JOURNAL OF GEOPHYSICAL RESEARCH, VOL. 114, A07304, doi:10.1029/2009JA014057, 2009

Click
Here

Full
Article

Characterizing the 10 November 2004 storm-time middle-latitude
plasma bubble event in Southeast Asia using multi-instrument
observations
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[1] The development and dynamics of ionospheric plasma bubble (PB) irregularity during
the super storm of 7—11 November 2004 are investigated using the data from a multi-
instrument network operated in Southeast Asia. Analysis of fluctuations in Global
Positioning System total electron content (GPS TEC), ionosonde, GPS scintillation, and in
situ satellite density data indicates a series of intense PB-associated irregularities at
equatorial, low, and middle latitudes in the Japanese longitude on 10 November. However,
in the Chinese sector, the scintillations and PB irregularities are confined within the range
of 20—50°N in geographic latitude and 110—125°E in geographic longitude. The absence
of equatorial PB irregularities in this sector shows a major difference from that in the
close-by longitude Japanese sector. In the Southern Hemisphere Australian sector, the
irregularities occurrence is present as a symmetrical distribution at conjugate latitudes.
Combined analysis of the data from Osan and Wuhan ionosondes illustrates that the
middle-latitude spread F irregularities initially develop at the lower part of the F region
and then distribute in the whole F region. This initiation of spread F at lower altitudes
indicates that the middle-latitude PB-associated irregularities are locally generated. These
results together with the irregularities occurrence sequence from higher to lower latitudes,
and the onset time delay of several hours implies that the presence of PB-associated
irregularities within a latitude range of 20—50°N in the Chinese sector cannot be attributed
to the effects of prompt penetration electric fields (PPEFs), although the equatorial PBs in
the close-by longitude are seen to be associated with PPEFs. The possible mechanism is
the F' region plasma instabilities triggered by wave structures, which act as an external
driving force and seed active plasma dynamics and instability growth at middle latitude.
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1. Introduction

[2] Plasma bubbles (PBs) refer to irregular plasma den-
sity depletions, and have been extensively studied through a
variety of observations of the F region ionosphere over
equatorial to low and middle latitudes, such as range spread
echoes from ionosonde [Woodman and LaHoz, 1976],
rapid amplitude or phase fluctuations for the radio wave
communication [e.g., Basu et al., 1985; Aarons, 1993;
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Bhattacharyya et al., 2001], pronounced density depletions
from airglow and in situ satellites [Kelley et al., 2002; Burke
et al., 2004; Su et al., 2006], and on the basis of their
signatures in the magnetic field [Stolle et al., 2006]. At
equatorial and low latitudes, the PBs are generally thought
to be resulted from multistep nonlocal plasma processes
initiated from the large-scale gravitation Rayleigh-Taylor
(R-T) instability in the bottom-side ionosphere after sunset
when some seeding perturbations exist (see Keskinen et al.
[1980] and G. Haerendel, Theory of equatorial spread F,
preprint, Max-Planck Institute for Physics and Astrophys-
ics, Garching, Germany, 1974).

[3] The growth rate of the R-T instability depends on the
external driving forces such as neutral wind [Rama Rao et
al., 1997], electric and magnetic fields, together with
background ionospheric properties for example the flux
tube integrated Pedersen conductivity and upward plasma
density gradients [Sultan, 1996]. For the PBs and associated
irregularities at middle latitude, one type is identified as the
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extension of equatorial irregularities since an equatorial
plasma bubble (PB) can rise to a high apex height and
extend to higher latitudes along the magnetic field line
[Huang et al., 2007]. Another is the local generated irreg-
ularities at middle latitude, which have been explained with
the Perkins instability [Perkins, 1973]. Moreover, many
recent papers on the instabilities of the sporadic E layers
indicate that the electrodynamically coupled £ and F
regions will produce F' region structure more rapidly than
by the Perkins instability solely [Cosgrove and Tsunoda,
2003; Tsunoda et al., 2004]. Large waves at the bottom side
of the nighttime ionosphere may be one of the critical
precursors that initiate the development of PB-associated
irregularities at equatorial [Hysell, 2000] and middle lat-
itudes [Earle et al., 2006, 2008; Xiao et al., 2007].

