remote sensin N
?J & bpy

Article

The Low-Latitude Plasma Irregularities after Sunrise
from Multiple Observations in Both Hemispheres
during the Recovery Phase of a Storm

Weihua Luo 1'*(, Chao Xiong %(7, Jisheng Xu 3, Zhengping Zhu ! and Shanshan Chang !

1 College of Electronic and Information Engineer, South-Central University for Nationalities, Wuhan 430074,

China; zpzhu@mail.scuec.edu.cn (Z.Z.); 2014064@mail.scuec.edu.cn (S.C.)

Helmholtz Centre Potsdam, GFZ German Research Centre for Geosciences, Telegrafenberg, 14473 Potsdam,
Germany; bear@gfz-potsdam.de

School of Electronic Information, Wuhan University, Wuhan 430072, China; jsxu@whu.edu.cn
Correspondence: whluo@mail.scuec.edu.cn

check for
Received: 3 August 2020; Accepted: 4 September 2020; Published: 7 September 2020 updates

Abstract: The daytime plasma density disturbances in the low-latitude ionosphere, referred to as
plasma irregularities, mainly occur during the nighttime and are an unusual phenomenon. Based on
the observations from multiple low Earth orbiting (LEO) satellites, e.g., the Defense Meteorological
Satellite Program (DMSP) F13 and F15, the first Satellite of the Republic of China (ROCSAT-1),
the Gravity Recovery and the Climate Experiment (GRACE), and Challenging Mini-satellite Payload
(CHAMP) satellites, as well as the ground-based Global Positioning System (GPS) receivers, we report
a special event of low-latitude plasma irregularities that were observed after sunrise in the Pacific
longitudes on 18 August, 2003, following a moderate geomagnetic storm. Observations from three
ground-based GPS stations in both hemispheres showed remarkable total electron content (TEC)
disturbances during 20:00 to 21:00 UT (around local sunrise), agreeing well with the in situ plasma
density irregularities recorded by the nearby flying LEO satellites. The plasma irregularities observed
by these LEO satellites showed quite different depletion intensities at different altitudes. We suggest
that the plasma irregularities were freshly generated near sunrise hours due to the disturbance of the
dynamo electric field (DDEF), evolving into the post-sunrise and morning sector, but were not the
remnant of the plasma irregularities generated during the previous nighttime.

Keywords: plasma irregularity; daytime; low-latitude ionosphere; storm

1. Introduction

After sunset, the vertical density gradient becomes steep at the bottom-side of the equatorial
F-layer due to the rapid uplift of the F-layer, and the Rayleigh-Taylor (R-T) instability is triggered
to generate plasma density irregularities, which are usually referred as Equatorial Spread F (ESF)
or plasma bubbles, manifesting as plasma density depletions [1]. There are other plasma density
irregularities in the low-latitude ionosphere, which are referred to as plasma blobs, manifesting as
plasma density enhancements. Plasma bubbles and plasma blobs, which mainly occur at nighttime and
sometimes last into the morning sector in the topside ionosphere [2], have significant effects on radio
communications and navigational systems, causing the random fluctuations of the amplitude and
phase of trans-ionospheric radio waves. Thus, the occurrence of ionospheric irregularities is always
one of the important topics of space weather.

To date, many observations have indicated that plasma bubbles may also occur during the daytime,
under both geomagnetically disturbed and quiet conditions. Based on the statistical investigations,
Oya et al. [3] and Watanabe and Oya [4] reported that the occurrence rate of plasma bubbles that became
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zero after 10:00 local time (LT) in the morning sector. Chau and Woodman [5] reported the existence of
post noon (14:00-16:00 LT) plasma bubbles in the topside ionosphere from the Jicamarca radar during
a storm recovery phase, which lasted about 1-2 h. Fukao et al. [6], which presented a post-sunrise
backscatter plume from the Equatorial Atmosphere Radar in Indonesia during the recovery phase of a
storm. Li et al. [7] reported ionospheric irregularities in the late morning at low to mid-latitudes during
magnetically disturbed conditions, which can be attributed to the disturbance dynamo. Huang et
al. [8] displayed dayside plasma bubbles recorded by Communication/Navigation Outage Forecasting
System (C/NOFS) satellite after 09:00 LT under moderate magnetic condition. The occurrence of the
topside daytime bubbles was also attributed to the eastward electric field due to the disturbance
dynamo or the overshielding electric field. Zakharenkova et al. [9] presented observations of topside
plasma bubbles around sunrise (05:00-08:00 LT) during a storm recovery phase in the Pacific sector,
based on measurements from the global positioning system (GPS) receiver onboard the low-Earth-orbit
satellites. By means of model simulation, they further suggested that the formation of plasma bubbles
was attributed to the enhanced vertical plasma drift due to the neutral wind disturbance dynamo,
but not the prompt penetration of electric fields. Tulasi Ram et al. [10] also displayed the occurrence of
fresh field-aligned irregularities (FAls) near the sunrise terminator during a minor geomagnetic storm,
and the FAls persisted into the post sunrise periods for more than 90 min, which was attributed to
the prompt penetration of overshielding electric fields. Jiang et al. [11] reported a case of a daytime
F-region irregularity after sunrise (08:30-10:45 LT) in a low-latitude region during a geomagnetic
storm and suggested that the daytime irregularity might be related with the traveling atmosphere
disturbances/atmospheric gravity waves. Sripathi et al. [12] reported the presunrise occurrences of
plasma bubbles in the Indian sector during a moderate geomagnetic storm, and they indicated the
penetration electric field and disturbance dynamo electric field can trigger the development of the
bubbles locally.

Moreover, there are also some case studies about the dayside plasma bubbles under quiet
geomagnetic conditions. Woodman et al. [13] reported post noon (14:00-16:00 LT) spread-F-like
irregularities detected by Jicamarca radar during geomagnetically quiet periods, which may be related
with the fossil bubbles. Shume et al. [14] presented daytime (around 13:00 LT) F-region irregularities
from radar and density depletion, which may be the fresh irregularities, from ground-based GPS and
ionosonde observations near the equator under quiet conditions in eastern Brazil. Park et al. [15]
reported a dayside plasma depletion at midlatitude region (magnetic latitudes: 25°~30°) by the Swarm
and Gravity Recovery and Climate Experiment (GRACE) satellites, during quiet geomagnetic condition,
which later has been confirmed to be caused by the rocket exhaust [16]. Li et al. [17] also reported the
occurrence of daytime (around 1057 LT) F-region irregularities over Hainan under quiet conditions,
and suggested that the irregularities could be triggered by rocket exhaust. Chen et al. [18] reported
that two FAIs that were detected at noon by coherent scatter phased array radar in Hainan during the
geomagnetically quiet conditions.

