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1. Introduction/Background 
 
1.1 The Navigation Strategy and the Performance-Based Navigation Roadmap for the 
Asia/Pacific Regions have prescribed to implement GNSS with augmentation as required for APV and 
precision approach operations where operationally required and economically beneficial and to 
implement the use of APV operations in accordance with ICAO’s requirement. Following this strategy, 
Japan seeks implementation of SBAS and GBAS for APV and precision approach operations. 
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SUMMARY
 

This Working Paper highlights the effects of the ionosphere on GNSS 
and suggests desirable actions to implement GNSS for aviation in a 
more advanced manner in APAC region. The effects of low latitude 
ionosphere on GNSS are reviewed. Ionosphere Field monitor is 
introduced as possible mitigation of the ionospheric impact on GBAS. 
Toward the next solar maximum, importance of coordinated 
ionosphere data collection in APAC region is emphasized. An example 
of local-area ionosphere observation system operated by Electronic 
Navigation Research Institute (ENRI) in the southwest part of Japan is 
introduced. Finally, workshops on the ionosphere and GNSS are 
suggested to enhance understandings of this topic in the APAC region. 
 
This paper relates to: 
 
Strategic Objective:   
A. Safety  D. Efficiency 
 
Global Plan Initiative:   
GPI – 5 RNAV and RNP (Performance Based Navigation) 
GPI – 21 Navigation 
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1.2 In the last APANPIRG/20 meeting held in Bangkok in September 2009, it was 
understood that the ionosphere is a significant issue in utilizing GNSS for aviation. It was also 
concluded that States are urged to cooperate with each other to collect data and characterize 
ionosphere model in the APAC region that will lead to smooth introduction of GNSS in the 
ASIA/PAC region and provide the name and contact details of the Focal Point of Contact to ICAO 
Regional Office for coordinating collection and exchange of ionosphere data with the ultimate 
objective of establishing a standard ionosphere model for the region. 
 
2. Discussion 
 
2.1 The ionospheric plasma between GNSS satellites and receivers affects radio wave 
propagation. Plasma in the ionosphere changes the refraction index and thereby the propagation 
velocity from the velocity of light in the vacuum. The total number of 1016 electrons per square meter 
is expressed as 1 TECU. The group velocity of the radio wave is delayed by 0.16, 0.27 and 0.29 m per 
TECU at GPS L1 (1.57542 GHz), L2 (1.22760 GHz) and L5 (1.17645 GHz) frequencies, respectively. 
The ionospheric plasma density and the delay increase with the solar activity. The vertical TEC can be 
as large as 100 TECU during the solar maximum. This corresponds to delays of 16, 27, and 29 m at 
L1, L2, and L5 frequencies, respectively. Smoothing filter utilizing carrier-phase measurement to 
reduce noise in pseudo-range measurement, which is used in SBAS and GBAS, enhances the error, 
because the pseudo-range and carrier-phase measurements have opposite polarities of responses to the 
ionospheric plasma. Position errors can be significantly larger than the values of range errors 
depending on satellite geometry. Ionospheric effects on GNSS for aviation have been documented in 
the ICAO NSP report (“Ionospheric Effects on GNSS Aviation Operations”, December 2006).  
 
2.1.1 SBAS and GBAS are based on the differential GNSS technique where corrections to 
users are made based on observations at reference stations on the ground. If the ionospheric delay 
were homogeneous, the correction would be very accurate. However, the ionospheric delay is 
inhomogeneous in reality. Unless the ionospheric delay distribution is perfectly modelled, the 
difference in delays along the GNSS signal paths of the user and the reference stations results in 
correction error. Figure 1 shows such a basic idea. In GBAS and SBAS, systems must be designed so 
that the user is protected against such errors. 

Figure 1. Inhomogeneous ionosphere and differential GNSS. 
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2.1.2 One of the ionospheric phenomena which accompany significant inhomogeneity (or 
gradient) in the ionospheric delay is so-called Storm Enhanced Density (SED) associated with a 
severe magnetic storm. It is observed in the mid to high magnetic latitude regions. This is relatively  
well studied in GBAS and SBAS. In the magnetic low latitude regions where the many of States in the 
APAC region is located, there are characteristic ionosphereic phenomena that accompany large 
ionospheric gradient. One is so-called equatorial ionization anomaly (EIA) that is a pair of belts where 
ionospheric plasma density is high and having peaks around ±15º in magnetic latitude (Figure 2a). 
EIA always exists, but the location and intensity significantly change in time to time. Another one is 
so called Equatorial Plasma Bubble (EPB) that is a sharp depletion of the ionospheric plasma. At the 

edges of EPB, the ionospheric gradient can be as large as that of SED. Figure 2b shows the 
ionospheric delay measured in Japan with the presence of two EPBs. It occurs frequently in the 
evening during the solar maximum and most of EPBs occur in a magnetic quiet condition. More 
information on EPB can be found in Attachment 1 of this Working Paper. EPB also accompany the 
strong scintillation in GNSS signals that may degrade the ranging accuracy, and may result in signal 
lock-off. 
 
2.1.3 Electronic Navigation Research Institute (ENRI) is developing its original prototype 
of GBAS, which satisfies the SARPs requirements for CAT-I operation (vertical alert limit of 10 m) 
under the ionospheric environment in Japan taking both SED and EPB into account. ENRI has 
investigated the ionospheric condition over Japan, which is located from mid to low latitudes, and 
developed its own ionosphere threat model applicable to the ionosphere over Japan. Based on the 
investigation, it has been concluded that Ionosphere Field Monitor (IFM) located on the ground near 
DH to detect ionospheric gradient (Figure 3) is a solution to mitigate the potential risk of the 
ionosphere. With the IFM that is located closer to the approaching airplane than the reference stations, 
the maximum possible range errors induced by ionospheric gradient can be reduced. In many of States 
in this region located in lower magnetic latitudes than Japan, the ionospheric condition would be more 
severe. Therefore, ionospheric condition must be investigated carefully. 

 

Figure 2. (a) Example of global ionospheric delay distribution derived from an empirical model 
(NeQuick). (b) Ionospheric delay distribution with the presence of two EPBs observed over Japan. 

(a) (b) 

Figure 3. Effect of IFM to reduce ionosphere induced error in GBAS. 
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2.2 Evaluating and specifying the ionospheric threat is the responsibility of each State. 
Appropriately modelling the ionosphere based on good knowledge on the ionosphere is the key issue. 
However, it has not been established well mainly due to lack of enough data specifically needed by 
aviation applications. Toward the coming solar maximum expected around 2013, it is an urgent task to 
collect data in the APAC region. 
 
2.2.1 The most important but lacking data is the ionospheric gradient measurement. In the 
case of EPB, the ionospheric delay can change from that of background to inside in a few tens 
kilometres. Therefore, it is necessary to measure the ionospheric delay at multiple receivers separated 
by several to ten kilometres. To understand the background conditions and EIA variations, wide-area 
observations of the ionospheric delay by GNSS receiver network is necessary. Scintillation 
measurement is also important to understand the relationship between EPB and scintillation. EPB drift 
velocity can be estimated by scintillation measurements by closely spaced (by a few hundred metres) 
receivers. EPB velocity measurement data is useful to build a model of EPB motion for future EPB 
propagation prediction. More detailed description on scintillation measurement by closely spaced 
receivers and EPB velocity estimation can be found in Attachment 2. 
 