[4] Although many aspects of PBs and associated irreg-
ularities producing ionospheric scintillation have been
reasonably explained on the basis of the investigations,
storm-time variability of irregularities is not yet to be under-
stood comprehensively. During storm periods, the prompt
equatorward penetration of magnetospheric or high-latitude
electric fields, and the ionospheric disturbance dynamo alter
significantly the ionospheric electric fields in the equatorial
and low-latitude regions [Schunk and Sojka, 1996; Abdu,
1997; Liu et al., 2004]. Also, the transport of energy from
high latitude in form of changes in global wind pattern and
traveling atmospheric disturbances (TADs) owing to Joule
heating or Lorentz forces can cause ionospheric perturba-
tions [Ding et al., 2007; Lei et al., 2008; Zhao et al., 2008].
As a result, the generation of PBs and associated irregular-
ities in postsunset hours may be assisted or suppressed,
depending on the variations of magnetospheric and iono-
spheric parameters which affect the strength of disturbed
time instability growth rate [Martinis et al., 2005]. Some
recent studies have focused on the evolution of PB irregu-
larities under storm-time conditions [e.g., Sahai et al., 1994;
Basu et al., 2001; Lee et al., 2002; Su et al., 2002; Kil et al.,
2006]. For example, Abdu et al. [2003] studied the evolu-
tion of equatorial PBs and found that the disturbance
dynamo plays an important role in bubble development
during the storm of 26 August 1998 in the Brazilian sector.
The westward PB irregularity could arise from prompt
penetration disturbance zonal electric field in the course
of a disturbance sequence lasting several hours. Ma and
Maruyama [2006] presented the observations of a PB at
middle latitude detected by a dense GPS TEC network in
Japan, and suggested that a prompt penetrating magneto-
spheric electric field helped to trigger the super bubble. On
the basis of multi-instrument observations at middle latitude
in the Japanese sector, Sahai et al. [2001] found the small-
scale intensity depletion structures (with scale size of 30—
50 km) are caused by possible nonlinear interaction between
the mesoscale traveling ionospheric disturbances (TIDs) and
enhanced regions of the equatorial ionospheric anomaly, the
enhanced ionospheric disturbances were confined at middle
latitude during the storm of 12 February 2000.

[5] During the early part of November 2004, two long-
lasting coronal mass ejections (CMEs) passed the Earth and
produced a rare super double magnetic storm [Balan et al.,
2008]. The first super storm with a storm sudden com-
mencement at 02:57 UT and storm main phase (MP) onset
at 2130 UT on 7 November; Dst reached —373 nT at
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0700 UT and Kp reached 9 during 0300-0900 UT on
8 November. While the storm was recovering, the next
CME clouds during 9—12 November re-intensified the storm,
with the second MP onset at 1200 UT on 9 November; Dst
reached —289 nT at 1100 UT and Kp reached 9 during
0900—-1200 UT on 10 November. The IMF Bz component,
AE, Kp and Dst indices are shown in Figure 1. Several other
workers have investigated the response of the ionosphere to
this super storm [e.g., Afraimovich et al., 2006; Maruyama,
20006; Fejer et al., 2007; Pirog et al., 2007; Xu et al., 2007].
For example Sahai et al. [2009a] investigated the gener-
ation and suppression of equatorial ionospheric irregular-
ities and the changes in the daytime F region electron
density in the Latin American sector. This study is moti-
vated by the interesting observations reported by Sahai et
al. [2009b]. Using ionosonde observations at Ho Chi Minh
City (Vietnam) and Okinawa, Yamagawa, Kokubunji, and
Wakkanai (Japan), they found that intense spread F was
observed at the Japanese ionospheric sounding network, but
no spread F was observed at HCM (having a local time
difference with the Japanese sector of two hours). The main
purpose of the study is to utilize multi-instrument observa-
tions of Southeast Asia to help investigate the evolution and
dynamics of the storm-time PB-associated irregularities,
present and discuss irregularities occurrence range and
associated mechanism triggering the instability. In the
following sections, we first present the data sets, the obser-
vations from ground-based GPS TEC receivers, space-borne
satellites, scintillation receivers and ionosondes are used to
reveal the characteristics of PB events. We then proceed with
a discussion of the possible mechanism responsible for the
observed PB-associated irregularities. The main finding of
the study is given in the Summary section.

2. Description of Data Sets

[6] Data from different ground-based and spaced-based
instrumentations were used to study the response of iono-
sphere to intense storm of 10 November 2004. The most
important information comes from the ground-based TEC
measurements at sites located in Southeast Asia. As shown
in Figure 2, the triangles represent the location of selected
GPS TEC receivers. The rate of TEC index (ROTI) [Pi et
al., 1997] is obtained by converting the line-of-sight TEC to
vertical TEC by assuming a thin shell ionosphere at 400 km.
Using the difference of day time ROTI (R,,,) and evening
time ROTI (R,,) and the threshold value of 0.075 TEC units
per minute (TECu/min) as Nishioka et al. [2008] proposed,
we examined the occurrence rates of PBs. In the following
sections, ROTI means the difference value of R,, — Ry
Within a square grid of 1° in geographic longitude and
latitude, the number of ROTI > 0.075 is divided by the total
number of ROTI to obtain the PB occurrence rate in that
square area at premidnight and postmidnight, and then
obtain the grid map of PB occurrence rates. As such, the
network of GPS TEC stations is an ideal platform for
tracking the occurrence of the ionospheric irregularities.

[7] Another set of data is from scintillation observations,
provided by ionospheric scintillation monitors (ISMs). The
ISMs are based on Novatel single-frequency (L1) receivers
which have been modified to process raw data sampled at
50 Hz and calculate amplitude and phase parameters which
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Figure 1.

characterize the observed scintillation [Van Dierendonck et
al., 1993]. The ISMs are stationed at Wuhan and Sanya. To
provide detailed information of the irregularity producing
scintillation, we use the ionograms from Osan, Wuhan and
Chungli ionosondes to detect the diffused F layer echo
traces, called spread F irregularities. Ionograms are avail-
able at intervals of 15 min. The occurrence of range and
frequency type spread F on these ionograms was analyzed.
The information of stations (including scintillation, iono-
sonde and magnetometer) are listed in Table 1.