In comparison to plasma bubbles, the occurrence of daytime plasma blobs has been rarely reported
in the literature. Only the statistical studies of [4], displayed that the plasma blob may exist at some
time before sunset and near sunrise, without discussing the possible source of dayside plasma blobs.

In addition, the daytime plasma bubbles presented in previous studies were observed either in the
northern hemisphere or southern hemisphere, and the occurrences of daytime plasma bubbles/blobs
that were simultaneously observed in both hemispheres have not been reported. In this paper,
we present a case study of daytime plasma irregularities in both hemispheres after sunrise, around the
160°E region, recorded by Defense Meteorological Satellite Program (DMSP) F13 and F15 satellites
during the recovery phase of a storm. The findings of the first satellite of the Republic of China
(ROCSAT-1), GRACE and Challenging Mini-satellite Payload (CHAMP), and Total Electron Content
(TEC) derived from International GNSS Service (IGS) map and three ground GPS stations at Lae
(Papua New Guinea) in the southern hemisphere, Saipan (USA), and Dededo (Guam) in the northern
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hemisphere are also presented, respectively, to investigate the performances of the plasma irregularities
and possible mechanism leading to the occurrence of the daytime plasma irregularities.

2. Data Description

The DMSP is a series of satellites and flies in a near-circular orbit at an altitude of about 840 km,
with an inclination of 98.7°. The special sensor-ions, electrons, and scintillation (SSIES) are on board
the satellites to measure the ion and electron densities, temperatures, and drifts. All DMSP satellites fly
in Sun-synchronous orbits near either the 06:00-18:00 LT or the 09:30-21:30 LT meridians [19]. The data
used in this study are from the DMSP F13 and F15 satellite, whose orbit is on the 06:00 LT and 09:00 LT
meridian, respectively.

The ROCSAT-1 was launched to a circular orbit with a 35° inclination orbital plane at 600 km
in March 1999. The onboard Ionospheric and Plasma Electrodynamics Instrument (IPEI) operates to
measure in-situ ion density and ion composition in the low- and middle-latitude ionosphere [20].

The CHAMP satellite was launched into an almost circular, near-polar orbit (inclination: 87.3°)
on 15 July, 2000. The initial altitude is about 454 km, and the orbit had decayed to about 400 km
in 2003 [21]. The Planar Langmuir Probe (PLP) onboard the satellite measures the in-situ electron
density and temperature per 15 s, the electron density from PLP has been validated by comparison
with ground-digisonde measurements at Jicamarca, with a good agreement with the results from the
ground observations [22].

The GRACE mission, including two spacecraft GRACE-A and GRACE-B, was launched into a
polar-orbit on 17 March, 2002, with the inclination of 89° at an initial altitude of about 490 km [23].
The electron density can be derived from the K-band ranging (KBR) system between the GRACE
two spacecraft [24], which has been validated by comparisons with ground-based observations from
European Incoherent Scatter radar (EISCAT), Millstone hill and Arecibo radars [25], and more detailed
descriptions of the electron density retrieval can be found in [24].

3. Geophysical Conditions during 16-20 August 2003

On 17 August, 2003, the storm sudden commencement (SSC) of a geomagnetic storm was at
14:21 UT. Figure 1 displays the geophysical conditions during the 16-20 August, 2003, including
the variations of Dst index, K, index, solar wind speed (Vsy), the south-northern component of
Interplanetary Magnetic Field (IMF) Bz, and the Interplanetary Electric Field (IEF) Ey, (E, = Vsw X Bz).

As shown in Figure 1, before the SSC, K, indices on 17 August were small. On 18 August, the Dst
index dropped to a minimum (—148 nT) around 16:00 UT, and K}, indices were no less than 6. The Bz
component was mainly southward from the main phase to about 02:00 UT of 19 August. Bz had
sudden variations at 16:36 UT of 17 August and 01:30 UT of 18 August. After the storm started, E, was
westward and turned eastward at about 18:00 UT on 17 August.
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August 2003

Figure 1. Variations of the Dst index (a), K;, index (b), solar wind speed Vyy (c), interplanetary magnetic
field (IMF) Bz component (d), and interplanetary electric field E, (e) during 16-20 August, 2003.

4. Results

4.1. Observations from DMSP

Figure 2 shows the variations of ion density along the trajectory of DMSP F13 satellite during
18:50-19:04 UT (a), 20:31-20:45 UT (b) at 160°E longitude region on 18 August, 2003, respectively.
At the bottom of Figure 2a,b, magnetic latitude (MLAT), geographic longitude (GLON), UT, LT are
also marked.

From Figure 2, we can notice that the plasma depletions were recorded by DMSP F13 at 170°E
and 150°E regions during 18:50-19:04 UT (a) and 20:31-20:45 UT (b), near local sunrise (around 06:30
LT), respectively.

At 170°E sector, in Region 1, the ion density around 10.82°S was about 2.57 X 10* cm~ and the
background density was about 4.8 x 10* cm~3 at 9.3°S. The depletion was about 46.5%. In Region 2,
the ion density at 4.07°S was about 2.9 x 10* cm™ and the background density was about 4.2 x 10*
cm™2 at 5.3°S, the depletion was about 31%. In Region 3, the ion density at 8.48°N was about 3.0 x 10*
cm™3 and the background density was about 1.04 X 10° cm™3 at 13.3°N. The density at 25.45°N was
about 2.92 x 10* cm~3, the background density was about 5.59 x 10* cm~2 at 13.3°N, which means that
the depletion reached about 47.8%.

