motion is carried
by the envelope. Therefore, as the radar and in situ observations show, the velocities of the plasmas inside
bubbles and of ambient plasmas can be different. As time progresses, collisions between the trapped plasmas
and ambient plasmas reduce the difference. So, the difference may depend on LT as well as the zonal plasma
motions in the bottomside and topside.

4. Conclusions

We have investigated the plasma motions inside bubbles and the drift of bubbles relative to the bubble-
embedded background ionosphere using the simultaneous ROCSAT-1 and radar (ISR and JULIA) observations
over JRO. In the ROCSAT-1 observations at premidnight, plasmas inside bubbles showwestward drifts relative
to ambient plasmas regardless of the tilt of bubbles.

The observations of the relative westward drifts inside bubbles of small tilt angles indicate that the tilt is
not the primary cause of the deviation of the zonal plasma motions inside bubbles. The nighttime zonal
plasma motions are characterized by a systematic eastward drift in the topside. However, the zonal plasma
motions in the region where the coherent backscattering occurs are a mixture of the eastward and westward
motions. The similarity of the plasma motions inside plumes and in the bottomside backscatter layer
indicates that the plasma motions inside bubbles maintain the properties of the plasma motions in the
bottomside backscatter layer where the bubbles originate. On the basis of these observations, we interpret
the deviation of the motions of plasmas inside bubbles from those of ambient plasmas in terms of the
difference of the plasma flows in the bottomside and topside.
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