3-2-8 Observations of Plasma Bubbles by HF-TEP
and GPS Scintillation
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GPS scintillations were observed at Hainan, China (19.5°N, 109.1°N) and Phu Thuy, Vietnam
(21.0°N, 106.0°E) to compare with the transequatorial propagation of HF radio waves (HF-TEP)
observed at Oarai, Japan (36.3°N, 140.6°E). The results show that the GPS scintillation occur-
rences at Hainan at nighttime were well coincided with the off-great circle propagation (OGCP)
occurrence in HF-TEP of Radio Australia observed at Oarai. This confirms that the OGCP at
nighttime corresponds to the plasma bubble occurrence. At Hainan and Phu Thuy, respectively,
three GPS scintillation receivers were installed with about 100 m separation to measure the drift
velocity of small-scale ionospheric plasma irregularities associated with plasma bubbles. On the
other hand, the drift velocity of large-scale bottomside ionospheric structures associated with
plasma bubble can be estimated by the change in arrival angles of HF-TEP. Measured velocities
by these two methods were similar to each other. Our results show that the HF-TEP measure-

ments are effective in monitoring plasma bubbles in wide area and forecast their arrival.
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1 Infroduction

Observing the HF trans-equatorial propa-
gation (HF-TEP) of HF radio waves has long
been used as a means of observing large-scale
ionospheric irregularities in the equatorial
region. Since radio waves travel straight, short
waves often arrive in the great-circle direction
relative to the radio wave source, but may
sometimes come from a direction deviated
from the great-circle direction. Réttger[1] per-
formed an experiment on sending and receiv-
ing short waves between Lindau, Germany,
and Tsumeb, Namibia, thereby demonstrating
the existence of a large-scale corrugated struc-
ture that travels eastward at nighttime, and
which is accompanied by equatorial spread F.
Maruyama and Kawamura(2] utilized the lat-
est HF direction finding system to observe
HF-TEP by using broadcast waves from Aus-
tralia, and discovered a phenomenon whereby

the direction of arrival emerges in the west
away from the great circle direction and then
gradually changes course southward. They
estimated that this off-great circle propagation
(OGCP) was due to the large-scale structure of
an eastward traveling ionospheric substructure
near the equator, and determined its typical
velocity to be about 200 m s~'. Moreover,
based on the velocity characteristics and sea-
sonal dependency of OGCP occurrence
(including local maximums around the spring
equinox and autumn equinox), and other fac-
tors, they concluded that the trans-equatorial
OGCP of HF radio waves at nighttime is due
to plasma bubbles, and that observing HF-TEP
affords a means of monitoring the generation
of plasma bubbles in a wide area. However,
their observations offered no direct evidence
linking the OGCP of HF radio waves at night-
time to plasma bubbles.

Plasma bubbles contain plasma irregulari-
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ties with various wavelengths. When a radio
wave in the VHF or UHF band passes through
a plasma bubble, Fresnel diffraction causes the
amplitude and phase to change—observed on
the ground as scintillation. Scintillation can
disrupt satellite communications and position-
ing, but has also been used to detect ionos-
pheric irregularities. Scintillation caused by
Fresnel diffraction is intensely generated when
a radio wave of certain wavelength 1 goes
through a plasma irregularity having a hori-
zontal scale of m existing at altitude h. In
recent years, measurement of the scintillation
on GPS satellites has not only helped to detect
plasma bubbles but also to measure the drift
velocity of irregularities with plasma bubbles
by using multiple receivers installed spatially
separated (the spaced-receiver method) [31-(7].
The large electron density gradient and plasma
irregularities stemming from plasma bubbles
pose a hazard to the more advanced use of
satellite positioning and satellite communica-
tions, which makes it very important to moni-
tor the generation and movement of plasma
bubbles in a wider area.