2.2.2 For delay measurement, local or wide-area, dual-frequency GNSS receivers with land 
survey quality can be used. For local-area observation, three or more receivers separated by several to 
ten kilometres which should not be aligned in a straight line. For wide-area delay observation, a 
network of receivers separated by a hundred kilometres or less is prefereable. For scintillation 
measurement, high sampling rate GNSS receivers dedicated for scintillation measurements should be 
used. Three or more scintillation receivers should be installed with distances of a few hundred metres 
and not aligned in a straight line.  
 
2.2.3 ENRI is operating a local area gradient/scintillation observation system in Ishigaki 
Island (24.3ºN, 124.2ºE) in the southwest part of Japan. In Ishigaki, four stations equipped with a dual 
frequency (L1 and L2) GPS receiver and a scintillation receiver. The distances are from 400 m to 
1 km. The distribution is rather optimized for scintillation measurements. However, similar system 
can be deployed for gradient measurement with longer distances. Detailed description of the Ishigaki 
system can be found in Attachment 3. 
 
2.2.4 Wide-area measurements can be conducted collaborating with other organizations, 
such as International GNSS Service (IGS) or land survey networks in each State. Local gradient 
measurements could also be conducted by adding GNSS receivers near the existing stations. To start 
working on this issue quickly by utilizing existing facilities, to complement each other, and to avoid 
duplication, cooperation/coordination with other organizations or activities should be pursued. Other 
organizations or activities may include Interoperability Working Group (IWG) for SBAS or 
International GBAS Working Group (I-GWG). 
 
3. Action by the Meeting 
 
3.1 To develop a reliable ionosphere model in APAC region, data should be collected as 
much as possible. Since the next solar maximum is coming closer in a few years, it is important to 
share/exchange data to increase the total amount of data. For this purpose, a common way of data 
analysis and a common data format should be desirable. They should be further discussed in the frame 
of CNS/MET subgroup or between the States that are interested in ionosphere data collection. 
 
3.2 To enhance understandings of contracting States on the ionosphere and GNSS, ICAO 
APAC Regional Office should organize workshops on the ionosphere and GNSS. For this purpose, a 
voluntary group for planning the workshop should be formed by utilizing the Focal Point of Contact. 
The planning should include preparing agenda and suggesting lecturers and invited speakers. 
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3.3 The meeting is invited to: 
 
 a) note the contents of the Working Paper; 
 
 b) encourage contracting States in APAC region to; 
 
  • collect data in each territory and share it with other contracting States 

toward the expected next solar maximum around 2013  
 
 c) task APAC Regional Office to; 
 
  • organize workshops to enhance understandings contracting States on 

the ionosphere and GNSS 
 
  • form a voluntary group for planning the workshop to prepare agenda 

and suggest lectures and invited speakers 
 
  • take necessary actions to coordinate ionosphere data collection with 

other organization 
 
 
 

_ _ _ _ _ _ _ _ _ _ _ _ 
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Study of Effects of the Plasma Bubble on GBAS
by a Three-Dimensional Ionospheric Delay

Model
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ABSTRACT
Spatial gradient of the ionospheric plasma density is one of
the most serious error source of differential GPS systems.
Since Japan is located at relatively low magnetic latitudes
(from 41 down to 19 degrees magnetic latitude), effects of
low latitude ionospheric phenomena, especially a plasma
bubble which is a region of depleted plasma density must
be taken into account with great care.

A 3-D ionospheric delay model which take into ac-
count the effect of the plasma bubble has been developed
based on the NeQuick ionospheric/plasmaspheric plasma

density model and on knowledge on the plasma bubble ob-
tained in more than 30 years history of its study.

GBAS is simulated (without any monitors) with our
ionospheric model to investigate the impact of the plasma
bubble on GBAS. Simulations are conducted with various
satellite geometry, various plasma bubble location, and dif-
ferent approach directions. The results show that a sin-
gle plasma bubble can cause a positioning error in vertical
more than 10 m and needs to be detected by ground or air-
borne monitors. It is found that the impact of the plasma
bubble is more significant when it comes around the merid-
ian of the reference station, and not significant when it is
located far east or west of the reference station. This re-
sult can be obtained only with a 3-D model which takes
the plasma bubble structure into account. However, plasma
bubbles in the real world generally have complex shapes,
and multiple plasma bubbles are often observed at the same
time. Considering these facts, the impact of plasma bubbles
at low elevations in the east or west should be evaluated
more carefully with more complex-shaped plasma bubbles,
for example, based on the observation by VHF backscatter
radars or airglow imagers.

Our simulation code is designed so that various simu-
lation parameters are flexibly chosen, monitors can be eas-
ily implemented, multiple plasma bubbles can be consid-
ered. Complex-shaped plasma bubbles will also be tested.
Our model can be utilized not only for GBAS but also for
SBAS or other applications.

Our model shows reasonable and promising perfor-
mance in modeling the ionospheric delay with a plasma
bubble. It is quite useful in studying effects of plasma
bubbles on GBAS to implement it in low latitude region,
although our model needs more improvements which are
being in progress. We believe that this kind of simulating
tools are very necessary to potential GBAS systems in low
latitude regions.

1 INTRODUCTION
Spatial gradient of the ionospheric plasma density is one
of the most serious error source of differential GPS sys-
tems. The storm enhanced density (SED) which is asso-
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ciated with a severe magnetic storm has been considered
to be the most important ionosphere-origin threat for the
ground based augmentation system (GBAS). Since North
America and Europe are located at relatively high magnetic
latitudes (no lower than 30 degrees magnetic latitude) in
mid-latitudes, effects of the low latitude ionospheric phe-
nomena, such as equatorial anomaly development or plasma
bubbles have not been considered seriously.

Since Japan is located at relatively low magnetic lati-
tudes (from 41 down to 19 degrees magnetic latitude), how-
ever, effects of low latitude ionospheric phenomena, es-
pecially a plasma bubble which is the region of depleted
plasma density must be taken into account with great care.
It is characterized by sharp plasma density gradients at its
edges and various scale plasma density irregularities that
cause radio scintillation.

The sharp plasma density gradient could increase the
differential error between a ground reference station and an
airborne equipment and may threaten the integrity of the
GBAS. Radio scintillation could degrade the ranging ac-
curacy, and sometimes cause receiver lock-off, which may
also reduce the availability of the GBAS.

In contrast to the SED which is a rare phenomenon
associated with a severe magnetic storm, the plasma bub-
ble is a very common phenomenon in the low latitude and
equatorial ionosphere. Plasma bubbles occur almost every
night in particular seasons with high solar activity. This
much more frequent occurrence of the plasma bubble than
the SED may require careful treatment.

