3-2-9 A Storm-Time Super Bubble as Observed
with Dense GPS Receiver Network at East
Asian Longitudes
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A post sunset plasma bubble manifested by TEC depletion was observed at midlatitudes
(~30—34° N, ~130—134° E) during the main phase of a geomagnetic storm on 12 February
2000. The storm was characterized by southward turning of IMF Bz preceded with storm sudden
commencement. With loss of lock and ROTI maps, the bubble was seen to bifurcate at the early
growth phase of the storm. The upward drift speed was observed ~300 m/s at ~2150 km, and
decreasing with increasing altitude and time. The bubble had unusually large latitudinal exten-
sion reaching midlatitude of 36.5° N (31.5° N magnetic latitude), indicating an apex height of
~2550 km at the magnetic equator. In process of the evolution, the bubble drifted eastward at a
speed of ~50 m/s. The F region peak height and density obtained by a meridional ionosonde
chain suggested a prompt penetrating magnetospheric electric field helped to trigger the super

bubble.
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1 Introduction

The term “bubble” refers to the low densi-
ty plasma region in the nighttime equatorial
ionosphere that contains strong irregularities.
The dynamic processes and the spatial mor-
phology of plasma bubbles have been studied
by radio and optical observations, rocket mea-
surements and numerical simulations [11-[7].
It has been generally understood that plasma
bubbles are formed in association with nonlin-
ear Rayleigh-Taylor process at the bottomside
of the F region, and rise to the topside ionos-
phere. Specifically during the post-sunset peri-
od, the bottomside of the equatorial F' region
often becomes unstable resulted from a com-
plex interaction of electric fields, neutral
winds and the earth’s magnetic field. On some
evenings, a perturbation in the unstable bot-
tomside grows nonlinearly into a bubble. The
bubble will rise by the effect of buoyancy up

to where the density entrapped in the bubble is
equal to that of the surroundings. Confined by
the geomagnetic field, plasma bubbles extend in
latitude away from the magnetic equator while
rising up. In the east-west they have elongated,
wedge-like structure which often drift eastward.
Though basic scenario is clear, the problem
remains concerning the seeding and the evolu-
tion of the plasma bubbles [8]-[10].

With L-band signals traveling through the
ionosphere, the Global Positioning System
(GPS) provides an excellent means to study
the ionospheric irregularities. The irregularity
caused scintillation can be observed by
recording the fluctuations of amplitude and
phase of the GPS satellite signals111[12].
Propagation effects on GPS signals also allow
measurement of the total electron content
(TEC) of the ionosphere[13], and plasma bub-
bles can be detected as TEC depletions when
they happen to orient along the path from a
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GPS satellite to a GPS receiver[14]. Further-
more the rate of change of the TEC, termed
ROT, and the rate of TEC index based on the
standard deviation of ROT, termed ROTI,
have been utilized to investigate the irregulari-
ties since these parameters characterize phase
fluctuations of the GPS signals due to the
effects of ionospheric irregularities [151-[17].
As the GPS can be used for various purposes,
the ground-based GPS receivers and hence
networks have been increasingly set up world-
wide. This enables studies of the ionosphere
on a large regional or global scale. Time evo-
lution and spatial structure of plasma bubbles
can be examined in detail [16].

A dense GPS Earth Observation Network
(GEONET) has been set up in Japan since
1994. It consists of more than 1200 dual fre-
quency GPS receivers(18]. In the last few
years, midlatitude ionospheric events have
been studied by using observations from
GEONET [191-1211. Recently, a statistical
study of ionospheric irregularities was made
with GEONET ROTI (> 0.1 TECU/min), and
two-dimensional ROTI maps were shown on
the night of 12 February 2000 when a geo-
magnetic storm was preceded (22]. Here a dif-
ferent aspect of the same event is presented
with the same GPS network. A stormtime
equatorial bubble is found by the GEONET
TEC and confirmed by the ion density mea-
surements by the Defense Meteorological
Satellite Program (DMSP) F14 satellite. A
striking feature of this bubble is its mid-lati-
tude extension. This is the first case the evolu-
tion of a bubble is examined by using
GEONET ROTI. The ROTI map made from
GEONET enabled study of the irregularities
on much larger scale than any other observa-
tion means.

