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[11 An unexpected feature revealed by the measurements of the Communication/
Navigation Outage Forecasting System (C/NOFS) satellite is the presence of broad plasma
depletions in the midnight-dawn sector during deep solar minimum. It has not been
well understood what causes the broad plasma depletions and how equatorial plasma
bubbles are related to the broad depletions. In this paper we present the C/NOFS
measurements of equatorial plasma bubbles and broad depletions in a few cases. The ion
density perturbations and enhanced ion vertical velocity are first identified in the topside
F region at ~2200 LT, suggesting that the plasma bubbles start to form earlier at lower
altitudes. The observations show that the plasma bubbles observed in the midnight-dawn
sector may originate in the evening sector. The plasma bubbles continue growing for more
than 3.3 h, and the decay time of the bubbles is also longer than 3.3 h. The continuous
growth of the plasma bubbles in the evening sector and the slow decay after midnight
determine that most plasma bubbles become fully developed and are easily detected in the
midnight—dawn sector. The plasma flow inside the bubbles remains strongly upward
throughout the entire nighttime. We propose the following mechanism for the generation
of wide plasma bubbles and broad depletions. A series of plasma bubbles is generated
through the Rayleigh-Taylor instability process over a large longitudinal range. These
plasma bubbles grow and merge to form a wide bubble (width of ~700 km as observed),
and multiple regular and/or wide bubbles can further merge to form broad plasma
depletions (thousands of kilometers in longitude). The ion vertical drift inside each plasma
bubble is driven by the polarization electric field and remains large after the bubbles have

merged. This mechanism provides a reasonable interpretation of the large upward ion

drift velocity inside the broad depletion region.
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1. Introduction

[2] The term “plasma bubble” is used to describe a region
in the nighttime equatorial ionosphere within which the
plasma density is significantly reduced. Woodman and
LaHoz [1976] first reported Jicamarca coherent scatter
radar observations of plume-like ionospheric structures.
They suggested that the plumes represent depleted plasma
density regions (plasma bubbles). Equatorial plasma bubbles
have been extensively studied since then in radar measure-
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ments [Tsunoda and White, 1981; Tsunoda, 1983; Kudeki
and Bhattacharyya, 1999; Fejer et al., 1999], in satellite
experiments [Hanson and Bamgboye, 1984; Aggson et al.,
1992; Burke et al., 2003], in rocket experiments [Kelley
et al, 1982, 1986; LaBelle and Kelley, 1986], and by
other measurements [Abdu et al., 2003; Sahai et al., 2005].
Plasma bubbles can ascend to thousands of kilometers at
their apex, and the depleted density regions can extend into
middle latitudes along the geomagnetic field lines [Burke
et al., 1979; Kelley et al., 2003; Makela and Kelley, 2003;
Huang et al., 2007; de La Beaujardiere et al., 2009].

[3] The physical mechanism for the generation of plasma
bubbles in the equatorial ionosphere has been well under-
stood. Plasma bubbles are generated through the nonlinear
evolution of the Rayleigh-Taylor instability [Haerendel,
1973]. The Rayleigh-Taylor instability is excited in the
bottomside F region and evolves into a plasma bubble that
penetrates the F peak to the topside F' region. Numerical
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simulations have reproduced the generation and evolution of
plasma bubbles [Scannapieco and Ossakow, 1976; Zalesak
et al., 1982; Huang and Kelley, 1996a, 1996b; Keskinen
et al., 2003; Keskinen and Vadas, 2009; Huba and Joyce,
2007; Huba et al., 2009a, 2009b; Krall et al., 2010a,
2010b; Retterer, 2010a, 2010b]. The plasma density inside
the bubbles can be decreased by 1 to 3 orders of magnitude.

[4] Whether seed perturbations exist in the bottomside
Fregion is an important factor that influences the generation
of plasma bubbles. Rottger [1973] reported observations of
large-scale structures of F' region irregularities and sug-
gested that the wavelike structures were produced by
atmospheric gravity waves. Kelley et al. [1981] suggested
that growth from thermal noise is unlikely to lead to the
large-scale equatorial plasma bubbles because of the low
growth rate of the Rayleigh-Taylor instability and that the
quasiperiodic ionospheric plumes observed by radars may
be seeded by gravity waves with the same periodicity.
Huang et al. [1993] analyzed the gravity wave initiation of
the plasma instability via spatial resonance and showed that
the instability grows and amplifies the gravity wave-induced
perturbations, resulting in the formation of plasma bubbles.
The numerical simulations of Huang and Kelley [1996a,
1996b] reproduced these processes. Recent observations
show that plasma bubbles can be indeed related to gravity
waves [Abdu et al., 2009; Takahashi et al., 2009; Makela
et al., 2010]. Besides gravity waves, Hysell et al. [2005a,
2005b, 2006] and Kudeki et al. [2007] suggested that
vertical shear in the zonal plasma drift in the bottomside
F region causes wave-like structures. These structures
appear to be able to seed ionospheric interchange instabilities
and initiate equatorial spread F.

[5] Note that a plasma bubble is also termed plasma
depletion when the decrease of the plasma density is
addressed. Because the typical width of a fully developed
plasma bubble is ~100 km in longitude, we use the term
“plasma bubble” to describe the plasma density decrease
over a relatively small range (e.g., tens to hundreds of
kilometers in longitude). The term, ‘wide bubbles’, is used
specifically for the plasma density decreases over several
hundreds of kilometers in longitude. If the plasma density
decreases occur over a very large longitudinal range (e.g.,
greater than 1000 km), they are not the conventional bubbles
and are termed “broad plasma depletions” in this paper.