At 150°E sector, in Region 1, the ion density around 12.9°S was about 2.27 x 10* cm~3 and the
background density was about 5.24 x 10* cm™ at 12.4°S. The depletion was about 56.7%. In Region 3,
the ion density at 26.24°N was about 3.37 x 10* cm™3, the background density was about 1.0 X 10°
cm~3, which means that the depletion reached about 66.3%.
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For comparison, Figure 2c shows two close orbits of DMSP F13 in 160°E and 140°E, but at an
earlier time during 06:08-06:26 UT (top) and 07:51-08:08 UT (bottom) at the same day, respectively.
The red lines in Figure 2c represent the longitude variations along the satellite trajectories. No density
fluctuations were recorded by DMSP F13 in the dusk sector.

Similar to Figure 2, Figure 3a shows the variations of ion density along the trajectory of DMSP F15
satellite from 22:59 to 23:07 UT in 160°E longitude region on 18 August, 2003.
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Figure 2. On 18 August, 2003, variations of the ion density along the DMSP F13 trajectories during
18:50-19:04 UT (a), 20:31-20:45 UT (b), 06:08-06:26 UT and 07:51-08:08 UT (c) at 160°E longitude
region, respectively.
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In Figure 3a, the ion density showed remarkable fluctuations in low-latitude regions. In Region
1, the ion density around 0°N was about 4.01 X 10* cm™ and 4.53 x 10* cm ™2 at 2.04°N, the density
reached about 4.8 x 10* cm =3 at 5.16°N, and 5.33 x 10* cm~3 at 9.72°N, respectively. The ion density
was about 4.04 x 10* cm~3 at 3.24°N, and 4.12 x 10* cm~2 at 6.12°N. Compared to the density at 5.16°N,
the density depletion was about 15.8% at 3.24°N.
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Figure 3. On 18 August, 2003, variations of the ion density along the DMSP F15 trajectories during
22:59-23:07 UT (a), 10:25-10:35 UT and 12:01-12:11 UT (b) at 160°E longitude region, respectively.
The satellite altitude was about 839 km.

In Region 2, the background ion densities were about 6.02 X 10* cm= at 13.25°N and 6.7 x 10*
cm~2 at 16.75°N, respectively. The density decreased to about 5.02 x 10* cm™2 at 14.65°N. Compared
to the background density at 13.25°N and at 16.75°N, the density depletions were about 16.6% and
25.1%, respectively.

In Region 3, The ion densities were about 4.17 X 10* em~2 at 22.12°N, and about 4.9 x 10* cm™3 at
23.05°N, respectively. The ion densities were about 3.59 x 10* cm~2 at 25.62°N, and 4.76 x 10* cm™3
at 27.72°N. Compared to the density at 23.05°N, the density depletion at 22.12°N was about 14.9%.
For comparision, Figure 3b also displays two close orbits of DMSP F15 in 160°E and 140°E, but at an
earlier time around 10:25-10:35 UT (top) and 12:01-12:11 UT (bottom) at the same day. The red lines
in Figure 3b represent the longtitude variations along the satellite trajectories. At 10:30 UT, no clear
density fluctuation was observed, but a density depletion was detected near 15°S around 12:04 UT
(after local sunset). The background density at 14.83°S was 3.97 x 10* cm~2, and the density at 15.08°S
decreased about 36.4%.
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4.2. Observations from ROCSAT-1

The variations of ion density along the ROCSAT-1 trajectories in 160°E longitude region during
23:26-23:38 UT (a), 09:42—-09:50 UT, 11:17-11:38 UT, and 12:47-13:18 UT (b), 21:45-21:54 UT (c) on 18
August, 2003 are presented in Figure 4, respectively. MLAT, GLON, UT, and LT are also given at the
bottom of Figure 4a, the red lines represent the longtiude variations along the satellite trajectories in
Figure 4b,c.

, (@
_1.8x10° rrocsaT
5 16x10° -
= L
B 1.4x10° |
j =y
8 s [
2 1.2x10° |-
o t
105 1 1
MLAT  -20 -10 0 10
GLON 143.7 154.52 165.21 176.52
UT 23:26:38 23:30:24 23:34:12 23:38:06
LT 9:01:28 9:48:28 10:35:02 11:24:18
O
ﬂ1.6x10 18-08 180 —_
3 F )
§ 1.2x10° | 4170 %
= I =]
s 8.0x10° - 1160 3
C o
E i 2
2 4.0x10° 4150 @
S b S
00 1 1 1 n 1 1 140
MLAT 0 4 8 12 16 20
uT 09:50:20  09:47:44 09:45:06 09:42:38
LT 21:34:22  21:01:31 20:27:01  19:52:28
6
?1.ex10 T55] 200 -
§ 1.2x10° 4180 %
= =}
‘g 8.0x10° |- - 160 ©
c o
5 2
T 4.0x10° F 1402
S b S
0.0 — - - - 120
MLAT  -30 -20 -10 0 10 20 30
ut 11:38:04  11:3213  11:26:46  11:21:55  11:17:21
LT 23:56:51 22:42:27 21:35:21 20:33:09 19:28:51
6
1
:’\1.6)(10 [ 18-08 Boa
§ 1.2x10° - 160 %
> r —140 0
@ 8.0x10° |- I
% [ - 120 3
o 5 o
2 4.0x10 1400 2
9 F =
00 4 1 1 1 1 1 1 1 4 1 1 80
MLAT  -30 -20 -10 0 10 20 30

UT 13:18:02 13:11:47 13:06:56 13:02:40 12:58:30 12:53:52 12:47:45
LT 00:47:18 23:22:22 22:22:20 21:29:56 20:36:07 19:32:07 17:54:13

©
5

_20x10 oo 180
£ I 8
§1.ex1o5~ ~170 8
8 1.2x10° - 160 2
c <
S 3

8.0x10° ! e 150

MLAT -30 -25 -20 -15 -10 -5

UT 21:45:29 21:47:20 21:49:09 21:50:56 21:52:44  21:54:55
LT 07:57:25 08:22:54 08:46:50 09:09:50 09:32:08 09:54:20

Figure 4. At 160°E longitude region, variations of the ion density along the ROCSAT-1 trajectories
during 23:26-23:38 UT (a), 09:42-09:50 UT, 11:17-11:38 UT, and 12:47-13:18 UT (b), 21:45-21:54 UT (c)
on 18 August, 2003, respectively. Satellite altitude was about 578 km.
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As shown in Figure 4a, the ion density also displayed remarkable fluctuations in low-latitude
regions. In Region 1, the density at 14.42°S was about 1.14 x 10° cm~3, 1.1 x 10° cm 3 at 15.04°S, and 1.2
X 10° cm ™3 at 15.93°S. The background density was about 1.5 x 10° cm™2 at 17.78°S and 1.55 x 10°
cm~3 at 13.76°S. Compared to the density at 17.78°S, the density depletions was about 24% at 14.42°S.