Thus, the plasma bubble could be a serious threat to
the GBAS in the magnetic low latitude region. Among the
two major effects of the plasma bubble on GNSS, the iono-
spheric gradient and scintillation, the ionospheric gradient
is more serious problem, because satellite lock-off would
not be an integrity risk, while the ionospheric gradient may
lead to misleading information to airborne users. General
characteristics of the plasma bubble have been extensively
studied for more than 30 years and are quite well known,
except for day-to-day variability of the plasma bubble oc-
currence. However, precise observations of the spatial gra-
dient of the ionospheric delay associated with the plasma
bubble are not enough to characterize them. In such cases,
modeling study based on the accumulated scientific knowl-
edge is suitable. For this reason, [Saito et al., 2009] started
developing a three-dimensional ionospheric delay model
for the GBAS. They succeeded in reproducing a temporal
variation of the ionospheric delay associated with a plasma
bubble and modeling the satellite range correction errors.

We have extended the model to simulate the GBAS.
Now the position domain errors associated with the plasma
bubble can be estimated. In this study, GBAS simulations
are extensively conducted with various conditions and some
insight to what the worst case is for the plasma bubble
threat is given.

2 PLASMA BUBBLE
The plasma bubble is a low-latitude and equatorial iono-
spheric phenomenon where the low density plasma in the
bottom-side ionosphere explosively rises to the topside.

It is widely accepted that the basic process is the Rayleigh-
Talyor plasma instability [Woodman and La Hoz, 1976].
Some characteristics of the plasma bubble important for the
GBAS are summarized below.

• Shape
The plasma bubble has a very characteristic three-
dimensional structure. The shape of the plasma bub-
ble is aligned with the earth’s magnetic field lines.
It is a cleft of the ionosphere with a fan-like shape
extended in north-south and very thin in east-west
(Fig. 1). Therefore, it is tallest over the magnetic
equator, and the latitudinal extent is determined by
the top altitude at the magnetic equator. The equa-
torial top altitude can often be as high as 1000 km
(equivalent to 21.6 mag. lat. at 300 km altitude), and
sometimes reach as high as 1500 km (equivalent to
25.9 mag. lat. at 300 km altitude).

• Plasma density variation
Inside the plasma bubble, plasma density is extremely
lower than that of outside. The boundary is very
sharp, and the local plasma density changes 100 % to
less than 10 % within a few tens kilometer [Burke et
al., 2004a]. Therefore, the total number of electrons
(TECs) along a satellite–receiver path to which the
ionospheric delay is proportional also changes very
sharply at the boundary of the plasma bubble. Since
there are some plasmas above the plasma bubble (the
topside ionosphere and the plasmasphere, generally
10–30 % contribution to the total delay), the iono-
spheric delay cannot be decreased down to zero. It
should also be noted that the plasma bubble gener-
ally has a complex shape, the horizontal scale length
of the ionospheric delay variation associated with the
plasma bubble would be longer than that of the local
plasma density variation.

• Multiple bubble occurrence
Multiple plasma bubbles often occur with separation
of about several hundred kilometers [Tsunoda, 2005,
Fukao et al., 2006, Saito et al., 2008b]. Sometimes a
single plasma bubble is generated. But it is often the
case that two or more plasma bubbles are observed
in the receiver field of view.

• Drift
In general, the plasma bubble is generated at the sun-
set of the magnetic equator [Yokoyama et al., 2004],
and drifts eastward typically at 50–150 m sec−1. It
is fastest around 20 LT and slows down as local time
becomes late [Terra et al., 2004, Fukao et al., 2006,
Yao and Makela, 2007]. Sometimes a plasma bubble
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Figure 1. Illustration of the plasma bubble shape in (a) meridonal and (b) zonal planes.

stops with respect to the ground [Saito et al., 2008a].
During a magnetic storm, however, it can occur at
any time from sunset to sunrise, and may drifts west-
ward. Since the plasma bubble drifts almost together
with the background thermospheric neutral wind, the
zonal drift velocity is limited and not so fast as SEDs.

• Occurrence: Solar activity dependence
The occurrence of the plasma bubble varies signif-
icantly with the solar activity. It occurs very often
during the high solar activity period, while not of-
ten during the low solar activity period [Huang et al.,
2002].

• Occurrence: Season/Longitude dependence
The seasonal variation of the plasma bubble occur-
rence is closely related to the longitudinal variation.
[Maruyama and Matuura, 1984, Burke et al., 2004a]
The occurrence has two peaks around March and Septem-
ber equinoxes in Asian sector, while around November–
February in the Atlantic sector.

• Occurrence: Magnetic activity dependence
Unlike SEDs, many of plasma bubbles occur in mag-
netic quiet condition. According to satellite observa-
tions [Huang et al., 2001], the occurrence rate de-
creases as magnetic activity increases up to a moder-
ately disturbed condition. In severely disturbed con-
ditions, the occurrence rate increases with increasing
magnetic activity. Since such severe magnetic condi-
tions are not so common, majority of plasma bubbles
occur in magnetic quiet conditions. (The magnetic
disturbance and the ionospheric disturbance are not
the same thing.) This should be kept in mind when
we pick up observed data sets for analysis.

3 MODEL DESCRIPTIONS

The simplest way to model effects of plasma bubbles on
the ionospheric delay is to use a two-dimensional iono-
spheric delay model and impose depletions due to plasma
bubbles. Such 2-D models assume that the ionospheric
delay comes from a virtual thin layer at a certain altitude
around the ionospheric F region peak (∼300 km) and delay
along a certain satellite–receiver path is represented by the
virtual delay at a point at which the path crosses the vir-
tual thin layer (an ionospheric pierce point, IPP). However,
the plasma bubble has a three-dimensional structure con-
strained by the magnetic field. It is narrow in the east-west
direction (∼100 km) and very elongated in the north-south
direction (∼a few 1000 km). Furthermore, contribution of
the upper ionosphere and the plasmasphere to the total de-
lay could amount up to 30 % of the total delay which can be
significantly different for different satellite–receiver paths
which pass the same IPPs. Therefore, difference between
ionospheric delays along the line of sights passing the same
points in the virtual thin layer can be significant. For this
reason, we develop a model where both the background
ionosphere and plasma bubbles are described in a three-
dimensional space.

Our model consists of a background ionospheric model
and a plasma bubble. As a background ionospheric model,
we use NeQuick [Giovannni and Radicella, 1990,Radicella
and Zhang, 1995] where plasma density distribution be-
tween two arbitrary points. A plasma bubble model is de-
fined in the vertical plane in the magnetic equator given as
relative depletion compared with background. By defining
the plasma bubble shape in the magnetic equatorial plane
and utilizing high magnetic conjugacy of the plasma bub-
ble [Otsuka et al., 2002], the plasma bubble shape can be
defined in the 3-D space. The earth’s magnetic field is ap-
proximated by the tilted-dipole model.