[6] The Communication/Navigation Outage Forecasting
System (C/NOFS) satellite [de La Beaujardiere et al., 2004]
was launched in April 2008. Its scientific objectives are to
understand the physical processes that lead to the formation
of plasma bubbles and plumes in the nighttime equatorial
ionosphere. C/NOFS has been providing continuous mea-
surements of the low-latitude ionospheric ion density, ion
drift velocity, and electric fields. An unexpected feature
revealed by the C/NOFS measurements is the presence of
broad plasma depletions near dawn [Burke et al., 2009; de
La Beaujardiere et al., 2009; Huang et al., 2009; Kelley
et al., 2009; Su et al., 2009].

[7] Different mechanisms have been proposed to explain
the generation of the broad plasma depletions. Huang et al.
[2009] suggested that the formation of the broad plasma
decreases could be related to a cooling or downwelling of
the ionosphere and thermosphere in the equatorial region;
they ruled out the possibility of plasma bubbles as the
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cause. Huba et al. [2010], using numerical simulations of
the ionospheric model SAMI3, found that a postmidnight
enhancement of the eastward electric field can cause the
formation of the equatorial plasma depletions near dawn.
The effect of the eastward electric field is similar to equa-
torial fountain and is also not involved with plasma bubbles.
The broad plasma depletions are independent from equato-
rial plasma bubbles in both mechanisms.

[8] On the other hand, C/NOFS often detects equatorial
plasma bubbles besides broad depletions, and the upward
ion drift velocity is 100-300 m s ' inside the bubbles. It has
not been understood how individual plasma bubbles are
related to the broad plasma depletions, where the plasma
bubbles and depletions start to occur, and why most plasma
bubbles and depletions are observed near dawn. In this
study, we analyze the generation and evolution of plasma
bubbles and propose a new causal mechanism of the broad
plasma depletions near dawn.

2. Observations

[v] C/NOFS is a low-inclination (13°) satellite, with
orbital period of 100 min. The orbit of C/NOFS can be very
close to the magnetic equator over a large longitudinal
range. If an equatorial plasma bubble exists for longer than
100 min, the bubble can be detected by successive passages
of C/NOFS. Therefore, C/NOFS is able to measure the
growth and evolution of long-lasting plasma bubbles.

[10] We present the ion density and ion vertical velocity
measured by the C/NOFS satellite over six successive orbits
on 18 August 2008 in Figure 1. Figure 1a shows the latitude
and altitude of C/NOFS, Figure 1b shows the ion density,
and Figure 1c shows the ion vertical velocity. The ion
density and ion velocity during each orbit are plotted in the
same row. For each orbit, the orbit number is given in
Figure la, and the UT interval during which C/NOFS
flies over the local time range of 2000-0600 is given in
Figure 1b. All data are plotted as a function of solar local
time at the satellite position. The shift of continents from
one orbit to next corresponds to the rotation of the Earth.
The ion vertical velocity in Figure 1c is calculated from the
electric field measured by the Vector Electric Field Instru-
ment (VEFT) on board C/NOFS [Pfaff et al., 2010]. We have
converted the electric field into ion drift velocity to show the
plasma movement. For the VEFI data, the “vertical” direc-
tion (termed as “meridional” in the VEFI data system) is
defined as the vector product of the zonal direction and the
direction of the magnetic field. This direction is vertical at
the magnetic equator and may become slightly different
from, but still close to, the vertical direction at off-equatorial
positions.

[11] We first analyze the plasma bubble marked by the
yellow bar. During orbit 1830 (the top row of Figure 1),
C/NOFS detects an ion density enhancement at ~2030 LT.
C/NOFS is located at 8° magnetic latitude (MLat), and its
altitude is 620 km (see Figure la). Plasma enhancements
associated with equatorial plasma bubbles can be generated
at off-equatorial locations [Le et al., 2003; Krall et al.,
2010b] and just above the upper boundary of the plasma
depletion [Retterer, 2010a]. In both processes, the ion ver-
tical velocity inside the density enhancement region is
increased. However, the ion vertical velocity in the density
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Figure 1. (a) Low-latitude ionospheric ion density and ion vertical velocity measured by the C/NOFS
satellite on 18 August 2008. The green line depicts the continents, the blue line depicts the magnetic
equator, the red line represents the latitude of C/NOFS, and the dashed magenta line represents the altitude
(in kilometers) of C/NOFS labeled on the right. (b) The ion density and (c) ion vertical velocity are plotted.
The yellow shading denotes a plasma bubble, and the gray shading denotes a broad plasma depletion.

enhancement region is nearly the same as that in the back-
ground plasma during orbit 1830. It cannot be determined
whether the plasma enhancement at ~2030 LT is related to
an equatorial plasma bubble.

[12] During orbit 1831, the density enhancement near the
west coast of South America is again detected when C/NOFS
is very close to the magnetic equator, and the ion density
starts to decrease at the eastern edge of the enhancement.
The ion vertical velocity in the density enhancement region
becomes ~100 m s ', much higher than the background
plasma drift. The large upward ion velocity at ~2210 LT is
consistent with the Rayleigh-Taylor instability process [Le
et al., 2003; Krall et al., 2010b; Retterer, 2010a] and can
be considered as the signature of the instability. In other
words, the plasma bubble, or its signature, caused by
the Rayleigh-Taylor instability has reached the altitude of

C/NOFS during orbit 1831. The C/NOFS measurements are
made at 527 km altitude, above the F peak. The Rayleigh-
Taylor instability should have been excited in the bottom-
side F' region at an earlier time, before 2210 LT.