In Region 2, the density at 11.24°S was about 1.15 X 10° cm™2, and 1.1 X 10° cm™ at 9.42°S.
The background density was about 1.39 x 10° cm~2 at 11.76°S. The density depletions were about 17.3%.

In Region 3, the density disturbances exhibited mainly as enhancements, i.e., plasma blobs, but not
the plasma depletions. The density at 6.29°S was about 1.49 x 10° cm™~3, the background density
around 7.3°S was about 1.27 x 10° cm ™3, the enhancement was about 17.3%. We are not sure if the
enhancements were plasma blob, thus we call these density disturbances as plasma blob-like structures.

In Region 4, at 0°N, the density reached a maximum, with a value of about 1.59 X 10° cm=3.
Around the equator (at 0.3°S and 0.4°N), the density was about 1.48 x 10° em™3. At 1.8°N, the density
was about 1.79 x 10° cm~3. The density depletion at 0.4°N was about 17.3%, with respect to the density
at 1.8°N.

From Figure 4b, we can also notice that the density disturbances were detected at earlier times,
including density depletion and density enhancement. Density depletions were recorded at 09:48
UT (21:33 LT) around 4°N, and density enhancements were recorded at 11:36 UT (23:00 LT) around
15°S. The enhancement reached about 45.5%. At 21:48 UT (08:46 LT), shown in Figure 4c, the density
depletions in low-latitude regions were detected at 160°E sector, with a magnitude of about 22.2%.

Figure 5 displays the variations of electron density with geomagnetic latitudes at 160°E longitude
sector from ROCSAT-1 during 16-20 August 2003 at around 11:30 UT. It can be noted that the
background density on 18 August was enhanced significantly with respect to that on other days.
The EIA was still well developed, and it could exist until 13:06 UT, as shown in Figure 4b.
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Figure 5. Electron densities from ROCSAT-1 at 160°E longitude sector at around 11:30 UT, during 16-20
August, 2003, respectively.

4.3. Observations from CHAMP and GRACE

Figure 6 presents the variations of electron density in the 160°E longitude sector at different UT
times along the CHAMP (a, c¢) and GRACE (b, d) trajectories on 1620 August, 2003, respectively.

From Figure 6, it can be seen that EIA on 18 August, 2003 was remarkably stronger than that on
other days at around 09:30 UT at CHAMDP altitude and around 10:30 UT at GRACE altitude, respectively.
At later UT times of 18 August (local morning on 19 August), the electron densities at both CHAMP
altitude and GRACE altitude displayed significant disturbances, while no density disturbances were
detected during other days.

For instance, on 18 August, at GRACE altitude, the density around the equator was about 2.88
x 10° cm~3. In the southern hemisphere, the electron density was about 2.59 x 10° cm~2 at 16.45°S,
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and the density decreased to 2.35 x 10° cm™3 at 14.07°S (local time: 09:16 LT) and 2.24 x 10° cm™ at
8.35°S (local time: 09:15 LT), respectively. The density reached a maximum with a value of about 3.11
x 10° cm™3 at 4.37°S. In the northern hemisphere, the maximum density in the northern hemisphere
was 3.36 x 10° cm™ at 7.23°N, the density was about 2.12 X 10° cm~3 at 10.06°N (local time: 09:14
LT), and it reached a minimum at 20.57°N (local time: 09:13 LT), with the value of 1.75 X 10°> cm™3.
Compared to the density at 4.37°S, the density depletions in the southern hemisphere were about
28% at 8.35°S and 24.4% at 14.07°S, respectively. Compared to the density at 7.23°N, in the northern
hemisphere, the depletions were about 36.9% at 10.06°N and 40.8% at 20.57°N, respectively.
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Figure 6. Electron densities from CHAMP (a,c) and GRACE (b,d) at the 160°E longitude sector at
different times during 1620 August, 2003, respectively.

At CHAMP altitude, on 18 August, the density around the equator was about 6.0 X 10° cm™.
The electron density was about 6.07 X 10° cm~2 at 12.29°S. The density decreased to 2.47 x 10° cm ™2 at
19.98°S (local time: 07:31 LT), and 3.24 x 10° cm™2 at 10.37°S (local time: 07:33 LT). In the northern
hemisphere, the electron density was about 6.32 X 10° cm™3 at 8.86°N, and the density was about 6.83 x
10° cm~3 at 15.6°N. The density decreased to 4.79 x 10° cm~2 at 11.75°N (local time: 07:37 LT), 1.92 x 10°
cm™3 at 26.19°N (local time: 07:41 LT) and 1.77 X 10° cm™ at 28.12°N (local time: 07:41 LT), respectively.
Compared to the density at the equator, the density depletions in the southern hemisphere were
about 58.8% at 19.98°S, 46% at 10.37°S and 32.8% at 7.49°S, respectively. In the northern hemisphere,
the depletions were 20.2% at 11.75°N, 68% at 26.19°N and 70.5% at 28.12°N, respectively.

4.4. TEC Observations from IGS

Figure 7 presents the IGS TEC map with UT times in the 160°E sector during 16-20 August 2003.
The geomagnetic equator is noted as the dashed magenta line in the figure. The SSC, recovery phase,
and sunrise terminator are also marked in the figure.