[s] Besides the ground-based observations, the space-
borne satellite measurements have offered the ability to
study the irregularity in different altitude of the ionosphere.
The DMSP and CHAMP satellites made several passes over
Southeast Asian sector during the storm period. Density
data obtained by the DMSP F15 satellite at ~800 km
altitude and CHAMP satellite at ~380 km altitude were
used for interpreting the PB characteristics. Detailed infor-
mation on the satellites and the instruments on board the
satellites can be found in the paper by Rich and Hairston
[1994] and McNamara et al. [2007].

3. Results
3.1. GPS TEC Fluctuations

[9] The coverage of ground-based GPS network available
for this study makes it possible to explore the longitudinal
and latitudinal difference of PB occurrence. An overview of

Nov 09 | Nov 10 | Nov 11

IMF Bz, AE, Kp, and Dst indices on 7—11 November 2004.

PB occurrence rates during the storm period is shown in
Figure 3. Figure 3 represents the premidnight and postmid-
night PB occurrence rates on 7—11 November 2004. The
blank areas in the grid maps indicate that in these regions
only few GPS TEC data (less than 30 samples of ROTI for
each grid) can be obtained to investigate the PB occurrence
rate. We remove them from the data set. From Figure 3 it
can be clearly seen that PBs were observed on 7 November
at premidnight at low latitude (before storm). During the
main phases of the storm (8 and 10 November), no PBs were
observed on 8 November. When we note the PB occurrence
in the second main phase of the storm, the two panels of
10 November (Figure 3) show that high PB occurrence rates
occurred at premidnight and postmidnight in Southeast
Asia. In the Japanese longitude, the PBs and associated
irregularities occurred at a wide latitude range, including
equatorial to low and middle latitudes. However, in the
close-by longitude Chinese sector, an obvious difference
can be seen at latitudes lower than 20°N and the western
longitude of 110°E, no PBs were observed. The absence of
lower-latitude PBs can also be found from the space-borne
satellite observations (see Figure 6). In the Southern Hemi-
sphere Australian sector, the irregularities occurrence rates
at premidnight are present as near symmetrical distribution
at conjugate latitudes.

[10] Figure 4 illustrates the variation of TEC obtained
from the fifteen GPS receivers (marked by solid circles in
Figure 3). Figure 4 (left) shows that the rates of TEC (ROT)
observed from the GPS receivers (located at the outside
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Figure 2. The geographic distribution of the GPS TEC (triangles) and scintillation receivers (open
circles), ionosondes (asterisks), and magnetometers (filled circles).

region of high PB occurrence rates) are below 1 TECu/min
and reveal that no abrupt TEC fluctuations were detected at
these stations. For stations located at the inside region,
Figure 4 (middle) shows that increased fluctuations of
ROT can be seen. The larger values of ROT reflect the
activity of irregularities causing TEC depletions. There is a
good consistence between the observations of rapid TEC
fluctuation from selected GPS receivers and the PB occur-
rence rate map of Figure 3. It indicates that in the Northern
Hemisphere, the observed irregularities producing TEC
depletions were confined in the eastern longitude of
110°E. The meridional observations of 115°E (stations
BJFS and WUHN) and 121°E (SHAO and TCMS) show
that there is a sequence of irregularities occurrence from
higher to lower latitudes. However, in the Southern Hemi-
sphere, near simultaneous rapid TEC fluctuations can be
seen from the stations JAB1, ALIC and CEDU in the
Australian sector, near the longitude of 133°E. Small TEC
fluctuations were found at stations KARR and S021, which
located at the edge region of PB occurrence.

[11] A sequence of ROTI maps with one hour interval on
10 November are plotted as a function of geographic
longitude and latitude. Figure 5 illustrates the evolution of
irregularities during the period 1100—1900 UT. The bold
solid lines represent the intersections with the F region, at
400-km altitude, of the raypaths from the GPS satellites to

the ground stations. The red color represents the ROTI
above the threshold of 0.075 TECu/min. The temporal
behavior of the ROTI shows that the irregularities seem to
be generated in the eastern longitude of 125°E at both

Table 1. Information of Stations From Which lonogram,
Scintillation, and Magnetometer Data Were Collected for This
Study

Station Geographic Geographic Magnetic Resolution
Name Latitude (deg) Longitude (deg) Latitude (deg) (min)
lonogram Data
Osan 37.1 127.0 27.3 15
Wuhan 30.5 114.4 20.3 15
Chungli 25.0 121.2 14.9 15
Wakkanai 454 141.7 36.2 60
Yamagawa 31.2 130.6 21.2 60
Okinawa 26.3 127.8 16.1 60
Kwajalein 9.0 167.2 3.6 5
Darwin —12.5 131.0 —22.4 15
Learmonth —21.8 114.1 -32.0 15
Scintillation Data
Wuhan 30.5 114.4 20.3 1
Sanya 18.4 109.6 7.7 1
Magnetometer Data
MUT 14.4 121.0 0.64 1
PHU 21.0 106.0 7.1 1
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Figure 3. Maps of PB-associated irregularities occurrence rates at premidnight and postmidnight on 7—
11 November 2004. The dashed line represents the dip equator.

