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Abstract. Temporal and spatial evolution of two high- sociated with this development, airglow imagers have been
altitude plasma bubbles (evening and midnight) was ob-installed not only near the equator but also at midlatitudes,
served on 4 April 2002, at geomagnetic conjugate pointswhere the airglow intensity is relatively low. Mendillo et
at Sata, Japan (magnetic latitude® 8), and Darwin, Aus-  al. (1997) reported a bubble structure that reaches very high
tralia (magnetic latitude 22S), using two 630-nm airglow altitudes of more than 1500km on the basis of midlati-
imagers. The apex height of the bubbles reach@800km.  tude airglow-imaging observation at Arecibo, Puerto Rico
The upward velocity of the evolution was faster in the (18.3 N, 293.3 E; geomagnetic latitude: 2%, dip angle:
evening ¢~170m/s at 20:00-21:00 LT) than around mid- 46°). Kelley et al. (2002) showed spectacular high-altitude
night (~28 m/s at 23:00-00:00 LT). Bifurcating features of plasma bubbles seen in the airglow images at Haleakala,
the bubbles into a smaller scale size~d0 km were clearly  Hawaii (20.7 N, 203.8 E; geomagnetic latitude: 2N, dip
seen for both the evening and midnight bubbles, showingangle: 37). Otsuka et al. (2002) were the first to report clear
fairly good conjugacy between the Northern and Southerngeomagnetic conjugacy of the high-altitude plasma bubble
Hemispheres. on the basis of conjugate airglow imaging observations at
Sata, Japan (3120, 130.7 E; geomagnetic latitude: 24,

dip angle 44°) and Darwin, Australia (12%4S, 131.0 E; ge-
omagnetic latitude: 22S, dip angle:—40°). However, the
bubbles reported by Otsuka et al. were a “fossil” of the bub-
bles, which were already formed near the sunset terminator
) and drifted into the field-of-view of the airglow imagers with-

1 Introduction out changing their shape.

. . . In this paper, we report time evolution of high-altitude
Equatorial plasma bubble is commonly seen in the post- pap P 9

i torial latitud It of the Ravleiah-Tavl Plasma bubbles observed on 4 April 2002, at geomagnetic
sunset equatorial ‘atitudes as a result o the Rayleigh-1ay 0conjugate points at Sata and Darwin. Poleward growth and
instability, where the low-density plasma on the bottomside

L bifurcation of the bubbles were observed in the field-of-view
of the equatorial ionosphere penetrates through the densgf all-sky airglow imagers both in the evening (21:00 LT) and
F-layer by polarization electric field (Kelley, 1989). The around midnight.

bubbles, which are recognized as equatorial spréash

ionograms, have initially been detected by radio-sounding

techniques (e.g. Booker and Wells, 1938; Woodman and La2 Observation

Hoz, 1976). Airglow imaging technique, on the other hand,
is a powerful tool to detect spatial and temporal evolution of . . . .

the bubble structures from ground and satellite (e.g. MendiIIngleop?algs:? t?]lcraglg\gla:?'?gr?;trﬁle%rzcir?rzzz'#d{avgg::tgs

and Baumgardner, 1982; Rohrbaugh et al., 1989; Tinsley e ) . .

al.. 1997 Aarons et al.. 1999 Sahai et al.. 2000: Makela andy2g0ya University, as part of the Optical Mesosphere Ther-

Ke,lley 2(’)03, Sagawa ét al 2’003) ' ' mosphere Imagers (OMTIs) (Shiokawa et al. 1999, 2000).

Recent development of highly-sensitive cooled-CCD Cam_;’g(e)olm?r?]er_at Sata, thpan_, h"f bteelrj o%erat;)ng since thly

era raises sensitivity and quality of the airglow images. As-; ; € Imager at barwin, Australia, has been operat-
ing since October 2001. The geomagnetic conjugate point

Correspondence tdK. Shiokawa of Darwin (28.7 N, 131.4 E) is located 250 km southeast of

(shiokawa@stelab.nagoya-u.ac.jp) Sata. Airglow images mapped from Darwin to the Northern
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Fig. 1. All-sky airglow images at wavelengths of Ol 630.0 nm and Ol 777.4 nm observ@dl and(d) Sata, Japan and), (c), (e), and(f)
Darwin, Australia, on 4 April 2002. Local time of these stations is UT +9 h. The bubble structures (tree-like depletions of airglow intensity)
are extended from south to north at Sata and from north to south at Darwin.