In the spaced-receiver method, when plas-
ma irregularities exist at an altitude between
250 and 400 km with the L1 frequency
(1.57542 MHz) of GPS, m becomes 300
to 400 m and will be used in measuring the
drift velocities of those irregularities on a hori-
zontal scale of this magnitude as contained in
plasma bubbles. Here, it is not that the drift
velocity of plasma bubbles themselves is mea-
sured as the region of electron density deple-
tion. In fact, to clarify the relation between the
drift velocity of plasma bubbles and that of
small irregularities, simultaneous observa-
tions [8] were conducted by taking optical
images of plasma bubbles from an IMAGE
satellite and measuring plasma drift velocity
by using the ROCSAT-1, thereby demonstrat-
ing a significant difference between the two.
Assuming that this result is correct, measuring
the velocity of small irregularities stemming
from plasma bubbles that cause scintillation
will not necessarily result in the same velocity
of plasma bubbles. This will pose a major

problem when predicting the movement of
plasma bubbles by using the velocity derived
from observing scintillations. It is consequent-
ly very important to measure the velocity of
irregularities on various spatial scales stem-
ming from plasma bubbles, and determine the
relation between the spatial scale of irregulari-
ties and their drift velocity.

Based on the background of studies
described above, this study aims to determine
the large-scale structure of the bottom side
ionosphere that causes OGCP as seen in HF-
TEP observations (whether consisting of plas-
ma bubbles or something else), and observe
changes in the arrival angle of OGCP and
GPS scintillation by using the spaced-receiver
method to determine the relation between the
spatial scale and drift velocity of irregularities.

This report is based on the work by Saito
et alel. as published by the Journal of Geo-
physical Research in 2008.

2 Observation and Analysis

This study observed HF-TEP in Oarai,
Japan (36.3°N, 140.6°E), while conducting
observations by using GPS scintillation and
the spaced-receiver method at Hainan, China
(19.5°N, 109.5°N, magnetic latitude +13.9°)
and Phy Thuy, Vietnam (21.0°N, 106.0°E,
magnetic latitude +15.7°).

2.1 HF-TEP

As the source of radio waves for HF-TEP,
broadcast waves emitted from Radio Australia
in Shepparton, Australia (36.02°S, 145.3°E)
were used. These waves were received by
using the HF direction finding system (Oarai
direction finder: ODF) installed in Oarai,
Japan. Shepparton and Oarai are in almost the
same geographical meridian plane and a dis-
tance of about 8,000 km separates both loca-
tions (Fig. 1). At about 140°E longitude, the
magnetic equator is located at about 8°N lati-
tude, so that the relation between both points
concerns geographical south and north conju-
gate points rather than magnetic conjugate
points. The direction of Shepparton as viewed
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from the reception point at Oarai is 175.7°
clockwise from due north. The ODF consists
of antenna arrays composed of seven orthogo-
nal loop antennas arranged on a circle with a
diameter of 60 m, and the MUSIC method is
employed to determine arrival directions (i.e.,
azimuth and elevation angles) of up to three

waves at the same time with an angular reso-
lution of 1° and time resolution of 0.5 second.
Radio Australia provides broadcasts around
the clock, but its transmission frequency
changes depending on the season and local
time. The observations in this project were
made by scanning all frequencies that may be
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used in broadcasts by Radio Australia. Recep-
tion frequency scanning was done using the
following procedure: Reception at that fre-
quency, measurement of the arrival directions
for 8 seconds when the signals are found, and
then shifting to the next frequency.

In assuming that the OGCP of Radio Aus-
tralia’s broadcast waves observed at Oarai is
due to a single mirror reflection attributed to
the ionospheric plasma density gradient stem-
ming from plasma bubbles, since Oarai and
Shepparton are at the geographical south and
north conjugate points, the reflection point can
then be assumed near the geographical equa-
tor. Plasma bubbles have such a long structure
in the north-south direction(101[11] that when
one plasma bubble is observed at a certain
point, the same plasma bubble can be assumed
to exist near the geographical equator at the
same longitude as that point. The geographical
equator at the longitude of Hainan with its
GPS scintillation observation equipment is at
a azimuth angle of 226" as viewed from Oarai
(Fig. 2); therefore, in assuming that the OGCP
of Radio Australia’s broadcast waves stems
from plasma bubbles which have reached the
latitude within the field of view of Hainan’s
observation equipment, we can also expect
that scintillation can be observed at the same
time over Hainan. The OGCP of Radio Aus-
tralia’s broadcast waves is not necessarily
reflected only near the geographical equator.
And since the substructure of plasma bubbles

may be bent relative to the longitudinal line,
the azimuth angle of OGCP will probably
have some dispersions with regard to 226°.