The background ionosphere is characterized by the
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following parameters:

• geographic latitude, longitude, and altitude

• date and time in UT

• solar activity in terms of the solar radio flux index
(F10.7) or the sunspot number index

So far, very simple plasma bubble shape, a rectan-
gular, in the magnetic equatorial vertical plane are used.
The plasma bubble moves zonally at a constant velocity.
During the drift, it is assumed to keep the same shape. A
tilted-dipole magnetic field model is used to trace magnetic
field line from an arbitrary point to the magnetic equatorial
vertical plane. Parameters that have been implemented to
characterize plasma bubbles are as follows:

• number of plasma bubbles

• positions at the magnetic equator

• maximum depletion level relative to the background

• height at the magnetic equator

• zonal width

• scale length of the plasma bubble boundary

• zonal drift velocity

Plasma bubble characteristics which have not been
implemented and will be implemented soon are as follows:

• use of the international geomagnetic reference field
(IGRF) model

• arbitrary plasma bubble shape in the magnetic equa-
torial vertical plane

• scintillation presence (exists or not)

4 SIMULATION, RESULTS AND DISCUSSION
Positioning errors due to plasma bubbles are varies with
various parameters, solar activity, season, airport location,
satellite geometry, shape and location of the plasma bubble,
approach path of airplanes, and so on. The number of com-
binations of different parameters are so huge that we first
fix most of parameters and try changing some important
parameters. Basic simulation parameters which are fixed
throughout this study are summarized in Table 1. High
solar activity, and March equinox season when the back-
ground ionospheric density is highest though a year to look
for the worst case scenario associated with plasma bubbles.
Since the plasma bubble is the nighttime phenomenon, the
local time is 20 LT (11 UT) which is just after sunset when
the background ionosphere is still dense. Figure 2a shows
the zonal-altitudinal cross section of the ionospheric elec-
tron density over the magnetic equator. The vertical iono-
spheric delay distribution with the plasma bubble at 133.7◦E

Table 1. Basic Parameters of simulation.
Background ionosphere

Solar radio flux index 170 (high solar activity)
(F10.7)
Season March equinox
Local time 20 LT (11 UT)

Plasma bubble
Zonal width 100 km
Depletion level 100 %
Equatorial height 800 km
Scale length of boundary 20 km
Eastward velocity 100 m s−1

Reference station
location 25◦N, 135◦E
Carrier-smoothing 100 sec
time constant

Satellites
Constellation RTCA standard 24 satellites
Elevation mask 5◦

at the magnetic equator is shown in Figure 2b. GBAS ground
reference station is located at 25◦N, 135◦E which is at the
poleward edge of the equatorial anomaly and in Japanese
longitude. To see the effects of the plasma bubble more
clearly, a single plasma bubble is considered in this sim-
ulation. The plasma bubble parameters are chosen to be
of typical (not extreme) plasma bubbles. The RTCA stan-
dard 24 satellites [RTCA/DO-229D] are used. An airplane
flies at 80 m sec−1 toward the GBAS reference station, and
the simulation stops when the airplane come to the refer-
ence station. Range correction errors of each satellite and
resulted positioning errors are calculated every 10 sec. Ver-
tical protection levels are also calculated with typical σ val-
ues. To see the pure impact of the plasma bubble, no mon-
itor, such as the code-carrier divergence monitor, is used in
this simulation.

In the following subsections, simulation results with
different satellite geometry, different initial positions of a
plasma bubble, and different approach directions. Condi-
tions of each simulation are summarized in Table 2.

4.1 Simulation 1: Satellite geometry
In this simulation, airplane is initially located at about 40 km
west of the GBAS reference station and the plasma bubble
is located at 130 km west of the reference station and moves
eastward at 100 m sec−1. The simulation is conducted
for 240 sets of satellite positions equivalent to changing
ephemeris time-of-epoch every 6 minutes. Figure 3 shows
an example of the simulation results in which the worst ver-
tical error at 6 km from the GBAS reference station is ob-
tained. The vertical error at 6 km from the GBAS reference
station is +8.8 m. The positive vertical error means that the
obtained position is higher than the true position and there
is less distance between the airplane and the ground than
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Table 2. Simulation conditions.
Satellite geometry Initial plasma bubble location Approach direction

Sim. 1 Variable 133.7◦E Eastward (Runway 09)
Sim. 2 Worst case of Sim. 1 Variable Eastward (Runway 09)
Sim. 3 Variable 133.7◦E Variable
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Figure 2. (a) Zonal-altitudinal cross section of the electron den-
sity over the equator with parameters in Table 1. (b)
Vertical ionospheric delay at the L1 frequency with the
plasma bubble at 133.7◦E at the magnetic equator.

estimated, which is more dangerous than the negative error
case.

The right panel of Figure 3 shows the satellite posi-
tions in a skyview plot. Satellite-by-satellite range error
analysis (not shown here) shows that the Sat. 19 experi-
enced about 21 m range error at about 15 km from the
GBAS reference station, and the range error at 6 km is still
more than 10 m. Sat. 6 is also influenced slightly, but the
range error at 6 km is almost zero. This means that the po-
sitioning errors are mostly due to the range error in Sat. 19.
Although only one satellite is impacted by the plasma bub-
ble, the resulted vertical error is quite significant.

4.2 Simulation 2: Plasma bubble position
In this simulation, airplane is initially located at about 40 km
west of the GBAS reference station as Simulation 1. Satel-
lite positions which gives the worst vertical error in Simu-
lation 1 is used. The simulation is conducted various ini-
tial plasma bubble positions from 130◦E to 139.9◦E. This
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Figure 3. Left: The simulation results with the worst vertical er-
rors at 6 km from the GBAS reference station. Red,
green, blue, cyan, and black lines show the positioning
errors in the east, north, and vertical (upward) direc-
tions and the total error, respectively. Brown line shows
the vertical protection level. Right: Skyview plot of the
satellite positions. Concentric circles show the eleva-
tion angles of 0, 30, and 60◦.
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Figure 4. Same as Figure 3, but for the plasma bubble location
which gives the worst vertical errors.
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Figure 5. Satellite path and delay due to plasma bubble in (a) meridonal and (b) zonal planes.

simulation aims at investigating plasma bubble impact with
different relative locations of the GBAS reference station,
the airplane, and the plasma bubble. Figure 4 shows the
results of the simulation in which the plasma bubble is ini-
tially located at 133.63◦E and the vertical error at 6 km
from the GBAS reference station is +10.2 m.

As Sim. 1 case, only Sat. 19 is impacted by the plasma
bubble. For other initial plasma bubble locations, other
satellites are also impacted just slightly. Sat. 19 is located
to the south of the reference station at low elevation. Plasma
bubble is alined in north-south slightly tilted in east-west
due to magnetic declination. The satellite–receiver path of
Sat. 19 is closely aligned with the plasma bubble edge and
the ionospheric delay can change drastically between the
GBAS reference station and the airplane (Figure 5b). In
contrast, satellite–receiver path in the east or west direc-
tions pass across the plasma bubble, the ionospheric de-
lay can change little. Thus, the satellites near the meridian
of the GBAS reference station and the airplane should be
more severely impacted by the plasma bubble. In this sim-
ulated case, there are Sat. 6 and Sat. 9 near the meridian.
However, they are not or just slightly impacted. Sat. 9 is lo-
cated too north and the satellite–receiver path is outside the
plasma bubble. The satellite–receiver path of Sat. 6 passes
indeed the plasma bubble. However, the path length inside
the plasma bubble is much shorter than that of Sat. 19, and
the amplitude of delay variation is small as it can be seen
in Figure 5a.

These features cannot be expressed with 2-D iono-
spheric models and can be realized only by using a 3-D
ionospheric model. It should be noted that real plasma
bubbles generally have more complex shape than assumed
in our model. It is also known that the plasma bubble
tends to be inclined westward with the altitude. This means
that it is also inclined westward with the magnetic latitude.
And therefore we cannot simply exclude the possibility that
satellites in the east or west at low elevation angles are im-
pacted by plasma bubbles. However, the probability that
those satellites are significantly impacted could be reduced.