2 Observations

Each receiver of the GEONET provides
the carrier phase and pseudorange of the dual
frequency GPS signals at 30-s intervals. The
ionospheric TEC from a GPS satellite to a GPS
receiver can be obtained from the differences

between pseudoranges or phases of the two
signals. Using around 300 GPS receivers
selected homogeneously from GEONET, the
TEC over Japan is calculated with a temporal
resolution of 15-min and a spatial resolution of
2°%2° in longitude and latitude (23]. ROTI maps
were made from phase measurements by the
same receivers used for TEC calculation and by
projecting the ROTI values on the Earth from
the ionospheric pierce point at 400 km altitude.
A relative slant TEC was first obtained from the
differential phase at 30-s intervals. Then ROT was
determined by taking the difference between the
slant TECs at two successive times. The ROTI
is defined as the standard deviation of ROT,
given by \/<ROT2>_<ROT>2 for each 5-min
interval [161. When calculating TEC and
ROTI, only data from those satellites whose
elevation angle was larger than 30° were used,
to reduce multi-path effects.

When the irregularity has strong density
variation, a GPS receiver could not track the
fluctuation of the GPS signal passing through.
This is often referred to as loss of lock. Here,
loss of lock is used to represent the existence
of the irregularities.

DMSP are sun-synchronous polar orbiting
satellites. They were launched to investigate
the Earth’s environment from an altitude of
~840 km to ~880 km. The ion density they
measured provides a direct means to identify
plasma bubbles.

Another set of data is from a chain of
ionosonde observations at Okinawa (26.3° N,
127.8° E; 20.7° N magnetic latitude),
Kokubunji (35.7° N, 139.5° E; 30.0° N mag-
netic latitude) and Wakkanai (45.4° N,
141.7° E; 40.5° N magnetic latitude) in Japan.
The ionospheric critical frequencies, foF2, and
the maximum usable frequency for a 3000 km
range, M(3000)F>2, were manly scaled from the
ionograms. Then the maximum electron densi-
ty, NmF2, can be obtained by NmF2> = 1.24 %
10'° foF>. And the height of the F peak was
estimated from an empirical formula /Anf2 =
=176+ 1490 / M(3000)F2 [24].

Data used to describe the geomagnetic
conditions are, the interplanetary magnetic
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field (IMF) Bz component observed by the
Advanced Composition Explorer (ACE)
spacecraft, the longitudinal asymmetric index
ASY-H and the symmetric index SYM-H of the
ring current, and the geomagnetic index Kp.
The ASY-H is a good indicator of the auroral
substorm activity, and the SYM-H is essential-
ly the same as the Dy index.

2.1 Geomagnetic storm

An SSC, associated with IMF Bz changes,
signaled the onset of a magnetic storm at
2353 UT on 11 February 2000, as indicated
by its signatures in the ASY-H/SYM-H and K,
indices in Fig. 1. About 8 hours later at
0800 UT on 12 February, the IMF Bz turned
southward abruptly. The magnetic field started
to decrease monotonously, with rate of change
of, =95 nT/hr for 0835-0904 UT, and —144 nT/hr
for 0953-1008 UT. It reached its maximum
depression of =165 nT in 4 hours at 1200 UT,

when the IMF Bz turned northward. Though the
IMF Bz turned southward again a few minutes
later, the storm was not enhanced as shown by
the geomagnetic indices.

2.2 Stormtime plasma bubble
Equatorial plasma bubbles can be detected
as TEC depletions. Figure 2 gives the TEC at
low and mid-latitudes for the day of 12 Febru-
ary 2000 (dots connected with line). The solid
lines are taken as a reference, which represent
the average TEC for the previous quiet days.
Corresponding to the storm, an enhancement
of TEC was observed around 0800 UT and
lasted for about 16 hours on 12 February. It is
noticeable that the TEC increased further and
maintained its higher level from 1030 to
1500 UT. Within this period an apparent TEC
depletion appeared at (31° N, 131° E) and its
nearby area, as indicated by dashed vertical
lines from 1115 to 1315 UT in Fig. 2. The
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depletion can be as large as 30 TECU less
than the background. Meanwhile, DMSP F14
happened to overfly the TEC depletion region.
As shown in the bottom panel of Fig. 2, it
recorded ion density (N:) depletions at 860 km
between the magnetic equator (8° N, 141° E)
and a low latitude at the Western Pacific
Ocean (29° N, 136° E) from 1114 to 1121 UT
(thick line). This indicates that the TEC deple-
tion was associated with an equatorial bubble.
Taken as a reference, Ni on the previous day

when F14 made a close transit is also shown
(thin line). The stormtime N: was larger than
the quiet one, which is consistent with the
TEC observation. And equatorial anomaly
developed compared with the previous day.
Data outages resulted from loss of lock
were found to a few satellites for those
receivers within or near the TEC depletion
region. Because there were more than three
GPS satellites with the sight of a GPS receiv-
er, and the related signals propagate through
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Fig.2 Time variation of totfal electron content (upper panel) and latitudinal variation of fotal ion
density as observed by the DMSP satellite (lower panel)