hemispheres before 1200 UT, over a very large region with
east—west dimensions. In the Southern Hemisphere, most
middle-latitude irregularities in the western longitude of
125°E were observed before 1500 UT. After that, the
irregularities decayed and ceased around 1800 UT. For
observations at Northern Hemisphere, the middle-latitude
irregularities in the longitudes 115—120°E, 110—115°E and
105—-110°E were sequentially observed. A possible west-

ward drift of the irregularities can be seen. Figure 5
(bottom) shows an approximately 5-hour data segment
obtained at Wuhan, when measurements were made using
three GPS TEC receiving systems spaced in the east—west
and south—north directions by separations of about 5 km.
The drift velocity can be estimated from the time offset
between the three space-aligned receivers, and the detailed
process can be found in the paper by Xu et al. [2007]. An
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Figure 4. Plots of rate of TEC (ROT) at the fifteen stations for all satellites on 10 November. The
geographic locations of selected GPS TEC receivers are shown as green circles in Figure 3.

apparent westward drift between 90 and 35 m/s during the
period 1400—1900 UT was shown. These PB-associated
irregularities, in an environment of high plasma density, are
responsible for generation of intense amplitude scintillations
that adversely impact communication and navigation sys-
tems, since the steep gradients on the edges of depletions
help to generate small-scale irregularities as the bubbles rise
to higher altitude (Haerendel, 1974). The following two
sections provide the in situ density observations from F15
and CHAMP, and the scintillation measurements from the
low- to middle-latitude station Wuhan and low-latitude
station Sanya.

3.2. In Situ Density Depletions

[12] Figure 6 shows the satellite passes and measurements
of density from DMSP F15 and CHAMP on 7—11 November
2004 in Southeast Asia. The F15 pass moves from the south
to the north and the CHAMP pass moves from the north to
the south, marked by the arrows in Figure 6 (left). The
universal times in the DMSP and CHAMP plots are the
times of the beginning and end of the plots. Each plot
presents about 30 min and 25 min for DMSP and CHAMP

data, respectively. It is noticeable from Figure 6 (top) that
during the storm period of 7—11 November, the F15 pass on
7 November observed PBs at low latitude near 122°E
longitude. Multiple plasma density depletions within geo-
graphic latitude 25°S—45°N and longitude 145°-125°E
were detected on 10 November (the second main phase
of the storm), marked by the dashed rectangle in the
density plots around 1156—1208 UT (see Figure 6, top,
10 November; track d). The CHAMP observations during
the second main phase also show large depletions in the
two consecutive passes (see Figure 6, middle and bottom,
10 November; track d), respectively, from 1624 to 1649 UT
and 1756—1822 UT. The electron density in PBs depleted
about 5.5 x 10° cm—>, and was found to exist within the
regions of enhanced background electron densities at middle
latitude of Northern Hemisphere. In Figure 6 (bottom) we
note that PBs were not observed around geographic latitude
0—20°N at 122°E on 10 November, although the succeeding
PBs were seen at higher latitude, 20—-42°N. The absence of
PBs in the lower-latitude regions is consistent with the
ground-based TEC measurement. It indicates that for the
latitude region lower than 20°N, no PBs and associated
irregularities can be seen from ground-based and space-borne
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Figure 5. (top) ROTI maps showing the temporal and spatial evolution of PB-associated irregularities
during the period 1100—1900 UT. Red markers represent the ROTI above the threshold 0.075 TECu/min.
(bottom) Westward drift velocity obtained at Wuhan by space-aligned GPS TEC receivers on

10 November.

measurements in the Chinese longitude, about western lon-
gitude of 125°E.

3.3. GPS Amplitude Scintillations

[13] The continuous scintillation measurements made at
Wuhan and Sanya are useful for tracking the onset of
scintillation at middle and low latitudes. Figure 7 illustrates
the variation of the amplitude scintillation index S, at L-
band recorded at both stations from GPS satellites. The
scintillations above the threshold of 0.2 were marked by
the red dots. The S, index, obtained from the ratio of the
standard deviation of signal intensity fluctuation normalized
to the average signal intensity, quantifies the strength of
amplitude scintillation and typically lies in the range 0 to 1.
Figure 7 (top left) presents that an impulsive onset of
amplitude scintillation occurred at 1300 UT with a maxi-
mum value 1 near 1600 UT (~2400 LT), possibly shows
saturated scintillation in the midnight at Wuhan station.
According to scintillation theory [Yeh and Liu, 1982], S,