2.2 GPS scintillation

Hainan and Phy Thuy—where the GPS
scintillation observation equipments utilizing
the spaced-receiver method are installed—are
located about 330 km apart east and west
(Fig. 1). Table 1 lists the specifications for the
GPS scintillation equipment installed at
Hainan and Phu Thuy. Both points are
equipped with three GPS receivers each. Two
Ashtech G12 receivers and one Ashtech
BR2G receiver are installed at Hainan where
the carrier-to-noise ratio (CNR) was recorded
at 20 Hz. At Phu Thuy, three JAVAD LGG-
100 receivers were used to record CNR at
100 Hz. At both points, the three receivers
were installed at distances of 90 to 100 m
apart as shown in Fig. 3. The CNR recorded
was used to derive the S4 scintillation index;
the maximum value of the cross-correlation
function between receivers, and the time lag
that gives maximum correlation were derived
at increments of 60 seconds. The S4 index is a
normalized standard deviation of the varia-
tions and, assuming that CNR is s, it can be
expressed by the following equation:

_ )=t (1)
B |

I[s]s) =071 Specifications of the observation systems for GSP scintillation

Location Hainan Phu Thuy
Geographic latitude 19.5°N 21.0°N
Geographic longitude 109.1° 106.0°
Magnetic latitude +13.9° +15.7°
Receiver model Ashtech G12/BR2G JAVAD LGG100
Frequency L1 (1.57542 GHz) L1 (1.57542 GHz)
Data acquisition rate 20 Hz 100 Hz
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Assuming a plane wave, the time lag obtained
between receivers allows the drift velocity
(and direction) of the scintillation pattern to be
derived. This method is known to cause errors
in velocity when the scintillation pattern
changes in time[12], but CNR changes due to
irregularities stemming from the plasma
bubbles normally have a very high correlation
at distances of about 100 m (meaning that,
assuming movement at about 100 m s-1, the
scintillation pattern hardly changes at about
one second). This error can therefore be
ignored (5]. The drift velocity of irregularities
in the ionosphere can be derived from that of
the scintillation pattern on the ground, and
from GPS satellite location and velocity. In
this study, the drift velocities of irregularities
were derived by using the method of Ledvina
et al. (6]. The scintillation pattern on the ground
is determined by the mutual relationship of the
receiver, plasma irregularities, and GPS
satellite location and velocity. The
irregularities are believed to be elongated
along the magnetic lines, so that the shape and
movement of the scintillation pattern
generated on the ground can be understood as
being analogous with the shades of
irregularities generated on the ground
illuminated by light from the satellites. The
reader should understand that the aboveground

movement of shades is determined by
synthesis of the movement of irregularities
that constitute shades in the direction
perpendicular to the magnetic field lines and
with satellite movement serving as a light
source. The irregularities can be considered to
be elongated very long along the magnetic
field line, so that the scintillation pattern on
the ground can be considered to constitute a
plane wave. At that time, the only observable
quantity is the component perpendicular to the
wave front, and any existing component
parallel to the wave front cannot be observed.
In other words, attention must be paid to the
fact that velocity measured by movement of
the scintillation pattern on the ground is not a
two-dimensional vector but a scalar.
Moreover, plasma bubbles develop in the
direction of altitude, while scintillation
intensity is proportional with the absolute
amplitude of the irregularities, so that the
effect is considered most intense near the peak
of the ionospheric F region. From this, we can
assume that irregularities exist at a certain
range of altitude. This study assumed that
irregularities exist at an altitude of 300 km.
The point at which the line of sight between
satellite and receiver crosses this altitude is
called the ionospheric piece point (IPP). Here,
in assuming zs« to denote satellite altitude, Zion
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the ionospheric altitude (= 300 km), vion the
velocity of irregularities in the stationary
orthogonal coordinate system (a left-hand
system with y in magnetic north and z in
vertically up), and vsa the satellite velocity, the
eastward velocity of the scintillation pattern
on the ground can be expressed as:

— sat
Vscimx - z - {Vionx + (qy /qx)vi(my-"_ (q: /qv) Vizmz

| 2
_?i [Vsutx + (qy /qx)vsat,v+ (qZ /q«‘) szz]} ( )

sat

Let the velocity of irregularities in the
coordinate system orthogonal with the
magnetic field line at IPP (a left-hand system
with x eastward and z upward and
perpendicular to the magnetic field line) be
vipp, Which can be expressed using a 3x3
transform matrix R as:

Vipp = Rvion (3)

The matrix R is determined by the receiv-
er’s location, direction of the magnetic field
line, and IPP location (satellite location). For
details, refer to Equations 4 to 8 in Ledvina et
al.(6]. The eastward velocity of irregularities
at IPP and the velocity upward and perpendic-
ular to the magnetic field line can be
expressed by using the [i,j] component Rjj of
the matrix R as follows:

R _ R,R), R.— R, R;,
|:vippx:|_ 1 R22 3 R22 .|:vionx ( )
v ™ R,,R R.R, | |v. 4
ippz Rl3 _ ;; 12 R33 — % ionz
22 22

Here, defining matrix S as follows:

R — R,R, R.— R21R32
o 11 R, 13 R,
R.— RyR, Ro.— RyR;, )
13 Rzz 33 R22

where, []7! denotes matrix inversion,
Equation (1) can be rewritten as follows:

v — Zsat
scintx
Z sat Z ion

, R
[ _q}ZI\JSII +(qz_qy23JS21 Vippx
L q, Ky 9. 4. Ry i

4, R 9. 4, R
O s
L X 22 x x 22 .

Z, q q
ion Yy z
- |:vsatx +— vsaty +— vsatz:| }
Z sat qx qx

In Equation (6), vippx and vippz are the
unknown quantities. Both cannot be deter-
mined at the same time. In this analysis, we
therefore assume vippz as 0. This assumption
holds when the contribution of vipp is suffi-
ciently smaller than that of vippx, but is inap-
propriate in case the velocity of irregularities
has a upward component perpendicular to the
magnetic field line that cannot be ignored.
However, after the plasma bubbles have been
developed, the upward component perpendic-
ular to the magnetic field line is generally
small. Fejer et al.[13]. reported that the upward
velocity perpendicular to the magnetic field
line following the prereversal enhancement
period after sunset is about one-fifth of the
east-west component. From this we decided,
for this study, to only analyze cases where the
coefficient of vippz 1S not more than half the
coefficient of vippx, so that the contribution of
vippz can be suppressed to no more than one-
tenth of the contribution of Vippx.

= | X

(6)

3 Results

Figure 4 shows the arrival azimuth angle
(positive clockwise with due north set to 0°) of
Radio Australia as observed by ODF on
March 29, 2007. The data near the azimuth
angle of 176° stem from great-circle propaga-
tion, and this is called the “main trace” [2]. In
contrast, the group of data seen to the west of
the main trace between 12:00 and 19:00 UT
due to OGCP is called a “‘satellite trace”. The
data near 260° at 10:30 to 12:00 UT, near 260°
at 14:00 to 16:00 UT, or near 260° at 17:00 to
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18:00 UT are known to be due to sources of
radio waves other than Radio Australia. The
arrival direction of data belonging to a satellite
trace changes southward with time, and the
reflection point is considered to have moved
eastward. Maruyama and Kawamura [2]

thought that this might correspond to the east-
ward movement of the large-scale structure of

the bottom side ionosphere stemming from
plasma bubbles. By using the method
employed by Maruyama and Kawamura [2]

and based on temporal changes in the arrival
angle, we estimated the velocity of the reflec-
tion point as being 93 m s™! eastward. As is
evident from Fig. 4, however, the satellite
trace is obscure and the slope as a source in
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estimating velocity has a certain degree of
range. Even with the slope being clearly
determined, this method entails error of 7 to
8 m s~ !; therefore, note that the estimation
error in actual velocity will be even larger.

On the same day the satellite trace was
observed in Oarai, Hainan observed intense
GPS signal scintillation. Figure 5 shows the