[13] A plasma bubble becomes very clear at ~0000 LT
during orbit 1832. This bubble appears to grow from the
density decrease at the eastern edge of the ion density
enhancement during orbit 1831. The plasma bubble becomes
well developed at ~0140 LT during orbit 1833. The ion
density inside the bubble is decreased by more than 2 orders
of magnitude, and the ion vertical velocity is 100-150 ms™".
The plasma bubble at that longitude is also detected by
C/NOFS through orbits 1834 and 1835.

[14] The ambient ion density shows a broad minimum at
~0500 LT during orbit 1831. No plasma bubble activity
occurs there, and the ion vertical velocity is downward and
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does not change much between 0400 and 0600 LT. This
density minimum represents the normal variation with
local time. In contrast, the ion density inside the bubble at
~0500 LT during orbit 1835 is decreased by 2—3 orders of
magnitude, and the ion vertical velocity is ~100 m s~' and
upward. The large plasma reductions with enhanced upward
plasma flow near dawn are plasma bubbles.

[15] In order to understand why the plasma bubble starts
to occur in the evening sector, we examine the vertical
velocity during orbits 1830 and 1831. Note that the ion
velocity (electric field) is measured at different latitudes and
altitudes. The latitudinal range of the C/NOFS orbit is £13°
geographic. Because of the offset between geographic and
geomagnetic latitudes, the C/NOFS orbit varies between
+23° in magnetic latitude. The altitude range of the C/NOFS
orbit is 405-845 km. The ion velocity in this study has not
been normalized to the magnetic equator or to a single
altitude. The analysis of the VEFI data by Pfaff et al. [2010]
shows that the average pattern of the electric field measured
by the VEFI is consistent with the pattern derived from the
Jicamarca radar measurements. The variation of the ion
vertical drift with local time along the satellite track should
approximately represent the variation over the magnetic
equator. The ion vertical velocity is 40-50 ms ™' at~1800 LT
and remains upward in the evening sector (1800-2100 LT);
the data before 2000 LT are not plotted in Figure 1. The
upward plasma drift moves the F region to high altitudes
conducive to the generation of the plasma bubble.

[16] We want to emphasize that the orbit of C/NOFS is
very suitable for tracing the evolution of the plasma bubble.
C/NOFS is at, or very close to, the magnetic equator when it
flies over the west coast of South America during four
successive orbits (1831-1834) in this case, and its altitude
varies in the range of 400—600 km. In particular, C/NOFS
does not detect other major depletions, except for the one
marked by the yellow shading, over the Pacific Ocean and
South America. The existence of an isolated plasma bubble
over a large longitudinal range excludes the possibility that
each C/NOFS orbit detects a different bubble. The shift of
the bubble in local time is caused primarily by the Earth’s
rotation. The region of the bubble has rotated to the morning
sector (after 0600 LT) during orbit 1836. The zonal drift of
plasma bubbles causes the change of the position (longitude)
of the bubbles and will be discussed later.

[17] We estimate the duration during which the plasma
bubble is growing. The linear growth time of the Rayleigh-
Taylor instability is the reciprocal of the linear growth rate
and must be short (e.g., ~15 min) for the instability to grow
into a plasma bubble. However, a plasma bubble is not
expected to form within the linear growth time. The
Rayleigh-Taylor instability undergoes first linear growth
and then nonlinear growth to form a topside plasma bubble.
Simulations show that the plasma perturbations caused by
the Rayleigh-Taylor instability take, in general, 30—60 min
to penetrate the F' peak, depending on the altitude profile of
the F region plasma and other parameters [Scannapieco and
Ossakow, 1976; Zalesak et al., 1982; Huang and Kelley,
1996a, 1996b; Keskinen et al., 2003; Keskinen and Vadas,
2009; Huba and Joyce, 2007; Huba et al., 2009a, 2009b;
Krall et al., 2010a, 2010b; Retterer, 2010a, 2010b]. Fur-
thermore, a plasma bubble, after penetrating the F peak,
continues to move upward and to grow to a larger size in the
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zonal/longitudinal direction. The simulations of Huba et al.
[2009a] and Krall et al. [2010a] show that a plasma bubble
continuously grows and ascends for ~4 h. Note that the
growth time discussed here is not the linear growth time of
the Rayleigh-Taylor instability. The growth time of a
plasma bubble includes the linear and nonlinear growth of
the Rayleigh-Taylor instability and the resultant bubble.
Because the orbit of C/NOFS is in the topside F region, we
cannot determine the time when the instability is excited in
the bottomside F region and the time when the bubble
reaches the maximum altitude from the C/NOFS data alone.

[18] Instead, we examine the size of a plasma bubble in
the longitudinal direction. The bubble is still growing if it
becomes wider and deeper. The signature of the plasma
bubble/Rayleigh-Taylor instability in the case of Figure 1 is
detected by C/NOFS at ~2210 LT during orbit 1831, and a
well developed, wide bubble is detected at ~0140 LT during
orbit 1833. As will be discussed later, the wide bubble may
result from merging of several bubbles with smaller size.
The smaller bubbles, or the single wide bubble, must be
growing for the merging to occur. The observations suggest
that the plasma bubble grows over two complete orbits
(3.3 h). Because the Rayleigh-Taylor instability must have
been excited at earlier time than it reaches the C/NOFS
altitude, the growth time of the plasma bubble is longer than
33 h.