4.3 Simulation 3: Approach direction
In this simulation, the plasma bubble is again located is lo-
cated at 130 km west of the GBAS reference station. To
investigate the effects of the approach direction, the simu-
lation is conducted for four approach directions, northward
(Runway 36), eastward (Runway 09), southward (Runway 18),
and westward (Runway 27). For each approach direction,
240 satellite positions as Simulation 1 are used for this sim-
ulation. Figures 6a–d shows the results of the simulation
with different satellite positions in which the worst vertical
errors are obtained for Runway 36, 09, 18, and 27, respec-
tively. For Runways 36 and 18, the maximum vertical er-
rors at 6 km from the GBAS reference station are only 0.4
and 0.6 m, respectively, while they are +8.2 and -7.8 m for
Runways 09 and 27.

In this simulation, the plasma bubble is assumed to
develop vertically in the magnetic equatorial plane. This
corresponds to the plasma bubble development along the
magnetic meridian in the horizontal plane. For northward
and southward approaches, the gradient associated with the
plasma bubble impacts the satellite-receiver paths of the
reference station and the airplane at the same time. This
gives very small range correction error and results in small
positioning error. Although real plasma bubbles have com-
plex shapes, they are generally stretched long in the north-
south direction and the ionospheric gradient tends to point
the east-west direction. Therefore, GBAS for a runway
aligned in north-south may be more resistant to the impact
of the plasma bubble.

5 CONCLUSION
We have developed a three-dimensional ionospheric delay
model with plasma bubbles and a simulation code to esti-
mate the impact of the plasma bubble on GBAS.

Our simulation results show that a single plasma bub-
ble can cause a positioning error in vertical more than 10 m.
This means that the plasma bubble has a significant impact
on plasma bubbles, and need to be detected by ground or
airborne monitors. Currently our simulation does not in-
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clude any monitors. But our simulation code is flexible to
include such monitors easily, and we are working on imple-
menting monitors such as a code-carrier-divergence moni-
tor or an airborne monitor to compare 30 sec and 100 sec
carrier-smoothed codes.

It is found that the impact of the plasma bubble is
more significant when it comes around the meridian of the
reference station, and not significant when it is located far
east or west of the reference station. This result can be
obtained only with a 3-D model which takes the plasma
bubble structure into account.

Due to the north-south stretched shape of the plasma
bubble, GBAS for a runway aligned in north-south is more
resistant to the plasma bubble impact. To test with a plasma
bubble with more realistic complex shape, we are working
on including plasma bubble shapes observed with a multi-
beam VHF backscatter radar.

Our model allows many parameters to be changed,
and could be used not only for GBAS but also for SBAS or
other applications.
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Figure 6. Same as Figure 3, but for the satellite positions with the worst vertical errors for the four approach directions. (a)–(d) correspond
to Runway 36, 09, 18, and 27, respectively.
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[1] The results from simultaneous observations of the nighttime transequatorial
propagation (TEP) of HF radio waves between Australia and Japan and the GPS
scintillation measurements in south China and Vietnam are presented in this paper. The
results showed that there was good correspondence between the nighttime eastward
traveling off–great circle propagation (OGCP) of broadcasting waves of Radio Australia
from Shepparton, Australia, measured at Oarai, Japan, and the scintillations in GPS
radio waves at Hainan, China. This shows that the nighttime eastward traveling OGCP in
HF TEP is caused by a large-scale ionospheric structure associated with a plasma bubble.
The zonal drift velocities of the large-scale ionospheric structure estimated by the change
in the direction of arrival of the OGCP were similar to those of the small-scale
irregularities associated with plasma bubbles measured by the GPS scintillation
spaced-receiver technique. Our results show that the HF TEP measurement is quite useful
for monitoring the plasma bubble occurrence over a wide area and for forecasting the
arrival of the plasma bubble at places located to the east of it.

Citation: Saito, S., T. Maruyama, M. Ishii, M. Kubota, G. Ma, Y. Chen, J. Li, C. Ha Duyen, and T. Le Truong (2008), Observations
of small- to large-scale ionospheric irregularities associated with plasma bubbles with a transequatorial HF propagation experiment and
spaced GPS receivers, J. Geophys. Res., 113, A12313, doi:10.1029/2008JA013149.

1. Introduction

[2] The transequatorial propagation (TEP) of HF radio
waves has been used to detect large-scale equatorial iono-
spheric irregularities. HF waves are sometimes received in
the off–great circle directions. Röttger [1973] used the HF
TEP between Lindau, Germany, and Tsumeb, Namibia, to
detect large-scale wave structures propagating eastward in
the evening. He also showed that these structures are associ-
ated with the equatorial spread F.Maruyama and Kawamura
[2006] used a sophisticated direction-finding system in Japan
to receive the TEP of broadcasted HF waves from Australia
and found that there is an off–great circle propagation (OGCP)
traveling eastward during the night. They assumed that the
off–great circle HF TEP was due to large-scale ionospheric
structures at the equator and estimated that the typical velocity
was 200 m s!1. They therefore were able to conclude that the
nighttime eastward traveling OGCP was probably related to a

plasma bubble by using the motion and characteristic seasonal
variation of this occurrence (two maxima at the equinox) and
that by monitoring these HFwaves they could monitor plasma
bubbles over a wide area. However, they did not have any
other methods for detecting plasma bubbles and thus were
unable to confirm the one-to-one correspondence between
the OGCP in the HF TEP and plasma bubbles.
[3] Scintillations of satellite radio waves have been used

to detect ionospheric irregularities. It is already known that
plasma bubbles accompany plasma irregularities at various
wavelengths. When VHF or UHF radio waves pass through
a plasma bubble, their amplitudes and phases fluctuate because
of Fresnel diffraction caused by the irregularities with a
horizontal scale size of

ffiffiffiffiffiffiffiffi

2lh
p

, where l is the wavelength of
the radio wave and h is the height of the irregularity associated
with the plasma bubble. Such fluctuations are observed on the
ground as scintillation. Over the past 10 years, the scintilla-
tions of GPS satellite signals have been used not only to
detect plasma bubbles but also to measure the drift velocity of
the irregularities associated with the plasma bubbles using a
spaced-receiver technique [Valladares et al., 1996; Kil et al.,
2000;Kintner et al., 2004; Ledvina et al., 2004;Otsuka et al.,
2006]. In this technique, one can measure the drift velocity of
irregularities with a horizontal scale size of

ffiffiffiffiffiffiffiffi

2lh
p

, which is
about 300–400m for the GPS L1 wave (1.57542 GHz) when
h is 250–400 km. Since the strong electron density gradient
and the intense plasma irregularities associated with plasma
bubbles are crucial problems in satellite-based precise posi-
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tioning or satellite communications, it is very important to
monitor the occurrence of plasma bubbles over a wide area
and also to predict their movement.
[4] Lin et al. [2005] showed that there is a significant

difference between the bulk zonal drift velocity of a plasma
bubble measured by the IMAGE satellite and the plasma
drift velocity measured in situ by the ROCSAT-1 satellite.
They showed that the drift velocity of the plasma irregular-
ities inside plasma bubbles that cause the scintillations of GPS
radio waves may not necessarily be the same as the velocity of
the large-scale structure of the plasma bubbles. This presents a
problemwhen attempting to forecast the scintillation effects on
radio systems by measuring the velocity of the plasma
irregularities based on the GPS scintillation spaced-receiver
technique. Thus, it is important tomeasure the plasma bubble–
related velocities at different scale sizes using different
techniques.
[5] The aim of the present study was to clarify what was

observed in the HF TEP experiment, plasma bubbles or other
matter, and to study the plasma bubble–related velocities at
different scales by comparing the zonal velocity inferred from
change of the direction of arrival (DOA) of the HF TEP with
the velocity of plasma irregularities measured with the GPS
scintillation spaced-receiver technique.