As shown in Figure 7, on 18 August, TEC in low-latitude regions was enhanced significantly
during 04:00-21:00 UT (from local daytime to local sunrise on the next day) with respect to that on
other days. Especially during 16:00-21:00 UT (recovery phase), shown in the bottom panel of Figure 7,
EIA was well developed and lasted into the local sunrise terminator, while the EIA disappeared on
other days. After 22:00 UT, TEC in low-latitude regions decreased more than that on other days.
At 05:07 UT, the maximum of TEC was about 66.8 TECU around 6.0°N, while TEC values were about
45.9 TECU on 16 August and 46.4 TECU on 17 August, respectively. At 18:02 UT, the maximum of TEC
reached about 24.3 TECU around 3.0°S, while TEC values were about 1.9 TECU on 16 August and 2.9
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TECU on 17 August, respectively. The enhancement of EIA means that the significant effects of strong
zonal electric field and equatorward neutral wind [26].

On 19 August, TEC values in low-latitude regions decreased significantly. Daytime TEC maximum
decreased to about 42.4 TECU at 05:57 UT.

Geog. Lat. (Deg.)

uT
LT

LT
10

3
-20 -10 0 10 20 30-20 -10 0 10 20 30-20 -10 O 10 20 30-20 -10 O 10 20 30-20 -10 O 10 20 30
Geog. Lat. (Deg.) Geog. Lat. (Deg.) Geog. Lat. (Deg.) Geog. Lat. (Deg.) Geog. Lat. (Deg.)

Figure 7. At the 160°E sector, 16-20 August, 2003, low-latitude ionospheric TEC map from IGS for the
full day (top panel) and during 16:00-24:00 UT (bottom panel). The dashed magenta line (top panel)
represents the magnetic equator in the top panel. The dashed red lines (bottom panel) represent the
sunrise terminator and 21:00 UT, respectively.

4.5. Ground GPS Observations

Ground-based GPS observations from three low-latitude IGS stations, which are located in the
same longitude sector (145°E) in the northern and southern hemispheres, respectively, are selected to
study the variations in the ionosphere. The coordinates of three stations are given in Table 1.

Table 1. Coordinates of three IGS GPS stations.

Station Geog. Lat. Geog. Lon. Geom. Lat. Sunrise

Lae, Paptl;e;A ﬁl;\:v Guinea —6.6737 146.9932 -14.73 20:19UT
Dedce;cllj(f I\G/Illla m 13.5893 144.8683 5.18 20:08 UT
Sai(figﬁ\,d II}S A 15.2297 145.7431 6.90 20:03 UT

Figure 8 shows the variations of vertical TEC and rate of variations of TEC index (ROTI) with UT
for different satellites at Saipan (USA, CNMR, Figure 8a), Dededo (Guam, GUAM, Figure 8b), and Lae
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(Papua New Guinea, LAEL, Figure 8c) on 18 August, 2003, respectively. The satellite elevation and
azimuth, geographic longitude and latitude of the ionospheric pierce point (IPP), assuming a thin
ionospheric shell at 350 km height, are also given in the figure. The sunrise terminator is represented by
the symbol %t in the figure. The definition and method for ROTI calculation can be seen in Pi et al. [26].
Many studies have indicated that ROTI can represent the characteristics of TEC disturbances and
ionospheric scintillation, and it can be used for ionospheric disturbance and scintillation monitoring
e.g., [9,27-30].
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Figure 8. (a) At the CNMR station, variations of the satellite elevation and azimuth (top), geographic
longitude and latitude of the IPP (second panel), vertical TEC (third panel), and ROTI (bottom) for
satellites PRN 4 (left top panel), PRN 7 (right top panel), PRN 11 (left bottom panel), and PRN 24 (right
bottom panel) during 16:00-24:00 UT on 18 August, 2003, respectively. The symbol X% represents the
sunrise terminator. (b) Similarly (a), at the GUAM station, for satellites PRN 4 (left top panel), PRN 7
(right top panel), PRN 13 (left bottom panel), and PRN 20 (right bottom panel) during 16:00-24:00
UT on 18 August, 2003, respectively. (c) Similarly (a), at the LAEL station, for satellites PRN 4 (left
top panel), PRN 7 (right top panel), and PRN 28 (bottom panel) during 16:00-24:00 UT on 18 August,
2003, respectively.
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Figure 8a is for satellites pseudo-random noise (PRN) 4 (left top panel), PRN 7 (right top panel),
PRN 11 (left bottom panel), and PRN 24 (right bottom panel) at the CNMR station during 16:00-24:00
UT on 18 August, 2003, respectively. Figure 8b is for PRN 4 (left top panel), PRN 7 (right top panel),
PRN 13 (left bottom panel), and PRN 20 (right bottom panel) at GUAM station, and Figure 8c is for
PRN 4 (left top panel), PRN 7 (right top panel), and PRN 28 (bottom panel) at LAEL station.

In Figure 8, it can be seen that significant TEC depletions were recorded simultaneously at
three stations in both northern and southern hemispheres during two time-intervals, 16:00-18:00 UT
(01:48-03:48 LT) and 20:00-22:00 UT (05:48-07:48 LT), respectively. TEC depletions could exceed 10
TECU, and ROTI achieved more than 1.5.

For instance, in the northern hemisphere, at the CNMR station, PRN 4 detected the TEC depletion
of about 12 TECU around 20:00 UT (05:42 LT), the maximum of ROTI reached about 1.8. PRN
11 detected the TEC depletion of about 14 TECU around 16:40 UT, and ROTI reached about 0.8.
TEC fluctuations were also detected around 22:00 UT (07:42 LT) by PRN 7 and PRN 24, respectively.
At GUAM station, PRN 4 also detected the TEC depletion of about 12.1 TECU around 20:00 UT (05:39
LT), ROTI reached about 1.6. PRN 20 detected the TEC depletion of about 10 TECU around 18:00 UT,
the maximum of ROTI reached about 0.9.

In the southern hemisphere, at the LAEL station, PRN 4 detected the TEC depletion of about
7.8 TECU around 20:40 UT (06:28 LT), the ROTI maximum was about 1. Around 21:00 UT (06:48 LT),
PRN 7 also detected the TEC depletions, ROTI exceeded 1. PRN 28 detected the TEC depletion of
about 8.7 TECU around 18:00 UT (03:48 LT), the ROTT maximum was about 1.3.