S4 index of GPS L1 signal intensity observed
at Hainan on March 29, 2007. In response to
the GPS L1 signals of PRN 16 and 22, a large
S4 index was observed between 12:40 and
13:15 UT and between 13:15 and 13:45 UT,
respectively. At that time, no scintillation was
observed at Phu Thuy. Figure 6 shows the
maximum correlation values between the three
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receivers regarding the temporal variation of
CNR of the PRN 16 and 22 satellites in
Hainan; Figure 7 shows the time lags corre-
sponding to the maximum correlation values
shown in Fig. 6. In these figures, data with an
S4 index of 0.3 or more are plotted. There may
seem to be no continuity between PTN 16 and
22 data. However, as discussed above, move-
ment of the scintillation pattern on the ground
is determined by the mutual relationship
between the receiver, plasma irregularities,
and satellite location and velocity; therefore,
scintillations due to irregularities stemming
from the same plasma bubble can be reason-
ably expected to cause discontinuity in tempo-
ral differences between receivers located
between different satellites. These time lags
were used to measure drift velocity of the
scintillation pattern on the ground and esti-
mate the drift velocities of plasma irregulari-
ties by using Equation (6). Figure 8 shows the
results. Here, the data of PRN 16 were not
used to estimate velocities due to the condi-
tions for estimating velocities obtained from
Equation (6) (where the coefficient of vipp is

2007-03-29

300F , v
200 = 2 16 3

: o 1
100 - -~ 3
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Drift Velocity (m/s)

-100 - 3
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Dirift velocity of irregularities as
derived by using the correlation in
temporal variation of CNR between
antennas observed at Hainan on
March 29, 2007
The figure only shows cases where
the Sa index was 0.3 or more and
the condition regarding Equation
(6) was satisfied. The blue line
shows data regarding the PRN 16
satellite; the red line shows dafa
regarding the PRN 22 satellite [9].

not more than half of the coefficient of vippx).
From Fig. 8, the drift velocity of plasma irreg-
ularities estimated at that time was about 130
m s~ eastward. It can be seen that the drift
velocity of these plasma irregularities estimat-
ed based on GPS scintillation is in reasonable
agreement with the drift velocity of the large-
scale structure of the bottom side ionosphere
estimated based on HF-TEP.

During the period from March to October
2007, OGCP was observed by ODF near 226°
on March 26, 29 and 31, September 18 and
22, and October 22 (six nights). GPS scintilla-
tion presumably stemming from plasma bub-
bles over Hainan was observed on March 26,
29 and 31, on April 1 and 15, September 18,
and October 22, 2007. The observation system
in Phu Thuy was regrettably in poor condition,
and therefore a significant conclusion could
not be reached except on March 29, 2007.
Table 2 summarizes the dates of OGCP occur-
rence as observed by ODF and the dates of
GPS scintillation over Hainan and Phu Thuy.
Table 3 lists the periods of OGCP occurrence
near the azimuth angle of 226° at ODF and the
periods of GPS scintillation over Hainan.
However, since the poor condition of ODF
resulted in a lack of HF-TEP data on April 15,
2007, the data were excluded from Table 3.
From these results, it can be seen that OGCP
near the azimuth angle of 226° at ODF and
GPS scintillation over Hainan agree very well.
Moreover, the OGCP generally occurred earli-
er at ODF and ended later than GPS scintilla-
tion at Hainan. This suggests that the large-
scale structure of the bottom side ionosphere
that presumably causes OGCP in HF-TEP is
generated before plasma bubbles form and
lasts longer than plasma irregularities with a
scale size of a few hundred meters that cause
GPS scintillation, and that observations by
using GPS scintillation are conducted at the
point where the line of sight between satellite
receivers crosses the ionosphere, while HF-
TEP is a two-dimensional observation that
covers a wider range than the GPS receiver at
a time.
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i[s]s)[=374 Dates of OGCP of HF-TEP and GPS scintfillation occurrence

OGCP GPS scintillation
Date Oarai (near the azimuth Hainan Phu Thuy
angle of 226°)
March 26, 2007 0] (0] ND
March 29, 2007 0O (0] NO
March 31, 2007 0) 0) ND
April 15, 2007 ND 0) ND
September 18, 2007 F 0 ND
October 22, 2007 @) ND

Note that O, NO and ND denote occurrence, non-occurrence, and lack of measurement, respectively. On September 18,

2007, faint OGCP was observed, thereby being expressed as F.