[19] Similarly, we can estimate how long the plasma
bubble takes to decay. The plasma bubble becomes the
deepest and widest during orbit 1833, and its size does not
grow after that time. The plasma particles inside the bubble
are still moving upward during orbits 1834—1835. The
plasma bubble does not significantly decay and does not
become a dead/fossil bubble over two complete orbits
(3.3 h). When the bubble approaches dawn, the newly pro-
duced electrons and ions by photoionization rapidly fill the
depleted region, so the bubble disappears there. The decay
time of the plasma bubble is also longer than 3.3 h.

[20] We now discuss the broad plasma depletion denoted
by the gray bar in Figure 1. C/NOFS detects ion density
enhancements and large upward ion vertical velocity (100—
200 m s~ ') between —10° and —23° MLat during orbit 1830,
as shown in the top row of Figure 1. The large upward ion
velocity and ion density enhancements at the off-equator
locations are consistent with the existence of equatorial
plasma bubbles [Le et al., 2003; Krall et al., 2010b;
Retterer, 2010a]. During orbit 1831, C/NOFS is closer to the
magnetic equator and detects both increase and decrease of
the ion density. The location of C/NOFS at this time should
be near the boundary between the plasma density decrease
in the equatorward side and the density enhancement in the
poleward side. After that, C/NOFS detects decreases of the
ion density in this longitude region during orbits 1832—
1834. The ion density is reduced by 2—3 orders of magni-
tude over a longitudinal range of ~20° (2200 km) when this
region reaches ~0500 LT. This is a typical example of broad
plasma depletions observed by C/NOFS near dawn.

[21] An important feature of the plasma bubble denoted
by the yellow bar in Figure 1 is the large size in the lon-
gitudinal direction. A plasma bubble is a region of depleted
plasma. This depleted region is generally enclosed on three
sides (top, east, and west) in the plane transverse to the
magnetic field and extends along the magnetic field lines.
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Figure 2. Longitudinal variations of the ion density and velocity during C/NOFS orbits 1832 and 1833
on 18 August 2008. The yellow shading denotes a plasma bubble, and the gray shading denotes a broad

plasma depletion.

The three-dimensional structure of plasma bubbles has been
well reproduced in numerical simulations [Huba et al.,
2009a; Keskinen and Vadas, 2009; Krall et al., 2010a;
Retterer, 2010a]. However, a satellite can make measure-
ments only along its track. Because the orbit of C/NOFS is
very close to the magnetic equator in this case, C/NOFS
measures the variations of the plasma density in the west-
east direction. The distance between the trailing and leading
edge of the depleted region along the C/NOFS track
represents the distance between the west and east wall of the
plasma bubble. In other words, the distance is the width of
the bubble in the zonal direction, rather than the extension of
the bubble along the magnetic field lines.

[22] In order to show the detailed variations of the iono-
spheric parameters inside the plasma bubble and depletion,
we replot the ion density and velocity during orbits 1832
and 1833 in Figure 2. We use the sharp decrease of the ion
density from its background value to determine the bound-
ary of the plasma bubble. The plasma bubble, denoted by
the yellow shading, has a zonal/longitudinal width of
~1.6° (177 km) during orbit 1832 (Figure 2a). This plasma

bubble becomes much wider and deeper during orbit 1833
(Figure 2c¢), and its width is ~6° (677 km). There is no ion
velocity data in the bubble region during orbit 1832
(Figure 2b). The ion vertical velocity is ~100 m s~' inside
the wide bubble during orbit 1833 (Figure 2d).

[23] The broad plasma depletion is denoted by the gray
shading in Figure 2. The longitudinal coverage of the
plasma depletion is ~20° (2200 km). The ion vertical
velocity inside the depletion region reaches 300 m s '
during orbit 1832 and becomes ~100 m s ' during orbit
1833. In particular, the ion vertical velocity inside the
depletion region shows three peaks in Figure 2b, and each of
the velocity enhancements covers 6-7° in longitude.

[24] As can be seen in Figure 1, the position (longitude) of
the plasma bubble, denoted by the yellow shadings, is
relatively constant. However, this does not mean that the
plasma bubble is fixed in longitude. In fact, plasma bubbles
and spread F irregularities move in the zonal direction [4bdu
et al., 1985; Valladares et al., 1996; Immel et al., 2003;
Park et al., 2007; Huang et al., 2010]. The zonal drift of
plasma bubbles is eastward (~100 m s~ ') at 1900-2000 LT,
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Figure 3. The ionospheric ion density and ion zonal velocity measured by C/NOFS during two succes-
sive orbits on 18 August 2008. The yellow and gray shadings denote the wide plasma bubble and the
broad depletion, respectively. The zonal velocity is positive in the eastward direction. The solar local time

is given at the top.

gradually decreases toward midnight, reverses direction at
0300-0400 LT, and becomes westward near dawn. The
zonal drift of plasma bubbles is closely related to the
ambient plasma drift but is generally higher than the back-
ground plasma drift [Valladares et al., 1996; Immel et al.,
2003].