5. Discussions

The occurrences of daytime plasma irregularities in equatorial and low-latitude ionosphere are
mainly categorized into two types. One is thought of as the remnant of the F-region irregularities
triggered by the Rayleigh-Taylor instability and developed in the nighttime, with a long duration due
to the disturbance dynamo or slow loss reaction e.g., [2,6-8,18]. The other type of daytime irregularity
is the fresh irregularity, occurring near the sunrise under the development of R-T instability and
persisting into the morning sector due to the polarization eastward electric field, which is related
with the prompt penetration electric field or the disturbed neutral wind dynamo [10], or wind-driven
gradient drift instability [14]. There is also another rare type, which generates due to the artificial
ionospheric variations, such as rocket exhaust [16,17]. Due to the limited observations of daytime
F-region irregularities, the understanding of these irregularities still remains unresolved.

To illustrate the distributions of plasma irregularities recorded by multiple satellites and
ground-based GPS stations, Figure 9 presents a low-latitude regional map at 120-180°E longitude
sector, including the trajectories of DMSP, ROCSAT-1, GRACE, CHAMP satellites during different
periods, the locations of three ground-based GPS stations at Lae (LAEL), Saipan (CNMR), and Dededo
(GUAM), and also the IPP tracks of the GPS satellites, on 18 August, respectively. The red short
lines and green short lines over the satellite tracks represent the density enhancements and density
depletions encountered by the satellites, respectively. The grey solid line represents the magnetic
equator. The LT times of the event recorded by the satellites are also marked in the figure.

As shown in Figure 8, in both hemispheres, the TEC disturbances were recorded on 18 August
during two time-intervals, 16:00-18:00 UT (01:48-03:48 LT) and 20:00-22:00 UT (05:48-07:48 LT),
respectively. For instance, from 16:00-18:00 UT, in the southern hemisphere, at the LAEL station,
TEC disturbance recorded by PRN 28 occurred around 18:00 UT (03:48 LT), and the maximum of ROTI
reached 1.4. In the northern hemisphere, PRN 11 detected TEC disturbances around 16:00 UT (01:48
LT) at the CNMR station, PRN 13 and PRN 20 detected TEC disturbances around 17:00 UT (02:48 LT)
and 18:00 UT (03:48 LT) at GUAM station, respectively.

During 20:00-22:00 UT (around local sunrise), TEC disturbances were also detected at CNMR,
GUAM, and LAEL stations, respectively, which were very consistent with the observations from
DMSP F13 shown in Figure 2. No similar TEC disturbances were detected by the GPS satellites on
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other days, the TEC variations during 16-19 August at CNMR and LAEL stations can be seen in the
“Supplementary Materials”. At CNMR, PRN 4 detected TEC depletions around 20:00 UT (05:48 LT),
and small TEC disturbances around 21:00 UT (06:48 LT). Small disturbances also were detected by
PRN 7 around 22:00 UT (07:48 LT), ROTI reached about 0.4. PRN 24 detected large TEC depletions
during 20:30-21:00 UT (06:18-06:48 LT), and smaller TEC depletions around 22:00 UT (07:48 LT).
At GUAM, PRN 4 also detected TEC large depletions around 20:00 UT (05:48 LT) and small TEC
disturbances around 21:00 UT (06:48 LT). PRN 7 recorded TEC disturbances around 22:00 UT (07:48 LT).
In the southern hemisphere, at LAEL, during 20:30-21:00 UT (06:18-06:48 LT), TEC disturbances were
detected by PRN 4, and ROTI exceeded 1. PRN 7 also detected TEC disturbances during 20:00-21:00
UT (05:48-06:48 LT) and around 23:00 UT (08:48 LT), respectively. Moreover, the disturbances were
recorded by PRN 28 around 22:30 UT (08:18 LT), which was also detected by DMSP F13 around 20:43
UT (06:23 LT), and by ROCSAT-1 around 23:27 UT (09:06 LT) in the same region, respectively, as shown
in Figure 9.

AL

. , — DMSPF15
| |~ -~ DMSPF13
01740 LT | ] ROCSA.I'_‘I
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N . —— CHAMP 7

40
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Figure 9. On 18 August, 2003, the regional map at 120-180°E longitude sector including the trajectories
of DMSP, ROCSAT-1, GRACE, CHAMP satellites, the locations of ground-based GPS stations at Lae
(LAEL), Saipan (CNMR), and Dededo (GUAM), and also the IPP tracks of GPS satellites. The red short
lines represent the density enhancements encountered by the satellites, the green short lines represent
the density depletions recorded by the satellites.

The disturbances of TEC and ROTI means that the existence of F-region irregularities at 140-160°E
regions during 16:00-18:00 UT (local post-midnight) and 20:00—22:00 UT (local morning near sunrise),
which were consistent with the observations from DMSP F13, CHAMP and GRACE satellites. And the
plasma disturbances were detected from DMSP F15 around 23:06 UT (09:29 LT), and from ROCSAT-1
observations, the plasma depletions still existed in the low-latitude ionosphere until 23:27 UT (09:06
LT), which means that the daytime plasma irregularities could last into the morning sector for more
than 3 h.
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Moreover, it should be noted that the irregularities that occurred at 140°E region may not be
the same as the irregularities detected by the satellites around 160°E, which means that the daytime
irregularities occurred in a wide longitude region.

In general, the F-region irregularities occur after sunset due to the R-T instability and disappear
before midnight, but sometimes they can persist into the post-midnight, even till the morning [2].
F-region irregularities can also be freshly generated during the post-midnight before sunrise [31] due
to the relatively weak westward electric field in the presence of equatorward meridional wind [32] or
eastward disturbance dynamo electric field [33], under quiet and disturbed conditions [33].

There is a question about the occurrence of TEC disturbances recorded by ground-GPS observations
and in-situ measurements from CHAMP, GRACE, ROCSAT-1, and DMSP, whether the F-region plasma
irregularities around 140-160°E were the remnant of the irregularities initiated during the post-midnight
or the fresh irregularities generated near sunrise? Park et al. [15] summarized some favorable conditions
for the occurrence of daytime plasma bubbles, including: (1) at early local morning, (2) at a lower
latitude than nighttime bubbles were located, (3) at a high height, and (4) during geomagnetically
disturbed periods. The daytime bubbles in the topside ionosphere mostly might be the fossil bubbles
or the remnant of the bubbles formed on the previous night. e.g., in [6,7,18]. There are some differences
between the irregularities detected by satellites and ground-GPS observations in this study, which is
summarized by [15]. From observations by CHAMP, density depletions occurred over magnetic
latitude +20°N, and the TEC disturbances also occurred near the EIA crests, where the nightside
bubbles usually occurred.