Thick lines with dots are TEC derived from GEONET for the storm day of 12 February 2000. Thin lines repre-
sent reference TEC, which are averaged from 9—-11 February 2000. The dashed vertical lines show the period of
TEC depletion. Shown in the bottom panel is the DMSP F14 observation of ion density in the nightside equator-
ial ionosphere. GLAT and GLON refer to geographic latitude and longitude. Shown in parentheses are time and
position parameters for F14 on the previous day.

340 Journal of the National Institute of Information and Communications Technology Vol.56 Nos.1-4 2009



different path, it did not affect the TEC deriva-
tion for those areas where dense receivers
locate, which was often the case in this study.

2.3 Evolution of the bubble

For the period when the TEC depletion
was observed, ROTI maps are plotted as a
function of latitude and longitude from about
300 GEONET-based GPS receivers’ phase
measurements at intervals of 5 min. Figure 3
shows the ROTI maps at 9 different times that
can represent the process of the irregularities’
evolution and decadence from 1105 to

50 50

1340 UT. The color bar in the figure defines
5 levels of ROTI, with white for 0OSROTI<0.5;
light blue for 0.5€ROTI<1; dark blue for
1<ROTI<1.5; black for 1.5<ROTI<2, and yel-
low for ROTI=2. The red color represents loss
of channel lock for a receiver-satellite pair. It
can be that loss of lock occurred to both L1
and L2 signals. Here, most of the cases were
loss of L2 signal lock while only pseudorange
was measured for L1, which is consistent with
the previous study [25].

The irregularities were first seen on the
east of Okinawa between (23° N, 131° E) and

50

¥ Loss oflqu (a) I Loss of lo‘ck (b) 1 Loss of lo§k (©)
2 : 2 X ¥ 2
45 Il.s 45 Ilvs 45 Il,s
1 1 1
05 : 05 . 05
ROTI (TECUMIN) ROTI (TECU/MIN) " ROTI (TECU/MIN)
840 : 340 ; 340
2 2 2
E E E
235 235 235
= = =
=3 =3 =3
5 £ £ T
2 2 2 04
o 3 3
8% e &% &% o
* 7 s
25 n " DMSP F14 25 r-" MSP F14 25 o DMSP F14
o E -
. 11:05U0T 11:20 UT 11:40 UT
2 12 Feb 2000 2 12 Feb 2000 2 12 Feb 2000
120 125 130 135 .I_40 145 150 120 125 130 135 '1_4() 145 150 120 125 130 135 l1440 145 150
Geographic longitude Geographic longitude Geographic longitude
50 @ Loss of Iokk @ 0 mLosorik © 0 MLossofloy ®)
2 2
45 l : 45 I}-S 45 I}»S
. 05 05
0 0 0
ROTI (TECU/MIN) ROTI (TECU/MIN)
340 340 340
= E E
235 235 235 ot
= = = =)
= = ret = 4
o & ! & e 2
330 230 o 230 2]
O 6] N " 6]
25 25 5 DMSP F14 25 DMSP F14
12:00 UT o 12:20UT 12:40 UT
20 12 Feb 2000 2 12 Feb 2000 2 12 Feb 2000
120 125 130 135 .1_40 145 150 120 125 130 135 '1_40 145 150 120 125 130 135 l1_40 145 150
Geographic longitude Geographic longitude Geographic longitude
507 mLoss of Ik (2) 507 mLoss of K (h) 507 mLoss of I\k (i)
2 2 2
45 II.S 45 II.S 45 II.S
1 1 1
95 05 95 ol
ROTI (TECU/MIN) ROTI (TECU/MIN) ROTI (TECU/MIN)
$40 340 240
= E £
I g g
235 235 o 235
= £ & =
g 5 g g
z A 2 2
Lu’)SU . k> 3 &)30 630
25 DMSP F14 25 DMSP F14 25 DMSP F14
13:00 UT 13:20UT 13:40 UT
2 12 Feb 2000 12 Feb 2000 12 Feb 2000
120 125 130 135 .1_40 145 150 120 125 130 135 '1_4() 145 150 120 125 130 135 l1_40 145 150
Geographic longitude Geographic longitude Geographic longitude