depends on the electron density deviation of the ionospheric
irregularities and also on the thickness and height of the
irregularity layer. When the density depletions develop,
the irregularity layer reaches the F' region peak where the
plasma density is much higher, giving rise to larger density
deviations and inducing stronger scintillations. At L band
frequency range, amplitude scintillations are caused by tens
to hundreds of meters scale-size irregularities. Combining
the TEC fluctuations considered at previous section, we
expect that the small-scale irregularities producing scintil-
lation coexist with the large-scale PB structures in the
middle-latitude ionosphere. Close to station Wuhan, the
CHAMP orbit (track d in Figure 6) recorded a series of
PBs. The comparison of observations presented by in situ
satellites and ground-based scintillation receivers shows that
the ionospheric irregularities rise up to the topside iono-
sphere and produce a series of plasma density depletions in
the middle-latitude regions. Figure 7 (bottom left) shows
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Figure 6. In situ density measurements from DMSP F15 and CHAMP. (left) Ground tracks a—e of F15

and CHAMP crossing the area during the period 7—

11 November. The thin dashed line represents dip

equator. (right) Density measurements along the satellite tracks.

that station Sanya did not observe any scintillation during
the storm day at the 400-km intersection point range of 10—
22°N, 102-118°E.

3.4. lonosonde Spread F

[14] To fully understand the processes that control the
onset of PB-associated irregularities, it is helpful to inves-
tigate time development and spatial distribution of this F'
region phenomenon. lonosondes collecting ionogram with a
time interval of 15 min at four stations, Osan, Wuhan,
Chungli and Darwin during the storm period were analyzed.
We categorized the spreading echo traces into four types,
RSF (range spread F) I, Il and FSF (frequency spread F) I,
II to illustrate the generation and evolution of spread F'
irregularities [Lee et al., 2005a, 2005b; Chen et al., 2006].
A sequence of RSF-I, RSF-II and FSF-I, FSF-II demon-
strates the F region irregularities initially develop at the

8 of

lower part of the F region (RSF-I). After spread F initiation,
the irregularities ascend to higher altitudes and then distrib-
ute in whole F region (RSF-II). While the irregularities at
lower altitudes dissipate, they still can persist at higher
altitudes (FSF-I, FSF-II). The spread F intensity is estimated
from the thickness of spread layer in the ionogram traces as
Rodrigues et al. [2004] reported. The weak, moderate
and strong spread echoes are associated with the thickness
<100 km, 100—200 km and >200 km, respectively.

[15] Figure 8 shows foF2 and hmF2 variations, and
examples of ionograms on 10 November for stations Osan,
Wuhan and Chungli. The diurnal variations on geomagnetic
quiet day 6 November are denoted as thin lines for
comparison. It is clearly seen from Figure 8 (left) that the
foF2 variations at Osan start an increase at 1000 UT on
10 November. The spread F irregularities initiated at the
declining phase of hmF2. As shown in the ionograms, we
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Figure 7. (left) GPS amplitude scintillations (S, index) for all satellites obtained at Wuhan and Sanya
on 10 November. (right) A map of GPS satellite tracks assuming a thin shell ionosphere at 400 km
altitude. Red markers represent the S, index above 0.2.

note that strong RSF-I at Osan was first observed in the
lower part of bottom-side F' region at 1115 UT. The spread
layer located at about 350—600 km altitude. Subsequently,
the spread layer thickness decreased and moderate RSF-I
was presented at 1200 UT. Then the spread F irregularities
evolved as RSF and FSF, and continued to exist until the
morning hours, about 2330 UT (0730 LT). The period of
spread F irregularities is present as the horizontal bar in
Figure 8 (top). At Darwin, a middle-latitude station of
Southern Hemisphere, strong RSF-I were also found initi-
ating in the lower part of bottom-side F' region around
1115 UT. As shown in Figure 9, this initial time of bottom-
side spread F irregularities is similar to Osan observation.
This implies that the spread F irregularities at the two
stations were locally generated.

[16] After about three hours from the onset of Osan
spread F irregularities, spread F at Wuhan were found to
initiate at 1400 UT. Figure 8 (middle) shows the evolution
of Wuhan spread F on 10 November. The foF2 and hmF2
variations are also shown in Figure 8. Wavelike oscillations
in foF2 and hmF2 can be seen, which were possible results
of traveling atmospheric disturbances [Lee et al., 2004]. In
addition, the wave structures were observed by DE-2
satellite at altitudes about 300 km, and suggested to be
driven by gravity waves in the neutral atmosphere [Earle et
al., 2008]. A disagreement can be seen from the evolution
of spread F' at the two stations Wuhan and Osan. As shown
in the ionograms of Figure 8 (middle), RSF-II was first
observed and the distribution of spread F echoes filled with
all bottom side of F region around 1400-1415 UT at
Wuhan. During the period 1430-1500 UT, strong spread
echoes were found in the lower part of bottom-side F
region. We believe that at this moment the freshly generated
spread F irregularities formed at the bottom-side F' region.
This probably indicates a simultaneous observation of old

and freshly generated spread F irregularities. Combined the
drift measurements by space-aligned GPS receivers at
Wauhan, the first observed RSF-II were possible irregulari-
ties transported from the eastern longitude of Wuhan owing
to the westward drift velocity. The spread F irregularities
ceased after sunrise at Wuhan, about 0030 UT (0830 LT) on
11 November.