I[s]s) =154 Times (UT) of OGCP occurrence at Oarai and GPS scinfillation at Hainan

Oarai (near the azimuth

GPS scintillation

Date angle of 226°) (Hainan)
March 26, 2007 11:50-15:30 12:40-15:00
March 29, 2007 11:30-15:00 12:40-13:45
March 31, 2007 11:30-17:00 12:20-14:00
September 18, 2007 14:45-17:00 14:30-16:00
October 22, 2007 11:00-14:00 13:30-13:55

4 Discussion

Figure 9 (a) shows the GPS satellite’s tra-
jectory of IPP at an altitude of 300 km seen
from Hainan. The red lines indicate the inter-
val where scintillation was observed. Figure 9
(b) shows the GPS satellite’s trajectory of IPP
at an altitude of 300 km seen from Phu Thuy;
the red lines indicate the location where scin-
tillation was observed at Hainan, similarly to
Fig. 9 (a). From this, it is evident that the tra-
jectory of IPP over Phu Thuy deviates from
the red lines. The trajectory of IPP for the
PRN 18 satellite seen from Phu Thuy appears
to be near the location where scintillation of

the PRN 22 satellite signal was observed at
Hainan. However, the time of day when the
PRN 18 satellite’s trajectory over Phu Thuy
intersected with the location indicated by the
red lines differs from the time of day when
scintillation was observed by the PRN 22
satellite signal, and the PRN 18 satellite
passed over Phu Thuy toward the southeast
without encountering the plasma bubble. From
these findings, one can understand why no
scintillation was observed at Phu Thuy even
though it was observed at Hainan. Moreover,
the observation of plasma bubbles by using
GPS scintillation is essentially on a point basis
and, unless satellite density is sufficient, it is
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(a) GPS satellite’s trajectory seen from Hainan, China, at 12:00 to 15:00 UT on March 29, 2007,

(b) Trgjectory seen from Phu Thuy, Vietnam

The black dots on the line represent satellite position every 15 minutes, while the numbers
indicate the fimes of day (UT). The red line indicates the location where intense scinfillation

was observed at Hainan(9].

possible to overlook a plasma bubble.

The occurrence of scintillation over
Hainan switched from PRN 18 to PRN 22,
with 13:15 UT marking the borderline. The
scintillation at PRN 22 then continued until
13:45 UT. From this, the relation between
plasma bubbles and the trajectory of IPP of
the PRN 18 and 22 satellites can be estimated
as shown in Fig. 10. In the meantime, assum-
ing that plasma bubbles move at a constant
velocity without changing shape, one can esti-
mate the actual drift velocity of plasma bub-
bles. As shown in Fig. 10, plasma bubbles can
be assumed to travel about 270 km eastward in
30 minutes, so that the actual drift velocity of
plasma bubbles is 150 m s™!' eastward. This
velocity is very close to the drift velocity of
130 m s7! for plasma irregularities estimated
based on movement of the scintillation pat-
tern. From this finding, concerning the plasma
bubbles observed at a longitude near Hainan
on March 29, 2007, one can say that virtually
the same results were obtained for the drift
velocities of plasma bubbles, plasma irregular-
ities, and the large-scale structure of the lower

1300 — 1500 UT 29 March 2007
25

[\
S

Geographic latitude
W

Magnetic equator

100 105 110 115
Geographic longitude

\Zle L1 Similar fo Fig. 9 but showing the
locations of plasma bubbles esti-
mated from 13:15 UT fo 13:45 UT
on March 29, 200719].

ionosphere as estimated from HF-TEP.
Table 4 compares the drift velocity of
small-scale plasma irregularities estimated
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I[e]0][= 2l East-west drift velocities (m s, positive eastward) estimated in HF-TEP and GPS scintillation

Oarai (near the azimuth

GPS scintillation

Date angle of 226°) (Hainan)
March 26, 2007 80
March 29, 2007 130
March 31, 2007 80
April 15, 2007 95
September 18, 2007 50

October 22, 2007

“” indicates lack of measurement or failure to estimate velocity.

based on GPS scintillation observed at Hainan
with the drift velocity of the large-scale struc-
ture of the bottom side ionosphere estimated
based on HF-TEP observed at Oarai. From
this comparison, one can see that these groups
of velocities almost agree with each other. On
September 18, 2007, the HF-TEP signals were
so weak that we were unable to estimate
velocity. Moreover, on October 22, 2007, the
elevation angle of the GPS satellite for which
scintillation was observed at Hainan was too
low, also resulting in failure to estimate veloc-
ity there as well. Huba et al.[14]. conducted a
study based on numerical simulation to
demonstrate that the E x B drift velocity inside
a plasma bubble can differ from the plasma
bubble’s upper development velocity. This
means that the velocity of plasma does not
necessarily agree with the velocity of the plas-
ma bubble itself. The difference in velocity
between small-scale plasma irregularities and
the large-scale ionospheric structure obtained
in this study was within the range of error in
the observation method employed by this
study. In this way, it is difficult to derive a
clear conclusion from this study concerning
the issue presented by Lin et al.[8]. regarding
the difference in velocity between small-scale
plasma irregularities and the large-scale iono-
spheric structure. Although HF-TEP and GPS
scintillation were simultaneously observed