Loss of lock and ROTI maps showing the tfemporal and spatial evolution of the plasma bubble

MA Guanyi and MARUYAMA Takashi

341



(30° N, 136° E) by the GEONET around
1105 UT (Fig. 3a). The local times at these
longitudes were between 1949-2009 LT. The
bubble from then on expanded northward as
shown in Fig. 3b. The black line shows the
trace of DMSP F14, and the arrow marks its
position (27° N, 137° E) at 1120 UT. The
highest latitude of the irregularities was
~32° N, the apex height (equatorial crossing
altitude, as the following Fig. 4 shows) at this
time was 1800 km. As shown in Fig. 3c, it
began to exhibit two separated portions at
1140 UT, which could be bifurcated branches
as often reported previously. The west side of
the bubble came to latitude of 34.5° N, and the
east side reached 33° N. At this time the apex
height is 2150 km, and the upward drift speed
of the bubble mapped onto the magnetic equa-
tor was estimated to be 300 m/s from the con-
secutive two ROTI maps. At 1200 UT shown
in Fig. 3d, the west and east sides of the bub-
ble came to latitudes of 36° N and 33.5° N.
And the apex height is 2420 km. The upward

Equatorial height, km

Longitude = 135°E

A sketch of the plasma bubble and
the Earth’s magnetic field lines at a
meridian plane over Japan

The apex height of the bubble can be estimated
by mapping the ionospheric piercing point
(IPP) along the magnetic field line to the equa-
tor. Here, the IPP is the intersection of the GPS
signal ray path and the thin shell ionosphere,
which is shown with a line at 400 km above
the Earth. The geomagnetic field is determined
from the International Geomagnetic Reference
Field (IGRF).

drift speed is estimated to be 230 m/s. In
Fig. 3e the bubble moved further north and the
west and east sides of the bubble reached lati-
tudes of 36.5° N and 34° N at 1220 UT,
respectively. The west side rose to an apex
height of 2550 km. The upward drift slowed
down to ~100 m/s. Small eastward drift as
50 m/s can be estimated by comparing the dis-
turbance area at different times.

By 1240 UT (Fig. 3f), the northward
expansion of the bubble stopped for the west
side structure, while the east side reached
35.5° N near where Kokubunji ionosonde is
located. Moreover, the bubble’s zonal dimen-
sion seemed to shrink. Then the decline of the
bubble continued. ROTI map at 1300 UT in
Fig. 3g shows the bubble continued drifting
eastward while shrinking. At 1320 UT, only
the west side structure remained in the map. It
is notable that loss of lock area decreased
greatly (Fig. 3h). The east side structure disap-
peared around 1310 UT (not shown). Because
the data is not available to the east of Japan, it
is hard to tell the structure decayed or drift
further eastward. No more loss of lock existed
at 1340 UT (Fig. 3i). The west side structure
shrunk to (35° N, 134° E) with ROTI values
around 0.5~1.5. Residue of the west side
structure with several light blue dots
(0.5<ROTI<1) continued drifting eastward at
a speed of ~50 m/s until 1430 UT (not
shown). It should be pointed out that the dura-
tion of the bubble’s active state (having loss of
lock), 1120-1320 UT, corresponded to the
duration of the TEC depletion.

2.4 Evidence for an eastward electric

field

Figure 5 shows the ionospheric height
(hmF2) variation at three ionosonde stations
(upper panel) on 12 February. The maximum
electron density of the ionospheric F' region
(NmF2) and the TEC at the three stations were
also shown together, in the middle and lower
panel. As indicated by the dot-dash lines,
upward excursion in hnF> at the three stations
started at around 1900 JST (1000 UT) and
ceased one hour later at 2000 JST (1100 UT).
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The magnitude of the height increase was
~90 km at Okinawa, ~40 km at Kokubunji and
~10 km at Wakkanai. At a slightly later time
after the uplifting of the F region, the NuF> at

Okinawa increased greatly, as shown in the
middle panel. The enhancement at Kokubunji
was too small to be recognized. No change
can be observed at Wakkanai. Similar results
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Fig.5 lonospheric peak height and density variations at three ionosonde stations in a meridional
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can be found in TEC in the lower panel, but
the TEC at Kokubunji apparently increased.