[25] In our case, a change of the position (longitude) of
the plasma bubble indeed occurs and is caused by the zonal
drift of the bubble. We use the C/NOFS measurements to
estimate the zonal drift velocity of the plasma bubble. We
plot in Figure 3 the ion density and ion zonal velocity during
orbit 1833-1834. The plasma bubble and broad depletion
are marked as 1a and 2a during orbit 1833 and as 1b and 2b
during orbit 1834, respectively. We take the positions of the
midpoint of the bubble to calculate the zonal drift velocity.
If we assume that bubbles 1a and 1b are the same bubble,
the zonal drift velocity is 18 m s~ eastward. Similarly, we
assume that depletions 2a and 2b are the same one and find
that this depletion has a westward drift velocity of 40 m s~
Previous studies show that the zonal drift velocity of ESF
irregularities and plasma bubbles is generally eastward
and reverses to westward near dawn [Abdu et al., 1985;
Valladares et al., 1996; Immel et al., 2003; Park et al.,
2007; Huang et al., 2010]. In our case, during the two
orbits, the plasma bubble (1a, 1b) is located at 0100—0330 LT,
and the broad depletion (2a, 2b) is located at 0330-0500 LT.
A small eastward drift velocity for the bubble and a rela-
tively large westward drift velocity for the depletion are
consistent with the previous results. The bottom panels of
Figure 3 show the ion zonal drift velocity measured by the
VEFI on board C/NOFS. The zonal velocity of the back-
ground ions is generally eastward outside the bubble (yellow
shading) and westward outside the depletion (gray shading).
The direction and value of the zonal drift estimated from the

change of the longitude of the bubble/depletion are consis-
tent with the measured ambient plasma drift.

[26] The zonal drift velocity of plasma bubbles can be
used to identify whether we are tracing the right bubble. If
we use bubble 1a and bubble 2b to calculate the zonal drift
velocity, the zonal velocity would be ~400 m s~ eastward.
Such a large eastward drift velocity is unrealistic for plasma
bubbles in the midnight—dawn sector, so bubbles 1a and 2b
are not the same bubble.

[27] We present another case in which the generation and
evolution of plasma bubbles show similar characteristics.
This case occurred on 7-8 June 2008, and the C/NOFS data
are plotted in Figure 4. In this case, the plasma bubble is
located near the east coast of the African continent, as
denoted by the yellow bars. The position of this bubble is
not fixed in longitude. The shape of the bubble does not
change much between orbits 775 and 776, and the zonal
drift velocity of the bubble is ~20 m s ' eastward. This zonal
drift velocity is reasonable.

[28] During orbit 772, the ion density and velocity do not
show any obvious perturbations at the east coast of Africa.
An increase of the ion density and a corresponding increase
of the upward ion velocity are detected at ~2200 LT during
orbit 773; C/NOFS is located at —6° MLat and at 446 km
altitude. The enhanced ion density and ion velocity are
likely to be the signature of a plasma enhancement caused
by an equatorial plasma bubble [Le et al., 2003; Krall et al.,
2010b; Retterer, 2010a]. During orbit 774, a narrow plasma
bubble is detected by C/NOFS over the magnetic equator,
and the ion upward velocity is ~200 m s ' inside the bubble.
The plasma bubble becomes fully developed at ~0110 LT
during orbit 775, and the ion vertical velocity reaches
300 m s '. The plasma bubble is growing for 3.3 h between
orbit 773 and 775. In addition, the Rayleigh-Taylor insta-
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Figure 4. Same as Figure 1 but for the period from 1721 UT on 7 June 2008 to 0207 UT on 8 June 2008.

bility must have been excited before the signature of the
bubble is detected by C/NOFS during orbit 773. Therefore,
the growth time of the bubble is longer than 3.3 h. The ion
vertical velocity remains strongly upward (~200 m s ')
during orbits 776 and 777, and the bubble does not become
a dead bubble when it reaches ~0430 LT. The decay time of
the bubble is also longer than 3.3 h.

[20] The ion vertical velocity during orbits 772-777 is
plotted in Figure 5a. The upward ion velocity is significantly
enhanced between 1600 and 1900 LT during orbits 772 and
773. This increased upward drift near dusk may play a role
similar to the prereversal enhancement [Fejer et al., 1991,
2008] and cause the generation of the plasma bubble. The
detailed variations of the ion density and velocity are plotted
in Figures 5b and 5c for the local time range of 1800-2400.
The yellow bar denotes the enhancements of the ion density
and velocity during orbit 773. The gray bar denotes the same
longitudinal region in the previous orbit (orbit 772). There is
no obvious perturbation in the ion density and velocity

during orbit 772. However, because C/NOFS is located at
523 km altitude at —12° MLat, it cannot detect plasma
perturbations in the bottomside equatorial F region. It is
uncertain whether there are initial perturbations in the bot-
tomside F' region for the excitation of the Rayleigh-Taylor
instability.

[30] Figures 5d and Se show the longitudinal variations of
the plasma bubble during orbit 776. The ion density near the
center of the bubble becomes smaller than the instrumental
lower limit (100 cm >) and may not be reliable; we use a
dotted line to denote this portion and do not show the data
(Figure 5d). The ion vertical velocity, plotted in Figure Se,
has continuous data coverage and shows three peaks inside
the bubble. The width of this plasma bubble is 6.3° (~700 km)
in longitude.

[31] The plasma bubbles in the two cases of 18 August
2008 and 7-8 June 2008 start to grow in the evening sector
and corotate with Earth to the postmidnight sector. This
does not mean that all plasma bubbles observed in the
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Figure 5. (a) Low-latitude ionospheric ion vertical velocity as a function of local time measured by the
C/NOFS satellite during the period from 1721 UT on 7 June 2008 to 0207 UT on 8 June 2008. (b and c)
The ion vertical velocity and ion density measured by C/NOFS in the local time range of 1800-2400.
(d and e) The ion density measured by C/NOFS during orbit 776. The ion density is plotted as a function

of longitude to show the longitudinal variations of the ion density and velocity.