during low solar activity period, resulting in
few observation findings, this simultaneous
observation of OGCP and scintillation pro-
duced results where the velocities estimated
by using both virtually agree with each other,
demonstrating that OGCP seen in HF-TEP at
nighttime stemmed from plasma bubbles.
Therefore, this finding marks an important
discovery.

HF radio waves propagated across the
equator are presumably reflected on the bor-
ders of plasma bubbles below the peak in the
ionospheric F region. Scintillation intensity is
proportional to the absolute value of change in
ionospheric plasma density, so that plasma
irregularities near the peak of the ionospheric
F region are considered to affect scintillation
most intensely. In fact, in observations made
at Hainan on March 29, 2007 (Fig. 10), the
drift velocity in the scintillation region almost
agreed with the drift velocity of plasma irregu-
larities. From these findings, both methods
(HF-TEP and GPS scintillation) were presum-
ably sensitive in the same altitude region of
the ionosphere, since the two methods yielded
very similar values in estimated velocities.

5 Conclusion

This study presented the results of simulta-
neously observing HF-TEP and GPS scintilla-
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tion for the first time in the world. HF-TEP
was observed by measuring the arrival angle
of Radio Australia’s broadcast waves transmit-
ted from Shepparton, Australia, by using the
direction exploratory equipment in Oarai,
Japan. GPS scintillation was observed at
Hainan, China, and at Phu Thuy, Vietnam.
Observations at Phu Thuy obtained little data
due to the poor condition of the equipment
there, but GPS scintillation generated over
Hainan agreed well with HF-TEP OGCP gen-
erated near a azimuth angle of 226° in Oarai.
Moreover, the drift velocity of small-scale
(300—-400 m) plasma irregularities stemming
from plasma bubbles estimated based on
movement of the GPS scintillation pattern on
the ground agreed well with the drift velocity
of the large-scale structure of the bottom side
ionosphere, as estimated based on changes in
the arrival angle of HF-TEP. These findings
proved that nighttime OGCP seen in HF-TEP
is associated with plasma bubbles, and that
HF-TEP is quite effective in the wide-range
monitoring of plasma bubbles. The arrival
angle of OGCP in HF-TEP is obscure and
leaves errors in estimating location and veloci-
ty. For monitoring the generation and move-
ment of plasma bubbles, it is very important to
more precisely estimate the location and
velocity of plasma bubbles. The scattered
arrival angle is presumably due to the fact that
HF broadcast waves take several different
propagation paths; therefore, it is more effec-
tive to measure the propagation path length,
thereby distinguishing the propagation paths.
An effective method of measuring propagation
path length is passive radar whereby reception
is observed simultaneously at two locations
(near the radio source and at a remote loca-
tion) and propagation time is determined
based on the resulting lags in waveform. As of
2009, with the grant-in-aid for young scien-
tists (B) provided by the Ministry of Educa-
tion, Culture, Sports, Science and Technology
of Japan (MEXT), a system for wide-range
monitoring of the generation and movement of

plasma bubbles by using passive radar is being
developed. In the future, TEP observations
with VHF radio waves that travel more
straightly should be conducted with a special-
ly prepared transmitter.

Large safety margins to cover the possibil-
ity of overlooking the presence of plasma bub-
bles have been considered for the MTSAT
satellite-based augmentation system (MSAS),
ground-based augmentation system (GBAS),
and other advanced uses of satellite naviga-
tion. Such an approach would pose an obstacle
to more advanced use of such technologies.
However, when it becomes possible to unfail-
ingly monitor plasma bubbles and predict their
movement, it will also become possible to
reduce unnecessary safety margins, thereby
paving the way to more advanced use of satel-
lite navigation. Monitoring the generation and
movement of plasma bubbles by observing the
OGCP of HF-TEP is a promising method that
will enable the more advanced use of satellite
navigation, which must be actively promoted
not only for scientific purposes but also for
social benefit.
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