The depletion of electron density from CHAMP could reach about 70%, while the depletions
detected by GRACE were around 40% in both hemispheres. As pointed out by Huang et al. [8] from
the statistical studies, the depletions of daytime bubbles, as the remnant of the nightside bubbles,
were usually not more than 30%. In addition, the remnant of the irregularities would like to stay
at a high height for a long duration, where the photo-ionization process is slower [8]. In previous
reports, the remnant of irregularities were found in the topside ionosphere above 500 km, e.g., in [8,18].
The freshly generated irregularity near sunrise was found firstly around 250 km and evolved above 400
km [9]. The density disturbances from GRACE occurred later than that by CHAMP, and the altitude
GRACE flies was higher. It means that density depletions reached the maximum at CHAMP altitude
and began to diffuse with the upward movement. When the irregularities moved upward to ROCSAT-1
and DMSP altitudes, the magnitude of depletions decreased to about 24% and 15%, respectively. Thus,
the density depletions from the CHAMP and GRACE observations may be more likely to be related to
the fresh irregularities.

Moreover, it can be noted that the TEC disturbances were more significant during 20:00-22:00 UT
than that during 16:00-18:00 UT, while TEC did not show the disturbances before 16:00 UT. In both
hemispheres, the values of ROTI during 16:00-18:00 UT, which were less than 1 generally, were
smaller than that during 20:00-22:00 UT, and the largest ROTI occurred around 20:00 UT (05:48 LT),
which exceeded 1.5. It means that the irregularities that occurred near local sunrise may not be the
remnant of the irregularities occurred at the previous night, but the fresh and evolutionary-type
irregularities similar with the irregularities reported by Tulasi Ram et al. [10], which were generated
near sunrise (around 20:00 UT). Based on the observations from the Equatorial Atmosphere Radar
(EAR), Tulasi Ram et al. [10] reported the occurrence of fresh FAIs during the recovery phase of a minor
storm. The FAIs persisted into the morning sector for more than 90 min after occurring near sunrise,
and the occurrence of FAIs was attributed to the prompt penetration of overshielding electric fields.

Prompt penetration of magnetospheric electric field (PPEF) and disturbance dynamo electric
field (DDEF) would affect the electrodynamical process in the equatorial and low-latitude ionosphere
significantly during the storm periods, such as the vertical plasma drifts driven by the zonal electric
field, in addition to the disturbed thermospheric winds.

As shown in Figure 4b, the density at 600 km was enhanced significantly, and the EIA structure
was still detected around 11:30 UT (21:35 LT) and 13:06 UT (22:22 LT). On 18 August, the density
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in low-latitude regions was remarkably larger than that during other days, as shown in Figure 5.
From Figure 6, we can also see the EIA around 09:00 UT (19:40 LT) and 10:30 UT (21:10 LT) enhanced
more significantly at CHAMP altitude and GRACE altitude than that on other days, respectively.
Moreover, it should be noted that TEC values increased significantly in low-latitude regions during
04:00-21:00 UT (14:40-07:40 LT) on 18 August, as shown in Figure 7. Especially during 16:00-21:00 UT
(02:40-07:40 LT), it can be seen that EIA was well developed, while EIA structures were not seen in
other days.

Generally, EIA would become stronger under the combined effects of both eastward PPEF and
storm-time equatorward neutral winds [26]. Assuming the existence of equatorward neutral wind,
the EIA would become stronger, and EIA crests move toward the equator. As shown in Figure 4b,
EIA crests moved poleward from 11:30 UT (21:35 LT) to 13:06 UT (22:22 LT) at 600 km. In addition,
from the observations by CHAMP and GRACE, shown in Figure 6, EIA crests were located farther
away from the equator on 18 August relative to that on other days. The TEC map shown in Figure 7
also showed the EIA was obviously enhanced as EIA crests moved poleward to higher latitudes and
became more inter-hemispheric asymmetric. Thus, it can be speculated that the zonal electric field in
F-region was enhanced during 16:00-21:00 UT, and there was no strong equatorward neutral wind.
The enhanced zonal electric field in F-region ionosphere, which may be related to PPEF and DDEF,
was beneficial for the initiation of R-T instability, leading to the occurrence of plasma irregularities.

From Figure 1, it can be noted that the plasma irregularities recorded by DMSP, ROCSAT-1,
CHAMP and GRACE occurred during the recovery phase of the storm. On 18 August, the IEF E,
was always eastward and reached a maximum at 08:00 UT, with a value of about 7.8 mV/m. The IEF
would partially penetrate into the ionosphere as PPEF with an efficiency of ~5 to 10% [34], with the
sudden variations of B;. The IMF Bz was southward and did not show evident sudden variations
during the recovery phase of the storm. The PPEFs are mostly eastward during the local daytime
and westward at night at all seasons, while the DDEFs are westward near local sunset and become
eastward during the nighttime, and DDEFs have the largest values near sunrise [35]. It means that
the enhanced zonal electric field in 140-160°E sector may not be related to the PPEF, but the DDEF.
As Sripathi et al. [12] pointed out, the presunrise plasma bubbles can be developed under anomalous
conditions of the penetration electric field. Under the effect of DDEF, a minor geomagnetic storm can
trigger the fresh generation of plasma bubbles locally.

Unfortunately, we cannot find the observations about the equatorial vertical drifts during the
August 2003 storm in the 160°E sector. In Figure 10, we present the variations of F layer minimum virtual
height (h’F) derived from two low-latitude ionosonde observations at 140°E sector in the southern
hemisphere, Vanimo (2.70°S, 141.30°E; Geom. Lat.: 11.19°S; sunrise: 20:37 UT) and Townsville (19.63°S,
146.85°E; Geom. Lat.: 28.95°S; sunrise: 20:32 UT), respectively. The red lines in the figure represent the
median values of h'F during August 2003.