postmidnight sector originate in the evening sector. Here we
show an example in which the plasma bubble forms rapidly
in the postmidnight sector. This case occurred on 13 June
2008, and the C/NOFS data are plotted in Figure 6. During
orbit 851, C/NOFS detects only very small perturbations in
the ion density and ion velocity near the west coast of the
African continent, suggesting that no significant bubble
structures exist at the moment. In contrast, a large plasma
bubble is detected during orbit 852, and the ion vertical
velocity inside the bubble reaches 300 m s'. The C/NOFS
measurements during orbit 851 and 852 imply that this
plasma bubble grows rapidly within the period of one
complete orbit (~100 min). The plasma bubble corotates
with Earth to ~0350 LT during orbit 853, and the ion ver-
tical velocity is still larger than 300 ms~'. If we take a closer
look at the C/NOFS orbits in Figure 6a, we can see that the
plasma bubble has moved westward between orbit 852 and
853. In other words, the plasma bubble has a westward drift
velocity near dawn, consistent with the measurements in
other cases. During orbit 854, the west coast of the African
continent is at ~0600 LT, and a broader plasma depletion is
located at ~0445 LT, as denoted by the gray bar. If the
depletion at ~0445 LT during orbit 854 was the same bubble
at ~0350 LT during orbit 853, the plasma bubble would
have a westward drift velocity of 370 m s~'. Such a large
westward drift velocity is unrealistic, so the plasma deple-

tion during orbit 854 is unlikely to be the plasma bubble
during the previous orbit.

3. Discussion

[32] The C/NOFS satellite often detects plasma bubbles
and broad plasma depletions in the midnight-dawn sector
during the current deep solar minimum [Burke et al., 2009;
de La Beaujardiere et al., 2009; Huang et al., 2009; Kelley
et al., 2009]. Miller et al. [2010] analyzed the occurrence of
equatorial plasma depletions observed by optical airglow
images and coherent backscatter in the central Pacific sector.
They found an increase in postmidnight equatorial irregu-
larity/bubble activity during the recent solar minimum.
Their findings are consistent with the broad plasma deple-
tions detected by C/NOFS near dawn. This paper addresses
where the postmidnight plasma depletions originate and
how the depletions are formed. We have analyzed three
cases. An enhanced upward plasma drift, similar to the
prereversal enhancement, is an important factor that controls
the generation of plasma bubbles in the evening sector. In
the cases of 18 August 2008 and 7-8 June 2008, the ion
vertical velocity is upward near 1800—-1900 LT. The per-
turbations in the ion density and ion vertical velocity are
first observed around 2200 LT. The observations show that
the plasma bubbles start to form in the evening sector and
become fully developed in the postmidnight sector. The

8 of 13



A03309

(a) C/NOFS Orbit

HUANG ET AL.: BUBBLES AND DEPLETIONS

(b) lon Density

A03309

(c) lon Vertical Velocity

ALT
Orbit 851 —
. ! < 10° @ 150
(0] I 1S
o 3 =
= § 10 s 0
5] = o
1 2 2 >I
15 107t 01:19-01:58 UT > -150
ALT
— — » 150
g ? £
= § = (1
© ~ [0
8 = > >
0] Z 10"} 02:56-03:35 UT ' —150
¥ = ALT
Orbit 853 —
5 ' . @ 150
3 i E
= § < 0L,
5] = o
— 2 2 >|
10 107} 04:33-05:12 UT <! -150
= 10* @ 150
g T E
= § 10 £ 0fw |
5] < o
3 = > >
0] Z 10"} 06:10-06:49 UT ' —150
20 2 0 2 4 6 20 2 0 2 4 6
LT (hour) LT (hour)

Figure 6. Same as Figure 1 but for 13 June 2008.

plasma bubble in the case of 13 June 2008 is generated in
the postmidnight sector. In these cases, the south-north
component of the interplanetary magnetic field (IMF) was
fluctuating between —5 and 5 nT, the Dst index was larger
than —30 nT, and no magnetic storm activity was involved.
The plasma bubbles occurred during magnetic quiet times.

[33] The persistence of a plasma bubble is determined by
the growth and decay time. The simulations of Huba et al.
[2009a] and Krall et al. [2010a] show that the entire
growth time of a plasma bubble, from the excitation of the
Rayleigh-Taylor instability in the bottomside F region to the
arrival of the bubble at the maximum altitude, is ~4 h. In
both cases of Figures 1 and 4, the growth time of the plasma
bubbles is longer than 3.3 h. The observed growth time is
consistent with the simulations of Huba et al. [2009a] and
Krall et al. [2010a].

[34] The width of a plasma bubble is the scale size of the
bubble in the zonal direction, or the distance between the
west and east wall/boundary of the bubble. A radar scan in
the east-west direction is able to detect the spatial structure
of plasma bubbles. The ALTAIR radar scans provide direct
measurements of the width of plasma bubbles [Tsunoda and
White, 1981; Tsunoda et al., 1982; Tsunoda, 1983]; the
typical width of a plasma bubble in the ALTAIR scan is tens
of kilometers. Plasma bubbles with this size are reproduced
by numerical simulations. For example, the width of the
plasma bubble in the simulations of Huba et al. [2009a] is
~50 km below 1000 km and becomes ~150 km in the alti-
tude range of 1000-2000 km. The simulations of Retterer
[2010a] also show that the width of plasma bubbles is
several tens of kilometers.

[35] C/NOFS can fly almost along the magnetic equator
and measure the width of equatorial plasma bubbles. C/NOFS
measurements show the existence of plasma bubbles over a
large range of scale length in the zonal direction, including
those with a characteristic width of tens of kilometers, similar
to the radar measurements and simulations. A new finding of
the C/NOFS measurements is the occurrence of unusually
wide plasma bubbles. As shown in Figures 2 and 5, the width
of the plasma bubbles can be as large as 667700 km at the
altitude of 400-500 km.