Hemisphere along the geomagnetic field line mostly over- Because reaction Eq. (1) dominates the whole process, the

lap the airglow images at Sata, since the field-of-view of production of the 630.0-nm emission is proportional to the

an all-sky imager is about 1000 km in diameter. Airglow molecular oxygen density [£) and the oxygen ion density

images at a wavelength of 630.0 nm (Ol, emission altitude:]O™]. The oxygen ion density [0] is nearly equal to the

200-300 km) were obtained every 5.5 min and 6 min at Satalectron density, in the F-layer. Thus, the 630.0-nm emis-

and Darwin, respectively, with an exposure time of 165 s.sion is a sensitive indicator of the electron density in the bot-

Airglow images at 777.4nm (OIl, emission altitude: 300- tomside of theF-layer.

400 km) were also obtained every 30 min at Darwin with  The chemical reactions that generate the 777.4-nm airglow

the same exposure time. Background continuum emissio®mission are:

from the sky were monitored every 30 min at a wavelength

of 572.5nm, to estimate the absolute intensity of these air-_~ _ 5

glow lines. 0" +e — OCP) )
These airglow emissions are closely related to the

F-region electron density (e.g. Tinsley et al., 1973; Sahai

et al., 1981; Link and Cogger, 1988). The major chemical O CP) — O(CS) + hvr7zamm (®)

reactions that generate the 630.0-nm airglow emission are: Figure 2 shows the conjugate bubble images (in count rate)

of Figs. 1a,b and converted onto a geographical map. The
0"+ 0, — 05 +0 1) three bubble structures extend from the equator to both the
Northern and Southern Hemispheres simultaneously. Note
that the bubbles show latitudinal tilts (westward at higher lat-
0; +e- — 0tD)+ 0 2 itudes), forming backward “C”-shapes on a global scale.
Figure 3 shows temporal evolution of a plasma bubble
seen in the 630.0-nm images at Sata in the evening at 11:04—
0(*D) — OCP) + hve300mm. 3) 12:17 UT (20:04-21:17 LT). All-sky images in Fig. 1 were
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converted into geographical images by assuming the peak April 4,2002 1202-1204UT
airglow layer for 630.0-nm emission of 250 km. We focus Orz R S R

on the bubble structure seen near the southwest edge of the
raw all-sky images in Fig. 1la. Because of the steep gradient
of airglow intensity from low to high latitudes, we show de-
viation images in units of % from 1-hour running averages,
in order to see the shape of the plasma bubbles more clearly.
The apex height of the magnetic field line at the equator is
shown in the right of the panels, using the IGRF-2000 model.

The production of the 777.4-nm emission is proportional
to both the oxygen ion density [Q and the electron den-
sity N, and [OF]~N, in the F-layer. Thus, the 777.4-nm
intensity is proportional to the square of the electron density
around theF'-layer peak.

Figure 1 shows examples of plasma bubbles observed in
the 630.0-nm and 777.4-nm airglow images at Sata and Dar-
win on 4 April 2002. The bubbles observed in the evening
(21:00 LT) and at midnight (00:00 LT) are shown in the
upper and lower panels, respectively. Local time (LT) is
9h ahead of UT at these stations. The three images (Sata,
630.0 nm; Darwin, 630.0nm and 777.4 nm) were nearly si- -5
multaneously taken. The bubbles, which can be identified as
tree-like depletions of airglow intensity, are elongated from -10
the south of Sata and from the north of Darwin. In the images
of 777.4nm, the bubbles show ray-like fine-scale structures. 15
Abalde et al. (2001) suggested that these ray-like structures
indicate field-aligned irregularities developed in the bubble. ) A S

0

Fast evolution of a plasma bubble (indicated in blue as a 120 125 130 135 140 145
depletion of airglow intensity) toward the higher latitude is Geographic Longitude
seen in the images. The bubble appeared in the bottom of
the image around (2N, 131 E) at 11:04 UT (20:04 LT)  Fig. 2. Plasma bubble images (in count rate) at Sata and Darwin on a
and developed to (2N, 132 E) at 11:34 UT (20:34 LT).  geographical map. These images were obtained at 12:04 UT (Sata)
The upward velocity of the bubble at the equator is estimatedand 12:02 UT (Darwin) on 4 April 2002. Note that the bubbles
to be 170 m/s, by taking the apex height of the bubble atshow latitudinal tilts, forming backward “C”-shapes.
11:04 UT and 11:34 UT to be 1100km and 1400 km, re-

spectively. The airglow depletion in the bubble reaches to ) )
—40% from 1-hour average airglow intensity. The bubble _T0 See geomagnetic conjugacy of these bubbles, we show

structure shows bifurcations to the right of the main structure830-0-nm airglow images nearly simultaneously obtained at
from 11:17 UT to 11:34 UT and to the left from 11:47 UT to Sata and Darwin in Fig. 5, in the same format as those in
12:04 UT (see also Fig. 5). The latter bifurcation produces aFi9s- 3 and 4. The all-sky images at Darwin were con-
smaller branch, which has a width 850 km. This western- verted to geographical coordinates in the Northern Hemi-
side bifurcation can be clearly identified in the raw image in SPhere (same to those at Sata), using the IGRF-2000 geo-