2. Observation
2.1. HF TEP

[6] HF broadcasting signals from Radio Australia trans-
mitted from Shepparton, Australia (36.2!S, 145.3!E), are
received at Oarai, Japan (36.3!N, 140.6!E). Shepparton and
Oarai are at approximately the same meridian and are about
8000 km (Figure 1) from each other. They are located at

roughly geographically conjugate points rather thanmagnetic
conjugate points. At 140!E, the magnetic equator is at about
8!N. The azimuth angle in the great circle direction from
Oarai to Shepparton is 175.7! measured clockwise from due
north. The Oarai direction finder (ODF) consists of seven
crossed-loop antennas 2 m in diameter that are located on a
circle with a 60 m diameter. The multiple signal classification
algorithm is used to determine the DOA (azimuth and
elevation angles). The ODF can determine three different
DOAs simultaneously with an angular resolution of 1! and a
time resolution of 0.5 s [see Maruyama and Kawamura,
2006]. Although Radio Australia broadcasts 24 hours a day,
the transmitted frequencies are changed depending on the
local time and season. In our experiment, the receiving
frequencies are scanned through all the possible frequencies.
When the signals are found, the azimuth and zenith angles of
the signals are measured for 8 s, and then the next frequency
is observed.
[7] If we assume mirror reflection of the Radio Australia

signal by a sharp plasma density gradient associated with a
plasma bubble, it would be reflected around the geographic
equator because Oarai is close to the geographic conjugate
point of Shepparton. Since a plasma bubble extends from one
hemisphere to the other [e.g., Kelley et al., 2003; Keskinen
et al., 2003], the same plasma bubble should exist at the
geographic equator along the same longitude as Hainan when
the plasma bubble is observed at Hainan. The azimuth angle
of the geographic equator along the same longitude as Hainan
is 226! from Oarai (Figure 2). Of course, the Radio Australia
signal may not only be reflected at the geographic equator.
Nevertheless, OGCP around 226! could be detected as
scintillations at Hainan if a plasma bubble responsible for
the OGCP develops around the latitude of the field of view of

Figure 1. Experimental geometry.
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Hainan. The footprint of a plasma bubble is often not aligned
with the longitude. Furthermore, the wave may be reflected
more than once. Therefore, it is inevitable that there will be
some scattering of the azimuth angle around 226!.

2.2. GPS Scintillation

[8] The drift velocities of plasma irregularities associated
with plasma bubblesweremeasured at Hainan,China (19.5!N,
109.1!E, +13.9! magnetic latitude), and Phu Thuy, Vietnam
(21.0!N, 106.0!E, +15.7! magnetic latitude). Hainan and Phu
Thuy are zonally separated by 330 km (Figure 1). At both sites,
three GPS receivers were installed. Two Ashtech G12
receivers and one Ashtech BR2G receiver were installed in
Hainan. The carrier-to-noise ratio (CNR) was sampled at
20 Hz. Three JAVAD LGG100 receivers were installed in
Phu Thuy. The sampling rate of the CNR in Phu Thuy was
100 Hz. The specifications of the GPS receivers at both sites
are summarized in Table 1. The three receiver antennas were
located 90–100 m apart at each site. Figure 3 shows the
distribution of the receiver antennas in Hainan and Phu Thuy.
The S4 scintillation index, the maximum values of the
correlation functions between the CNR measured by each
receiver, and the time lags corresponding to the maximum
correlation are calculated every 60 s. The drift velocity of the
scintillation pattern on the ground is estimated from the time
lags between the signals of each receiver. This could lead to
errors in the estimation of the velocity [Briggs et al., 1950].
However, this effect can be neglected by using highly
correlated data [Kintner et al., 2004]. The zonal drift veloc-

ities of ionospheric irregularities are estimated from the drift
velocity of the scintillation pattern on the ground and the
satellite ephemeris on the basis of Ledvina et al. [2004]. The
altitude of the ionospheric puncture point (IPP) is assumed to
be 300 km. The shape of the irregularities is assumed to be
aligned with the magnetic field line. According to Ledvina
et al. [2004], the zonal drift velocity of the scintillation
pattern on the ground (vscintx) is given by

vscintx ¼
zsat

zsat ! zion

"

vionx þ qy=qx
# $

viony þ qz=qxð Þvionz

! zion
zsat

vsatx þ qy=qx
# $

vsaty þ qz=qxð Þvsatz
% &

'

; ð1Þ

where zsat is the altitude of the satellite and zion is that of the
ionosphere; vionx, viony, and vionz are the eastward, northward,
and vertical components of the irregularity drift velocity in the
receiver reference frame, respectively; vsatx, vsaty, and visatz are
the magnetic eastward, northward, and vertical components
of the satellite velocity, respectively; and qx, qy, and qz are the
geometrical coefficients determined by the geomagnetic
field and the satellite direction [see Ledvina et al., 2004,
Appendix A]. The irregularity drift velocity in magnetic co-
ordinates (x is magnetic east, and z is upward and perpendicular
to the magnetic field) at the ionospheric puncture point (vipp)
is related to that in the local coordinates of the receiver vipp
with a 3 & 3 transform matrix R:

vipp ¼ Rvion: ð2Þ

Figure 2. Azimuthal equidistant projection of directions of arrival (DOAs) in Oarai. The radial lines
indicate the DOAs from 210! to 240! every 5! measured clockwise from due north.
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The zonal and upward components of the irregularity drift
velocity in magnetic coordinates at the IPP are given by

vippx
vippz

( )

¼
R11 !

R21R12

R22

R13 !
R23R12

R22

R13 !
R21R32

R22

R33 !
R23R32

R22

2

6

6

4

3

7

7

5

vionx
vionz

( )

; ð3Þ

whereRij represents the (i, j) component of thematrixR given
by Ledvina et al. [2004, equation (8)]. If we define a matrix S
as

S ¼
R11 !

R21R12

R22
R13 !

R23R12

R22

R13 !
R21R32

R22
R33 !