[36] We suggest the following mechanism for the gener-
ation of the wide plasma bubbles and broad plasma deple-
tions. A series of equatorial plasma bubbles start to form in
the bottomside F region over a broad longitude range (e.g.,
10-30°) in the evening sector. Each of the bubbles is caused
by the Rayleigh-Taylor instability process, and the polari-
zation electric field inside the bubbles drives upward ion
drift. During the growing and rising process, the bubbles
become deeper, and the longitudinal size (width) of the
bubbles becomes larger. When the width of individual bub-
bles becomes larger than the separation of the successive
bubbles, two or more bubbles merge to form a wider bubble
or broad plasma depletions. The merging process among the
bubbles continues as they corotate with Earth toward the
postmidnight sector. As a result, broad plasma depletions
form when they approach dawn.

[37] The merging process is illustrated in Figure 7. The
plasma bubbles grow during the interval from T1 to T4. We
assume that the maximum size (the width in the longitudinal
direction) of each single bubble is ~100 km, consistent with
the radar measurements and numerical simulations. In
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Figure 7. Illustration of the formation of wide plasma bubbles and broad plasma depletions through
merging process. The plasma bubbles grow and become deeper and wider from time T1 to T4.

Figure 7, B1 represents an isolated plasma bubble. The
bubble is very narrow at time T1 and grows to the maximum
size at time T4. Because no other bubbles exist, only this
single bubble will be detected in this region. B2 represents a
family of two bubbles. These two bubbles are separated by
200 km in longitude. Each of the two bubbles grows to the
maximum size of ~100 km at time T4. Because the maxi-
mum size is smaller than the longitudinal distance of the
bubbles, the two bubbles are always separated. B3 represents
a family of six bubbles. The longitudinal separation of
successive bubbles is 100 km. The six bubbles are still
separated at time T2, start to merge at time T3, and become a
wide bubble at time T4. Note that the maximum width of
each single bubble in B3 is the same (~100 km) as that in B1
and B2. However, when the width of the bubbles becomes
comparable to the longitudinal separation of the bubbles, the
merging process occurs and results in the formation of the
wide bubble. The width of the wide bubble in B3 is ~600 km.
B4 represents a family of twelve plasma bubbles, and the
separation of successive bubbles is 100 km. Very similar to
the process of B3, the twelve bubbles in B4 grow and merge
to form a broad plasma depletion at time T4. The longitu-
dinal coverage of the broad depletion in B4 is ~1200 km. The
processes illustrated in Figure 7 can explain the occurrence

of an isolated bubble, multiple separated bubbles, wide
plasma bubbles, and broad plasma depletions.

[38] This scenario is consistent with the observations. In
Figures 2c and 2d, the ion density and vertical velocity
within the wide bubble, denoted by the yellow shading, are
not smooth but show structures, suggesting the possible
existence of multiple smaller bubbles. In Figures 5d and Se,
the ion vertical velocity inside the wide bubble appears to
have three peaks, also suggesting the possible existence of
three or more regular bubbles. The broad plasma depletions,
denoted by the gray shading in Figures 2a and 2b, also
consist of smaller-scale structures. The ion vertical velocity
inside the depletion shows three large peaks, and the ion
density shows corresponding enhancements. The longitu-
dinal coverage of the entire broad depletion is ~20°. Each of
the three ion velocity enhancements covers 6—7°, similar to
the longitudinal width of the wide plasma bubbles. Fur-
thermore, fine structures exist in the ion velocity in each
velocity enhancement region, suggesting that each velocity
enhancement over 6—7° may result from the merging of
multiple plasma bubbles with smaller size.

[39] In this mechanism, the merging process of multiple
bubbles is the key factor for the formation of wide plasma
bubbles and broad plasma depletions. Multiple regular
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bubbles (width of ~100 km) merge to form a wide bubble
(width of up to 700 km as observed), and multiple wide
bubbles further merge into a broad depletion (thousands of
kilometers in longitude). The longitudinal width of the
regular bubbles or wide bubbles must be continuously
growing (becoming larger), so the merging of the regular
bubbles into a wide bubble or into a broad depletion can
occur. The ionospheric plasma is nearly incompressible.
This mechanism does not require compressing the plasma
between successive bubbles. When the width of individual
bubbles becomes larger during the growth process, the
plasma particles inside each bubble are moved upward and
then flow to higher latitudes along the magnetic field lines.
The widening of the bubbles is not an expansion process in
longitude and does not compress the plasma.

[490] The observed growth time and decay time of the
plasma bubbles are unusually long. The continuous growth
of the plasma bubbles in the evening sector and the slow
decay after midnight determines that most plasma bubbles
become fully developed and are easily detected in the
postmidnight sector. The plasma bubbles are caused by the
Rayleigh-Taylor instability. The upward ion drift velocity
inside each bubble is driven by polarization electric field
and remains large after the bubbles have merged to form the
wide bubble/broad depletion. An important property of the
mechanism is the relation between equatorial plasma bubbles
and broad plasma depletions: The broad plasma depletions
result from merging of multiple plasma bubbles.