[17] Figure 8 (right), shows the measurements from
Chungli ionosonde, which detected FSF at 1415-2315 UT.
During this period, no obvious difference can be seen from
the quiet (6 November) and storm time (10 November)
hmF?2 variations. The ionograms of Figure 8 (right) show
that the spread F irregularities existed near the F layer peak,
and no bottom-side irregularities were observed. FSF were
also observed from Learmonth ionosonde station in the
Australian sector during the period 1315-2145 UT (the
figure is not shown here). From comparison of observations
in New Zealand with those obtained in Australia, King
[1970] concluded that frequency spreading is simply the
decay product of the range spreading. Here the absence of
RSF and presence of FSF in the two stations Chungli and
Learmonth imply that the FSF are possible old irregularities
which were diffused from the close-by region.

4. Discussion

[18] Multiple instrument observations on 10 November
illustrate the occurrence of PB-associated irregularities over
a wide longitude range at latitudes higher than 20°N,
including most part of China and Japan (the eastern longi-
tude of 110°E). However, at equatorial latitude, PBs were
observed at a relatively narrow longitude range, confined in
the eastern longitude of 125°E. Possible reasons inducing
this difference in longitude and latitude are discussed in the
following.
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Figure 8. Examples of ionograms obtained at Osan, Wuhan, and Chungli on the night of 10 November
2004. Variation of hmF2 and foF2 is shown at top. The periods of spread ' (RSF and FSF) are shown by
horizontal bars. The diurnal variations on geomagnetic quiet day 6 November are denoted as thin lines for
comparison.
4.1. Prompt Penetration Electric Field Effects complex relationship between prompt penetration and solar

[19] During storms, the low-latitude ionospheric electric
fields can be promptly disturbed by penetration electric
fields. Past studies have shown that average empirical
equatorial prompt penetration electric fields are in good
agreement with the predictions from global convection
models [Fejer and Scherliess, 1997; Fejer and Emmert,
2003]. On the other hand, the large variability of these
electric fields with different magnitudes and lifetimes is not
well understood [Huang et al., 2005, Wei et al., 2008]. A

10

wind electric fields and polar cap potentials during the
November 2004 geomagnetic storm were reported by Fejer
et al. [2007].

[20] In the equatorial and low-latitude region, one of the
necessary conditions for the generation of F region irregu-
larities is that the F layer should be lifted to a higher
altitude, where the R-T mode becomes unstable and then
forms PB-associated irregularities. The F' layer height is
largely determined by the equatorial vertical drift velocity,
which is driven by the zonal electric field via the E x B drift
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Figure 9. Examples of ionograms obtained

[Dabas et al., 2003]. Several studies have shown that the
variation of vertical E x B drift velocity can be estimated
from the simultaneous measurements of the horizontal
component (H) of the Earth’s magnetic field at equatorial
and off equatorial stations in nearly the same longitude
sector [Anderson et al., 2002], from in situ satellites
[Oyekola, 2006], and from ionosonde observations of h’F
(the virtual height of the F layer) and hmF?2 [e.g., Bittencourt
and Abdu, 1981; Liu et al., 2003; Oyekola and Oluwafemi,
2008; Oyekola et al., 2008]. Here we complement the ground-
based magnetic field observations AH (Hy,y — Hppy) from
MUT and PHU, and the ionosonde measurements from
Kwajalein to investigate the effects of prompt penetration
electric fields on PB-associated irregularities occurrence.
[21] As shown in Figure 10, the first, second, and third
panels illustrate the variations of hmF2, h’F and AH on
7—11 November. A detailed survey of AH variations during
the storm period has been performed by Fejer et al. [2007].
Now we confined our attention to the second main phase of
storm (10 November), when strong PB-associated irregu-

at Darwin on the night of 10 November 2004.

larities were detected. On 10 November, the first and second
panels of Figure 10 show a rapid increase of hmF2 and h’F
about 350 km, associated with a large upward drift velocity
about 83 m/s with an average during the period 0630—
0740 UT. In the evening sector, when the upward drifts are
larger than 5-10 m/s and 15-20 m/s near the solar
minimum, weak and strong irregularities may be generated
in the F region, respectively [Fejer et al., 1999]. After the
abrupt increase of h’F and hmF2, the ionograms at
Kwajalein show strong spread echoes which initiated at
0730 UT (1830 LT), and continued for 12 h. The period of
spread F irregularities is marked as the horizontal bar in
Figure 10 (first panel). It is clearly seen from the second
panel of Figure 10 that the magnetic field data AH also
show very large positive perturbations around 0700 UT.
The simultaneous abrupt increases of AH and h’F imply
strengthen of eastward electric field. This behavior is most
likely associated with the effect owing to the prompt pene-
tration of an eastward electric field into the equatorial
ionosphere [Li et al., 2008]. The fourth and fifth panels of
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Figure 10. The variations of hmF2 and h’F observed at Kwajalein, AH parameter (MUT-PHU), during
the period 7—11 November 2004. The diurnal variations on geomagnetic quiet day 6 November are
denoted as thin lines for comparison. The periods of spread F (RSF and FSF) are shown by a horizontal
bar. The fourth and fifth panels show the variation of ROT obtained at GUAM and PALA on 10 November.