R23R32

R22

2

6

4

3

7

5

!1

; ð4Þ

where [ ]!1 denotes thematrix inversion, equation (1) becomes

vscintx ¼
zsat

zsat ! zion
1! qy

qx

R21

R22

* +

S11 þ
qz
qx

! qy
qx

R23

R22

* +

S21

( )

vippx

"

' 1! qy
qx

R21

R22

* +

S12 þ
qz
qx

! qy
qx

R23

R22

* +

S22

( )

vippz

! zion
zsat

vsatx þ
qy
qx

vsaty þ
qz
qx

vsatz

( )'

: ð5Þ

In our analysis, the meridional drift velocity of the irregularities
(vippz) is assumed to be zero. This assumption may prove false
when the drift velocity has a significant upward (vertical/
meridional) component because the drift velocity of the
scintillation pattern depends on the three-dimensional drift
velocity of the irregularities as well as the satellite position.
After a plasma bubble has been developed, however, the
vertical drift velocity is generally small. According to Fejer
et al. [1991], after the prereversal enhancement period, the
vertical drift velocity is about 5 times slower than the zonal
velocity. By selecting the data in which the contribution of the
upward component to the scintillation drift velocity is much
smaller than that of the zonal component, our assumption can
be justified. In our analysis, only the data where the co-
efficient of vippx in equation (5) was more than 2 times larger

than that of vippzwere used, so the contribution of the upward
component is 10 times smaller than that of the zonal component.

3. Results

[9] Figure 4 shows the azimuth angle of arrival (clock-
wise from due north) of the Radio Australia signal on 29
March 2007. The data group around 176!, which we call the
‘‘main trace’’ [Maruyama and Kawamura, 2006], is the
signals of the great circle propagation. There are other data
groups to the west of the main trace from 1200 to 1900 UT,
which we call the ‘‘satellite traces.’’ The angle decreases with
time, showing that the reflection point was moving eastward.
Maruyama and Kawamura [2006] assumed that this is due to
the eastward motion of the large-scale equatorial ionospheric
structure associated with the plasma bubble. Other data
groups, such as those around 240! from 1030 to 1200 UT,
260! from 1400 to 1600 UT, or 260! from 1700 to 1800 UT,
were found to be from radio sources other than Radio
Australia. Using the method employed by Maruyama and
Kawamura [2006], the eastward velocity of the ionospheric
structure corresponding to the first slope in Figure 4 was
derived as 93 m s!1 from the slope of the trace. The velocity
estimation error associated with determining the slope is 7–
8m s!1 if the slope is perfectly determined. For diffuse traces,
the error can be much larger.
[10] In the evening of the same day, strong scintillations

of the GPS radio waves were observed in Hainan. Figure 5
shows the S4 observed by the three receivers in Hainan.
These large S4 values were observed for the signals from
PRN 16 and PRN 22 satellites from 1240 to 1315 UT and
from 1315 to 1345 UT, respectively. At the same time, no
scintillation was observed in Phu Thuy. Figures 6 and 7

Figure 3. Distribution of GPS receiver antennas at (a) Hainan, China, and (b) Phu Thuy, Vietnam. The
angles representing the relative positions of the antennas were measured clockwise from magnetic north.

Table 1. GPS Receiver System Specifications

Location Hainan Phu Thuy

Latitude 19.5!N 21.0!N
Longitude 109.1!E 106.0!E
Dip latitude +13.9! +15.7!
Receiver Ashtech G12/BR2G JAVAD LGG100
Frequency L1 (1.57542 GHz) L1 (1.57542 GHz)
Sampling rate 20 Hz 100 Hz
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Figure 4. Azimuth angles of the Radio Australia signal measured by ODF on 29 March 2007. The
angle was measured clockwise from due north.

Figure 5. S4 indices measured in Hainan on 29 March 2007. The different colors represent the different
satellites indicated by numbers on the top plot.
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show the maximum correlation and corresponding time lags
for all receiver combinations, respectively. Only the data where
S4 was greater than 0.3 were plotted. The correlation was
generally high, and the correlation between receiver 1 and
receiver 2 was especially high (>0.9). On the basis of the
method by Ledvina et al. [2004] described in section 2.2, the
drift velocity of the ionospheric irregularities were estimated
(Figure 8) as about 130 m s!1 (eastward), which is similar to
the average plasma drift velocity obtained by the Jicamarca
radar [Fejer et al., 1991]. Drift velocities could not be derived
with the PRN 16 data because the coefficients of vippx and vippz
in equation (5) did not satisfy our criterion that the contribution
of vippz to vscintx is 10 times smaller than that of vippx. The
drift velocity measured by the GPS scintillation spaced-
receiver technique reasonably agreed with the drift velocity
deduced from the movement of the large-scale ionospheric
structure observed by the HF TEP.
[11] The ODF observed an OGCP in the HF TEP around

an azimuth of 226! on 26, 29, and 31 March; 18 September;
and 22 October 2007. The Hainan GPS receiver system
detected scintillations that were likely due to plasma bubbles
on 26, 29, and 31 March; 1 and 15 April; 18 September; and
22 October 2007. The Phu Thuy GPS receiver system was
not functioning properly, and thus, it was difficult to draw

any conclusive results except for the data on 29 March 2007.
Table 2 summarizes the OGCP occurrences in the HF TEP
with DOAs around 226! and the GPS scintillations in Hainan
and Phu Thuy. On 15 April 2007, the ODF recorded no data
because of system maintenance. Table 3 summarizes the
occurrence periods of the OGCP in the HF TEP with DOAs
around 226! and the GPS scintillations in Hainan, which
show the temporal correspondence between the OGCP in
the HF TEP and the GPS scintillation. It can be seen from
Tables 2 and 3 that the OGCP occurrence in the HF TEP is in
very good agreement with that of the GPS scintillations. It
should be noted that the OGCP started earlier and ceased later
than the GPS scintillation at Hainan. This means that the
HF TEP can observe a wider area than the GPS receivers at
a single site.

4. Discussion

[12] The tracks of the ionospheric puncture points of GPS
satellites at an altitude of 300 km seen from Hainan are
shown in Figure 9a. The red curves in Figure 9a along the
track show the intervals where scintillation was observed.
Figure 9b is the same as Figure 9a except for the receiving
site, which was at Phu Thuy. The red curves in Figure 9a are

Figure 6. Correlation coefficients between temporal variations of CNR for the PRN 16 (blue) and
PRN 22 (red) GPS satellites measured by each receiver in Hainan on 29 March 2007. Only the data with
S4 indices greater than 0.3 were used.
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duplicated in Figure 9b. It can be seen that the satellite
tracks seen from Phu Thuy did not encounter the locations
where scintillation was observed at Hainan. The satellite
PRN 18 seen from Phu Thuy was close to the scintillation

interval of PRN 22 from Hainan but passed southeastward
without encountering the plasma bubble. This explains why
scintillation was not observed at Phu Thuy.
[13] As seen in Figure 5, the strong scintillation of PRN

16 ceased when the strong scintillation of PRN 22 started
at Hainan. On the basis of this fact, the western and eastern
edges of the plasma bubble that caused the scintillation
could be estimated. If we assume that the shape and velocity
of the plasma bubble do not change, the bulk velocity of the
plasma bubble can be estimated. According to Figure 10,
the plasma bubble traveled eastward about 2.5! in longitude

Figure 8. Estimated zonal drift velocity estimated for
PRN 16 (blue) and PRN 22 (red) satellites in Hainan. Only
the data with S4 indices greater than 0.3 were used.

Figure 7. Time lags between temporal variations of CNR for the PRN 16 (blue) and PRN 22 (red) GPS
satellites measured by each receiver in Hainan on 29 March 2007. Only the data with S4 indices greater
than 0.3 were used.