[41] This mechanism is different from those proposed
earlier. Huang et al. [2009] used the cooling or downwelling
process of the ionosphere and thermosphere to explain the
generation of the broad plasma decreases near dawn and
ruled out the possibility of plasma bubbles as the cause. In
the simulations of Huba et al. [2010], the dawn plasma
depletions are caused by an eastward electric field and also
not related to plasma bubbles. The ion vertical velocity is
small or weakly downward in the downwelling process of
the ionosphere and is smaller than 30 m/s in the case of the
eastward electric field effect. In our observations, the
upward ion velocity reaches 300 m s~' within the broad
plasma depletion denoted by the gray shading in Figure 2b.
The large upward ion velocity of 200300 m s ' in our case
is the first major difference from the mechanisms proposed
by Huang et al. [2009] and Huba et al. [2010]. The second
major difference is the existence of plasma bubbles in our
case. The upward ion velocity of 200-300 m s ' is the
typical signature of plasma bubbles caused by the Rayleigh-
Taylor instability. We want to emphasize that we do not
mean the mechanisms proposed by Huang et al. [2009] and
Huba et al. [2010] are incorrect. Their interpretation is
reasonable and valid for their cases. What we suggest is that
the merging of multiple regular plasma bubbles can cause
the formation of broad plasma depletions. The new mech-
anism can well explain why large upward ion drifts occur
inside the depletion region.

[42] The formation of broad plasma depletions by the
merging mechanism requires the existence of multiple
plasma bubbles over a large longitudinal range. In the case
reported by Kelley et al. [2009], a cluster of plasma bubbles
were detected by C/NOFS over 30—40° in longitude. The
new mechanism is consistent with the observations of Kelley
et al. [2009]. However, we cannot determine how a series of
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plasma bubbles is generated over such a large distance.
Atmospheric gravity waves [Rottger, 1973; Kelley et al.,
1981; Huang et al., 1993; Huang and Kelley, 1996a,
1996b; Abdu et al., 2009; Takahashi et al., 2009; Makela
et al., 2010] and plasma shear flow [Hysell et al., 2005a,
2005b, 2006; Kudeki et al., 2007] in the bottomside F region
are widely believed to be possible seed perturbations for
ESF and plasma bubbles. In the cases presented in this
paper, seed perturbations cannot be identified because of the
altitude of C/NOFS. The Rayleigh-Taylor instability is
excited in the bottomside F region. If the F peak altitude in
the nighttime equatorial ionosphere is lower than the perigee
(405 km) of C/NOFS, C/NOFS cannot directly detect per-
turbations in the bottomside F region. We have also not
understood what determines the maximum size of plasma
bubbles and under what ionospheric and thermospheric
conditions the merging process is effective. It is not certain
whether the formation of broad plasma depletions through
merging of multiple plasma bubbles represent a peculiar
phenomenon during deep solar minimum. Further investiga-
tions are required to solve these problems.

[43] In the case of 13 June 2008 (Figure 6), the plasma
bubble becomes fully developed within ~100 min. This
plasma bubble originates in the postmidnight sector and
grows faster than those originating in the evening sector.
The faster growth of the postmidnight bubble may be related
to the density profile of the thermosphere. The atmosphere
may move to low altitudes in the postmidnight sector during
deep solar minimum. The ion-neutral collision frequency in
the F' region is low, and the growth rate of the Rayleigh-
Taylor instability is high. As a result, plasma bubbles grow
faster there. However, it should be mentioned that we pro-
pose this mechanism to explain the fast generation of the
postmidnight plasma bubbles but do not have direct obser-
vations to verify that the atmosphere indeed moves to lower
altitudes. This issue also requires further investigations.

4. Conclusions

[44] C/NOFS is a low-inclination satellite and can detect
the same equatorial plasma bubble over successive orbits if
the plasma bubble exists longer than the period of one
complete orbit. The successive measurements of a plasma
bubble can be used to trace the development of the bubble.
We have analyzed the generation and evolution of plasma
bubbles and broad plasma depletions observed by C/NOFS
in three cases. The major conclusions are as follows.

[45] The plasma bubbles in two cases start to form in the
evening sector. lon density perturbations and enhanced
upward ion velocity are first identified at ~2200 LT. The ion
density perturbations are relatively weak before midnight
and grow into fully developed plasma bubbles in the post-
midnight sector. The observations show that the plasma
bubbles observed in the midnight-dawn sector may origi-
nate in the evening sector.

[46] The C/NOFS measurements show that the size of the
plasma bubbles is growing over two orbital periods (3.3 h).
The Rayleigh-Taylor instability must have been excited in
the bottomside F' region at earlier time than it reaches the
C/NOFS altitude, so the continuous growth time of the
plasma bubbles is longer than 3.3 h. The ion vertical velocity
inside the bubbles remains strongly upward for an additional
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two orbits, and the bubbles do not decay significantly. The
observations suggest that the decay time of the bubbles is
also longer than 3.3 h.

[47] The plasma flow inside the bubbles is upward during
the entire nighttime from evening to dawn. The bubbles do
not become dead/fossil bubbles even when the bubbles
reach ~0500 LT. The disappearance of the plasma bubbles is
caused by the filling of newly produced plasma particles
through photoionization process near dawn. The continuous
growth of the plasma bubbles in the evening sector and the
slow decay after midnight determines that most plasma
bubbles become fully developed and are easily detected in
the midnight-dawn sector.

[48] We propose a new mechanism to explain the gener-
ation of wide plasma bubbles and broad plasma depletions.
A series of plasma bubbles starts to occur in the evening
sector, and each of the bubbles is caused by the Rayleigh-
Taylor instability. The longitudinal width of the plasma
bubbles continuously grows during the rising process, so
multiple bubbles with regular size can merge to form a wide
bubble or a broad depletion. The upward ion drift velocity
inside each individual regular bubble is driven by polari-
zation electric field and remains large within the wide
bubble/broad depletion region.
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