Fig. 1a. The whole structure continuously moved eastwardMagnetic field model (Mandea and Macmillan, 2000). The
with a velocity of~100 m/s. white curves in the top three panels indicate envelopes of the

. . bubble structures at Sata. The same curves are indicated in
Figure 4 shows temporal evolution of a plasma bubble seen, " S
the images of Darwin in the bottom three panels for com-

r he 650 0m mages f St around g a 1326, [°9E 5 DD T Dol e P 0,

Fig. 3. The bubble can be identified as a blue torch-like Struc_respondence of thg bubble _strugtures between the Northern
. . .~ and Southern Hemispheres is fairly good, even for the small

ture in these panels. This bubble structure was seen in thBifurcated structures with a scale size of less t&6 km

south of the raw all-sky image in Fig. 1d. The bubble contin- '

uously moved eastward with a velocity B0 m/s. It slowly

evolves poleward, showing bifurcation around the top of the3 Discussion

structure with a scale size of less than 50 km. If we take the

apex height of the bubble at 13:28 UT and 15:28 UT to beWe observed growth and bifurcation of high-altitude plasma

1350 km and 1550 km, respectively, the upward velocity of bubbles at geomagnetic conjugate stations at midlatitudes.

the bubble at the equator is estimated to be 28 m/s. The correspondence of the bubble growth between the two
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Fig. 3. Evolution of the plasma bubble structure seen in the 630.0-nm airglow images at Sata, Japan, at 11:04-12:17 UT (20:04-21:17 LT)
on 4 April 2002. The raw all-sky images were converted into geographic coordinates by assuming an airglow height of 250 km. The images
are deviations in unit of % from 1-hour running averages. The apex height of the magnetic field line at the equator is shown in the right of
the panels. The bubble structure can be identified in blue (depletion of airglow intensity) extending from lower to higher latitudes.

hemispheres is fairly good even for the small-scale structures The observed bubbles in Figs. 2-5 tilt from west (high
of less than 50km. This result indicates that the evolutionaltitudes) to east (low altitudes). A similar tilt of the bub-
and bifurcation of plasma bubble occur on the entire fieldble has initially been reported by Woodman and La Hoz
line simultaneously with a horizontal north-south scale size(1976), Tsunoda et al. (1981) and Mendillo and Tyler (1983)
of ~5000 km, as indicated in Fig. 2. and more recently by airglow imaging from the ground (e.g.
It should be noted that the bubbles are not often observedakela and Kelley, 2003) and from satellites (Kelley et al.,
at these midlatitude stations. The occurrence of the bubbl@003; Kil etal., 2004). Woodman and La Hoz (1976) initially
in the Japanese longitudinal sector peaks around the equindkXpPlained this tilt by height-dependent reduction of eastward
seasons and during the solar maximum period (Maruyamgriﬁ: velocities of the bubbles due to the pOIarization electric
and Matuura, 1984; Tsunoda, 1985; Sahai et a|_’ 2000)1 ConﬁEId inside the bubbles. Zalesak et al. (1982) made further
sistent with the prereversal enhancement maximum of théheoretical considerations and concluded that this tilt indi-
background eastward electric field observed at Jicamarca ifates velocity shear of the-region plasma due to the incom-

Peru (Fejer et al., 1991). The event reported here took placélete coupling of the plasma motion to the eastward neutral
during the solar maximum period in the equinox. wind, depending on the Pedersen conductivities both in the

- F-region (lower latitudes) and-region (higher latitudes).
The upward velocities of the bubble growth were 170 m/s ' ;
at 21:00 LT and 28 m/s at 00:00 LT. The value of 170 m/s is O" the other hand, Anderson and Mendillo (1983) explained

consistent to that in the previous literature (e.g. 125-350 m/4his westward tilt by the possible latitudinal decrease of zonal

by Tsunoda et al., 1981). However, the latter value of 28 m/sWlnd velocity with increasing latitudes.