Figure 10 show the variations of TEC fluctuation parameters
ROT obtained from stations GUAM and PALA. The two sites
are located at equatorial and low latitude in the Japanese
longitude (see Figure 2). The ROT variations show that the
PBs and associated irregularities initiated at about 0900 UT
(~1800 LT). These observations indicate that involved
mechanism is the prompt penetration of an eastward electric
field that produces upward disturbance vertical drifts during
the postsunset period. This extra push, favors the conditions
for the generation of equatorial irregularities through desta-
bilizing the R-T instability. For the western longitude of
125°E, the sunset terminator transited these regions after
1000 UT. Thereafter the prompt penetration probably

decayed and the strength of eastward electric field was not
enough to elevate the F layer to higher altitude in these
regions. The difference in irregularities occurrence between
the two close-by longitudinal sectors suggests that the effects
of prompt penetrating electric fields of magnetospheric origin
are localized in longitude [Li ef al., 2008; Tulasi Ram et al.,
2008] and do produce substantial differences in irregularity
activity at regions separated by few hundred kilometers
[Basu et al., 2001].

[22] When we note the onset time of higher-latitude
(above 20°N) PB-associated irregularities in the Chinese
longitude sector, the irregularities were observed at a
latitude sequence from higher to lower latitude. The onset
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Figure 11. The variations of foEs obtained from the east Asian ionosondes on 10 November. The

periods of spread F (RSF and FSF) are shown by horizontal bars.

time is about 1115 UT at Osan and 1400 UT at Wuhan (see
Figure 8). The sequential order of irregularities occurrence
is similar to that reported by Sahai et al. [2009b]. They
presented the onset time of irregularities in the Japanese
sector at Wakkanai (45.5°N, 141.7°E) about 0945 UT and
at Kokubunji (35.7°N, 139.5°E) and Okinawa (26.2°N,
127.8°E) about 1130 UT. During three intense magnetic
storms, Basu et al. [2005] investigated the evolution of
plasma density structures at middle and low latitudes, and
found that the onset of low-latitude scintillation is delayed
from that at middle latitudes by about 20 min. This time
delay should be caused by the instantaneous electric field
penetration and plasma instability growth time of equatorial
irregularities. However, the irregularities observed at middle
and low latitude in the Chinese sector on 10 November in
our case does not belong to the above situations, since the
irregularities triggered by the prompt penetration of mag-
netospheric and high-latitude electric fields to middle and
low latitudes, or the irregularities extended from equatorial
to low latitude along the magnetic field lines do not need
several hours. Specially, no equatorial PB-associated irreg-
ularities were observed in the Chinese longitude.

4.2. Sporadic E and TIDs

[23] Middle-latitude spread F irregularity observations
have been widely explained as the Perkins instability, which
is the instability of the F' layer to an altitude modulation
horizontally distributed as a plane wave [Perkins, 1973] and
has been simulated by Yokoyama et al. [2008] with a three-
dimensional numerical model. The azimuthal orientation of