Table 2. OGCP Occurrences in the HF TEP and GPS Scintillationa

Date HF TEP OGCP, Oaraib
GPS Scintillation

Hainan Phu Thuy

26 March 2007 O O ND
29 March 2007 O O NO
31 March 2007 O O ND
15 April 2007 ND O ND
18 September 2007 F O ND
22 October 2007 O O ND

aO, NO, and ND indicate occurrence, no occurrence, and no data
available, respectively. On 18 September 2007, the OGCP signal was very
faint (represented by F).

bDOAs were around 226!.
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in 30 min. If we assume that the plasma bubble kept the
same shape and drifted at a constant velocity, the eastward
drift velocity of the plasma bubble can be estimated to be
150 m s!1, which is in good agreement with the irregularity
drift velocity measured from the scintillation pattern mea-
surements ((130 m s!1). For the plasma bubble observed
on 29 March 2007, the velocities of plasma bubble motion,
the small-scale irregularities embedded in the plasma bubble,
and the large-scale ionospheric structure observed with the
HF TEP are all similar.
[14] Table 4 shows a comparison of the drift velocities

measured using the HF TEP at Oarai with those from the
GPS scintillation measurement at Hainan. On 18 September
2007, the drift velocity could not be derived from the HF
TEP because the signal level was too low. On 22 October
2007, a reliable drift velocity could not be derived by the

Hainan GPS receiver system because the satellite elevation
angle was too low. The drift velocities measured by the ODF
are in reasonable agreement with those simultaneously
measured by the Hainan GPS receiver system. Huba et al.
[2008] showed that the vertical E & B drift velocity inside
plasma bubbles can be different from the velocity of the
vertical development of plasma bubbles. Although it would
be interesting to compare large-scale and small-scale dy-
namics related to plasma bubbles, the discrepancies between
the velocities measured by the two techniques described
in this paper are within the error in the measurements by the
ODF. Thus, it is difficult to give a clear answer to the
question raised by Lin et al. [2005] on the difference
between the drift velocities of large-scale ionospheric struc-
ture and the small-scale irregularities. Nevertheless, it is
a new finding that the OGCP in the HF TEP and GPS
scintillation are observed simultaneously, and the derived
drift velocities by the two techniques were found to be
similar, even though there was only a small amount of
simultaneous data. Our results support the hypothesis that
the nighttime eastward traveling OGCP in the HF TEP is
associated with plasma bubbles.
[15] For at least the three cases in which the drift velocities

were simultaneously measured (Table 4), both the large-scale
ionospheric structure and the 300–400-m-scale irregularities
associated with the plasma bubble drifted together. HF radio
waves would be reflected at the wall of the plasma bubble,

Table 3. Occurrence Periods of the OGCP in the HF TEP and
GPS Scintillation

Date
HF TEP, Oarai

(UT)a
GPS Scintillation, Hainan

(UT)

26 March 2007 1150–1530 1240–1500
29 March 2007 1130–1500 1240–1345
31 March 2007 1130–1700 1220–1400
18 September 2007 1445–1700 1430–1600
22 October 2007 1100–1400 1330–1355

aDOAs were around 226!.

Figure 9. Tracks of satellites at an altitude of 300 km in (a) Hainan (HN) and (b) Phu Thuy (PT) from
1200 to 1500 UT on 29 March 2007. The dots on the tracks show the positions of the satellites mapped at
an altitude of 300 km every 15 min. The numbers by the tracks indicate the time in UT. The red lines
indicate the intervals where strong scintillations were observed in Hainan.
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presumably around the F peak or below, when the OGCP
in the HF TEP occurs. Since the intensity of scintillation is
proportional to the absolute value of the electron density
fluctuation, irregularities around the F peak would most
significantly contribute to the scintillation of GPS radio
waves. Thus, both of the techniques we used are sensitive to
similar altitudes related to plasma bubbles and could mea-
sure similar drift velocities. The movement of the scintilla-
tion region for the data from 29 March 2007 (Figure 10)
supports this conclusion.

5. Summary and Conclusion

[16] The data from an experiment where the HF TEP and
the GPS scintillation were simultaneously measured for the
first time were presented. The HF TEP of the broadcasting
signal from Radio Australia in Shepparton, Australia, was
measured at Oarai, Japan. Scintillations in the GPS radio
waves were observed in Hainan, China, and at Phu Thuy,
Vietnam. Although only a small amount of the GPS scin-
tillation data in Phu Thuy was available, the scintillations in
the GPS radio waves in Hainan corresponded well with the
OGCP occurrences in the HF TEP in Oarai, with DOAs of
around 226!. This means that the OGCP in the HF TEP is
associated with a large-scale ionospheric structure associated
with the plasma bubble. Furthermore, the zonal drift veloc-
ities of the large-scale ionospheric structure were similar to
those of the 300–400-m-scale irregularities associated with
plasma bubbles measured by the GPS scintillation spaced-
receiver technique. Our results prove that the HF TEP mea-

surement is very useful for monitoring plasma bubbles over
a wide area and for forecasting the arrivals of plasma
bubbles. In order to make more precise measurements of
the locations and velocities of plasma bubbles, the uncer-
tainties in the DOAs must be reduced, and the true propa-
gation path must be identified. Locating transmitters
designated for TEP experiments at higher frequencies in
the VHF band may be desirable for the wide-area monitor-
ing of plasma bubbles. Ranging the TEP path by measuring
the propagation time from the radio source to the receiver by
using a passive radar technique would also be useful.
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ATTACHMENT 3 
 

ENRI’S LOCAL-AREA IONOSPHERE OBSERVATION SYSTEM IN ISHIGAKI, JAPAN 
 
1. Location 
 The ENRI’s local-scale ionosphere observation system is located on Ishigaki Island 
(24.3ºN, 124.2ºE) in the southwest part of Japan. Magnetic latitude of Ishigaki is about 19º. So it is 
usually on the poleward slope of EIA. 
 
2. Observation sites 
 There are four sites in Ishigaki, separated by from 400 m to 1 km. The four sites 
include elementary Ishigaki and Heishin elementary schools, Ishigaki-2 junior-high school, and 
Ishigaki Athletic Park (Figure A3.1). 
 
3. System description 
 At each site, a dual frequency (L1 and L2) GPS receiver (NovAtel Euro-3M) and a 
GPS scintillation receiver (GSV 4004B) are installed. Sampling rates are 2 and 50 Hz for gradient and 
scintillation measurements, respectively. Receivers share a dual frequency antenna (NovAtel GPS-702) 
mounted on top of the roof of a building. Some sites include more receivers and antennas for 
additional purposes. The system includes two factory PCs, one for gradient observation, and the other 
for scintillation. The PCs control receivers as well as receive data from the receivers. Data is recorded 
on hard disk drives. PCs are connected to ENRI via Internet, and can be controlled remotely 
(Figure A3.2). 
 
4. Observation history 
 Scintillation observation has started from 2005, and gradient measurement from 2007.  
   

 
 
 
 
 

Figure A3.1. Overview of the ENRI’s local area ionosphere observation system in Ishigaki Island, 
Japan. 
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Figure A3.2. Simplified block diagram of the ENRI’s local-area ionosphere observation system 
in Ishigaki Island. 