at 00:00 LT is much slower than the velocity at 21:00 LT. The temporal decrease of the eastward drift velocity was
This fact may indicate dependence of bubble growth speedietected from the eastward motion of the bubbte$q0 m/s

on bubble age. The bubble-top latitudes in the Sata imageand ~80m/s at 21:00 and 00:00 LT, respectively). Neu-
start from~27° N in Fig. 3 and~29 N in Fig. 4. Thus, the tral wind in the thermosphere was observed on this night
latter bubble at 00:00 LT might be created earlier and driftedthrough a Doppler shift of 630.0-nm airglow using a Fabry-
into the Sata field-of-view. The latter (old) bubble might have Perot interferometer at Shigaraki, Japan (348136.T E,

a smaller upward drift velocity. about 660 km northeast of Sata) (Shiokawa et al., 2003). The
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Fig. 4. Evolution of the plasma bubble structure seen in the 630.0-nm airglow images at Sata, Japan, at 13:28-15:28 UT (22:28-00:28 LT)
on 4 April 2002, in the same format as that in Fig. 3.

eastward neutral wind velocity on this night decreases fromdue to the decrease d@f-layer electron density after sun-
~120m/s at 21:00 LT te~50 m/s at 00:00 LT. The observed set. However, it turns to an increase from 20:30-21:00 LT
decrease of the eastward drift velocity of the bubbles probaat both Sata and Darwin, and further increases drastically af-
bly corresponds to the observed decrease of background neter 23:30-00:00 LT at Sata. These enhancements of 630.0-
tral wind in the thermosphere. nm airglow intensity may suggest upward drift of the equa-
The high-altitude plasma bubbles reported in this papeﬁorial F layer and'subsf‘equent' supply of _electron§ to midlat-
were observed in the evening (around 21:00 LT) and at mid{tudes along the field line, which is consistent with the sug-
night (00:00 LT). It is somewhat unusual to observe the bub-9€stion by Fejer et al. (1999) on the generation of late-night
ble growth around midnight, since equatorial plasma bub-Plasma bubbles. AItho_ugh a magnetic substorm occurs at
bles develop around the evening terminator where the ver20:00-23:00 LT, th_er |nde>§ was very smaIIZ(—.and 2,
tical drift of the F-layer is often strongly upward (Fejer et >Kp=11) on this night. The ionogram data obtained at Ya-
al., 1991). Fejer et al. (1999) concluded that the generatiof@gawa {-20 km north of Sata) do not show upward motion
of late-night spread® requires the reversal of the vertical ©f the nighttimeF-layer. Thus, global penetration of magne-

velocity from downward to upward for periods longer than tospheric electric field and disturbance dynamo seem not to
about half an hour. be the cause of the possikiielayer rise on this night. Other

dynamic variation of the neutral atmosphere at the equator
'may contribute to the layer rise and the airglow intensity en-

ST s ) . %hancement. The drastic enhancement after 23:30 LT at Sata
and Darwin in Fig. 6. The airglow intensities at (2710 may correspond to a large-scale atmospheric wave propagat-

131'0). E) and (30.0N, 131.0'E) are extracted from the a_tir- ing from the midnight temperature maximum in the equator
glow images. The plasma bubble passages can be 'dentt’e.g. Colerico et al., 1996; Otsuka et al., 2003).
fied as temporal depletions of the intensities, particularly at ' ’ '

27° N. The intensity decreases from 19:00 LT to 20:30 LT

In order to see nocturnal variation of the ionosphere
we plotted 630.0-nm airglow intensities observed at Sat
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Fig. 5. Comparison of the plasma bubble structures observed in the 630.0-nm airglow images at Sata, Japan, and Darwin, Australia, on 4
April 2002, in the same format as that in Figs. 3 and 4. The airglow images at Darwin (bottom three panels) are those converted to the
Northern Hemisphere using the IGRF magnetic field model. The white curves in the top three panels show envelopes of the bubble structures

at Sata. The same curves are indicated in the bottom three panels to compare the bubble structures between Sata and Darwin. The two line
seen at the bottom right of the Darwin images at 11:44 UT and 12:02 UT are airplane trajectories.

600 | | | | | 4 Conclusion
550 1 630nm Intensity at 131°E
500 1 We reported temporal evolution and bifurcation features of
450 + Sata (27°N) equatorial plasma bubbles, on the basis of airglow imaging
2400 A observations at midlatitude geomagnetic-conjugate stations
2.350 4 Sata (30°N) (magnetic latitudes: 22-2§on 4 April 2002. The bub-
%300 4 bles reach apex heights e6f1500 km at the equator. The
§ 250 _‘; correspondence of the bubble growth between the two hemi-
= 200 4 spheres is fairly good, even for the small-scale structures of
less than 50 km, indicating that the bubble growth and bifur-
150 s = cation occur for the entire field line simultaneously with a
1007 e “0 1 north-south scale size #5000 km. The observed proper-
501 parwin 27°N) Darwin (30°N) 1 ties of poleward (upward) and eastward velocities and the tilt
0 | | | | | of the bubbles are consistent to the observations and theories
1011 12 13 14 15 16 reported in previous literature.
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