The uplifting of the F region and the den-
sity or TEC increase can be explained in terms
of prompt penetration of an eastward electric
field during the storm main phase. These
ionospheric disturbances suggested that the
eastward electric field imposed on the equato-
rial ionosphere caused the ionization anomaly
to expand toward the midlatitude. From the
fact that the prompt penetration occurred after
sunset, it can be inferred that the TEC increase
was limited in the equatorial anomaly region
and a positive storm would not be formed at
the high latitude (26]. The plasma bubble was
observed soon after the enhancement of the
eastward electric field.

It is noted that after the appearance of
TEC depletion spread F was observed for the
period of 1215-1715 UT at Kokubunji and
1130-2130 UT at Wakkanai([20]. No spread F
was observed at Okinawa as expected. The
spread F related irregularities at Wakkanai
were not due to the equatorial bubble, and the
generation of those at Kokubunji needs
detailed assessment that is out of this paper’s
scope.

3 Discussion

Equatorial plasma bubbles develop in the
bottom side of the F region where the general-
ized Rayleigh-Taylor instability driven by the
gravitational force and eastward electric field
operates. During magnetic disturbances, the
eastward electric field imposed over low lati-
tudes can arise from (1) prompt penetration of
magnetospheric electric field; (2) electric field
due to ionospheric disturbance dynamo [27].
The prompt penetrating electric fields can
have significant amplitudes but only for peri-
ods of about one hour, and the electric fields
generated by the dynamo action of stormtime
disturbance wind are proportional to the ener-
gy input into the high latitude ionosphere and
have longer lifetimes (28]. The rapid change of
Ds: often signifies the prompt penetration of
high latitude electric fields[29](30]. Returning

to Fig. 1, a rate of change of SYM-H reached
—144 n'T/hr for 0953-1008 UT, having a good
time correlation with the simultaneous uplift
of the F region at the three stations shown in
the upper panel of Fig. 5. It can be concluded
that the postsunset ionospheric disturbances
observed at the three ionosonde stations were
caused by a prompt penetration of magnetos-
pheric eastward electric field.

It should be noted that equatorial bubbles are
not often observed at midlatitudes, bubble-like
plasma depletions were reported though([101[31].
The magnetic storm induced bubble discussed
in this paper reached a latitude of ~36.5° N
(31.5° N magnetic latitude), indicating an apex
height of ~2500 km. During the growth phase,
seen from an apex height of 1800 km, the
upward drift speed varied from ~300, ~200 to
~100 m/s at the time 1140, 1200, and 1220 UT,
decreasing with increasing altitude and time. The
speeds were consistent with previous radar and
satellite observations, but the apex height was
much larger than previous records[(32]1[33]. It
is reasonable to name it as a super plasma
bubble.

Generally, the bubble drift shows an east-
ward acceleration during its growth phase to
approach the speed of the ambient plasma and
of the background neutral wind which typically
peaks around 150 m/s and 2100 LT [91(341.
The super bubble drifted slightly eastward,
with a speed ~50 m/s much smaller than that
under normal conditions. A possible explana-
tion can attribute to westward wind arising
from Coriolis action on an equatorward wind
which was produced by auroral heating during
magnetic storms. The thermospheric circula-
tion disturbances generate a poleward electric
field (271. This northward electric field is
superimposed upon the background quiet-day
drift pattern, which lowered the eastward bub-
ble drift velocity. Actually in the upper panel
of Fig. 5, the F region can be seen higher than
the reference during the day, indicating an
enhanced equatorward wind. Recently a mag-
netospheric disturbance induced bubble was
observed in Brazilian sector to drift westward
until early morning hours, and Hall electric
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field was discussed as a possible cause [9].
Furthermore, several processes are mostly
likely act together to cause the bubble to drift
eastward slowly. Model work and more case
studies are needed to clarify the dynamics of
stormtime super plasma bubbles.

4 Conclusion

A stormtime premidnight super bubble
development with bifurcated structure was
detected with GPS loss of lock and ROTI
maps derived from the observation by the
GEONET. F region peak parameters obtained
by a meridional ionosonde chain showed that
the bubble was initiated by a prompt penetra-
tion of magnetospheric eastward electric field
to equatorial latitude. The upward drift speed
mapped onto the magnetic equator was esti-
mated as ~300 m/s at ~2150 km, and decreas-
ing with increasing altitude and time. The
highest latitude the bubble reached was
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