the plane wave phase fronts that maximizes the growth rate
depends on the background electric field direction. Perkins
showed that the northeast electric field direction in the
middle-latitude evening is suitable for the instability to
occur. The vertical gradient in neutral density coupled with
a northward component of the electric field (or equivalent
neutral wind) contributes the free energy for the instability
through a Pedersen current-driven polarized process. Yet the
linear growth rate of that instability appears too weak to account
for the observations. Recently Tsunoda and Cosgrove
[2001] pointed out that F' layer and sporadic £ (Es) layer
in the nighttime middle-latitude ionosphere should be con-
sidered electrodynamically as a coupled system in light of
the presence of a Hall polarization process in Es layers.
With the discovery of an instability of Es layers that has
growing modes with skewed azimuthal alignments similar
to those of the Perkins instability [Cosgrove and Tsunoda,
2003], several investigators have considered the behavior of
these two instabilities as a coupled system [e.g., Haldoupis
et al., 2003; Kelley et al., 2003]. In this study, the Es layer
observations from ionosondes on 10 November are shown
in Figure 11. It illustrates the appearance of Es layer at
Okinawa, Wakkanai and Yamaga, and the absence at Osan,
Wuhan and Chungli, respectively. During the period of
spread F irregularities (marked by the bold solid lines),
the layer in the E region and hence the conductivity
encountered an increase at night for the three ionosode
stations in the Japanese sector. It shows there is a possible
link between simultaneous occurrences of middle-latitude
spread £ and sporadic £. A physical interpretation of the
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E-F coupled-layer instability has been investigated by
Cosgrove et al. [2004]. The maximum growth rates for
the Es layer and Perkins instability are found to exist at the
same phase front orientation which is aligned northwest to
southeast in the Northern Hemisphere. Moreover, a close
link of mesoscale middle-latitude spread F with patchy Es
layers owing to gravity wave induced large-scale electric
fields mapping the E region to the F region is shown
[Haldoupis et al., 2003]. Here the simultaneous observa-
tions of spread F and sporadic £ at the three stations
possibly indicate that under suitable conditions the coupling
between the Perkins and Es layer instabilities enhanced the
growth rate for middle-latitude ionospheric irregularities.
[24] Also, the Perkins instability can be significantly
enhanced owing to gravity waves seeding of middle-latitude
ionosphere [Kelley and Fukao, 1991; Huang et al., 1994;
Saito et al., 1998]. Gravity waves can produce two kinds of
ionospheric irregularities. The passive ionospheric
responses to gravity waves are the TIDs [Yeh and Liu,
1974]. Another is the plasma instabilities initiated by
gravity waves, which act as an external driving force and
seed active plasma dynamics and instability growth. Huang
et al. [1994] and Miller [1997] suggested that seeding by
atmospheric gravity waves is an important factor in the
generation of middle-latitude spread F irregularities. In the
east Asian sector, Pirog et al. [2007] reported large-scale
ionospheric disturbances of 8 and 10 November 2004,
determined according to the data of both ground-based
GPS network and the GPS receiver onboard the CHAMP
satellite. The TIDs propagate with a southwest velocity of
about 400 m/s on 10 November. Also, the TEC map from a
dense GPS network in Japan on this day shows the presence
of TIDs, which are suggested to be related to the atmo-
spheric gravity waves launched by enhanced Joule heating
in the auroral zone [Sahai et al., 2009b]. When we note the
spread F' occurrence sequence presented in this study, it
shows consistent results with observations reported by
Bowman [1981] that nearly all observations of middle-
latitude spread F' ionogram traces for which a direction of
propagation have been measured were seen to propagate
equatorward and westward. These together possibly suggest
that the TIDs are responsible for the initiation of spread F
irregularities observed in the Chinese longitude on 10
November. In the Japanese longitude, the observed irregu-
larities at middle latitude may also be manifestations of
gravity wave-Perkins instability resonance [Huang et al.,
1994] and coupling of Es layer and Perkins instabilities.

5. Summary

[25] In this paper, we have analyzed and presented the
characteristics of PB occurrence in Southeast Asia on the
basis of the observations of ground-based and space-bone
satellites during the super storm of 7—11 November 2004.
The main results are as follows:

[26] 1. Intense PBs and associated irregularities produc-
ing scintillation are found at premidnight and postmidnight
in Southeast Asia during the second main phase of the storm
(10 November). The irregularities occurred at a wide latitude
range, including equatorial to low and middle latitudes in the
Japanese longitudes. However, in the close-by longitude
Chinese sector, an obvious difference can be seen at the
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latitude lower than 20°N and the western longitude of 110°E,
no PBs were observed. In the Southern Hemisphere Austra-
lian sector, the irregularity occurrence presents a near sym-
metrical distribution in conjugate latitudes at premidnight.

[27] 2. Observations of GPS TEC fluctuations and ion-
osonde ionograms show the PB-associated irregularities
drift with a westward velocity and present an equatorward
occurrence sequence in the Northern Hemisphere. However,
the near simultaneous rapid TEC fluctuations observed from
several GPS stations in the Australian sector imply that such
an occurrence sequence from higher to lower latitude is not
apparent in the Southern Hemisphere.

[28] 3. Combined analysis of the data from the GPS TEC
receivers, magnetometers and ionosonde show that the
prompt penetration of magnetospheric electric field to
equatorial ionosphere favors the R-T instability growth rate
after sunset, and trigger the development of equatorial and
low-latitude PBs on 10 November in the Japanese and
eastern longitudes. But the irregularities observed at middle
and low latitude in the close-by longitude Chinese sector is
not induced by the prompt penetration since there is an
onset time delay of several hours and the absence of
equatorial PBs in the sector.

[20] 4. Comparing the irregularities occurrence sequence
and the direction of TIDs propagation in the Northern
Hemisphere on 10 November, it is found that the observa-
tion shows consistent result with the equatorward and
westward occurrence sequence of spread F reported by
Bowman [1981]. Moreover, a close link of middle-latitude
spread F with strong sporadic E layers can be seen in the
Japanese sector, where the sporadic E layer encountered an
increase during the period of Spread F irregularities occur-
rence. These possibly suggest that the observed irregulari-
ties at middle latitude may be manifestations of gravity
wave-Perkins instability resonance and coupling of Es layer
and Perkins instabilities.

[30] 5. The absence and presence of PBs at equatorial and
low latitudes in the Chinese longitude provide evidence that
the storm-time low-latitude PB-associated irregularities can-
not be simply explained as the extension of equatorial PBs
along the magnetic field lines or the triggering effects of
storm-time PPEFs. It may also come from the diffused
irregularities which were resulted from the Perkins instabil-
ity at close-by region.
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