From Figure 10, we can notice that h’F on 18 August at two low-latitude stations showed a
clear increase near local sunrise, which means the elevation of the F-layer and enhancement of the
zonal electric field. The h’F on 17 August also showed a remarkable increase around 20:00-21:00 UT
(05:40-06:40 LT), which may be related to PPEF.

Furthermore, in Figure 11, we present the variations of Penetration Electric Field and quiet zonal
electric field plus penetration electric field derived from the real-time model of the ionospheric electric
fields [36] at 160°E sector during 16-20 August, 2003. The Scherliess and Fejer [37] vertical drift model
is used as the quiet zonal electric field, which has positive as eastward. The blue line represents
the penetration electric field calculated from the IEF E, and transfer function [36], the magenta line
represents the quiet background zonal electric field plus the penetration electric field. In the Indian and
South American sectors, the predicted zonal electric fields were in good agreement with observations
from the digisonde-derived vertical plasma drifts [9,36].
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Figure 10. During 16-20 August, 2003, variations of minimum virtual height (h’F) at Vanimo (top
panel) and Townsville (bottom panel), respectively. The red lines represent the median h’'F during

August 2003.
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Figure 11. During 16-20 August, 2003, at 160°E sector, the variations of Penetration Electric Field and
quiet plus penetration electric field derived from the real-time model of the ionospheric electric fields.

It can be seen from Figure 11 that the penetration electric field was eastward during 03:00-08:00
UT, with the maximum of about 0.18 mV/m at 05:30 UT, and it was very small during 16:00-24:00 UT,
with the magnitude of about 0.01 mV/m, which can be ignored, on 18 August. It means that the PPEF
would affect the background electric field during 03:00-08:00 UT (local daytime), and the enhanced
zonal electric field during 16:00-21:00 UT (01:40-06:40 LT) may not have mainly resulted from the PPEF.
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Previous numerical studies have indicated that the enhanced vertical drifts can occur at low and
equatorial latitudes in the sunrise sector, driven by the thermospheric wind disturbance dynamo
action [9].

Moreover, the daytime irregularities were detected during the recovery phase of the storm,
while no density fluctuations after sunrise before the storm and during other phases of the storm.
The observations from DMSP F13 and F15, ROCSAT-1 satellites in the morning sector before and after
the storm started can be found in the “Supplementary Materials”. Thus, it can be concluded that the
occurrence of daytime irregularities was related to the storm; the DDEF during the recovery phase of
the storm would play an important role in the occurrence of daytime irregularities.

In conclusion, it can be speculated that the zonal electric field was enhanced in the F-region during
16:00-21:00 UT (01:40-06:40 LT), mainly due to the DDEEF. Furthermore, the enhanced zonal electric
field at the bottom of the F-region ionosphere initiated the R-T instability, resulting in the development
and occurrence of the irregularities, and also the enhancement of EIA.

In a word, the occurrences of the daytime irregularities, in this case, can be concluded as: (1) at first,
the R-T instability was triggered near sunrise at the bottom of the F-layer due to the DDEF, and plasma
irregularities generated; (2) plasma irregularities evolved into two hemispheres, with the poleward
motions; (3) the density depletions became larger under the effects of the polarization eastward electric
field, and moved upward, lasting for more than 3 h into local morning sector, which were detected
by ground-based GPS observations and CHAMP, GRACE, ROCSAT-1, DMSP F15 satellites in both
hemispheres successively, and the depletion magnitude reached the maximum at CHAMP altitude,
with a magnitude of about 70%.

In addition, Shume et al. [13] proposed that wind-driven gradient drift instability may also be
a candidate for the occurrence of daytime plasma irregularities. It means that the mechanism or
parameters leading to the generation of daytime irregularities need to be studied in the future.

Furthermore, as displayed in Figure 4, daytime blob-like structures in low-latitude regions were
also detected by ROCSAT-1 in the southern hemisphere. The occurrences of the blob-like structures
may be related to the polarization eastward electric field due to the development of plasma bubbles [38].
Accompanying the occurrence of plasma bubbles near sunrise, the blob-like structures also occurred
and persisted into the morning sector.

6. Conclusions

In this study, we have presented the observations of local daytime plasma irregularities around
140-160°E region in both northern and southern hemispheres, recorded by CHAMP, GRACE, ROCSAT-1,
DMSP F13, and F15 satellites, as well as three ground-based GPS stations during the recovery phase of
the 17-20 August, 2003 storm. The plasma irregularities had larger depletion magnitudes at lower
altitude, such as at CHAMP and GRACE altitudes, than that at higher altitude such as ROCSAT-1
and DMSP orbits. The irregularities after sunrise during the recovery phase of the storm detected
by multiple satellites were thought of as the fresh irregularities generated near sunrise mainly due
to the DDEEF, which triggered the development and the evolution of R-T instability, not the remnant
of the irregularities generated during the previous nighttime. DDEF plays an important role in
the occurrence of daytime irregularities during the recovery phase of a storm. Moreover, daytime
plasma blob-like structures in low-latitude regions were also detected by ROCSAT-1 in the southern
hemisphere, which needs further study in the future.

Our work indicates that the plasma irregularities can also generate near sunrise and last
for several hours, which would affect the propagation of radio waves during the local morning
time. When developing the nonlinear model of plasma irregularities in the low-latitude ionosphere,
the daytime irregularities should be considered.
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Supplementary Materials: The following are available online at http://www.mdpi.com/2072-4292/12/18/2897/s1,
Figure S1: During 1620 August 2003, the variations of ion density from DMSP F13 along the satellite trajectories
at 160°E longitude region, Figure S2: During 16-20 August 2003, the variations of ion density from DMSP F15
along the satellite trajectories at 160°E longitude region, Figure S3: During 16-20 August 2003, the variations of ion
density from ROCSAT-1 along the satellite trajectories in local daytime sector at 160°E longitude region, Figure S4:

During 16-20 August 2003, the ROCSAT-1 tracks in morning sectors. The symbol © represents the sunrise.
The short red and green lines on the satellite trajectories represent the plasma blob and bubble encountered by
the satellite, respectively, Figure S5: During 16-19 August 2003, at CNMR station, variations of vertical TEC for
satellite PRN4 (top panel) and PRN24 (bottom panel), Figure S6: During 16-19 August 2003, at LAEL station,
variations of vertical TEC for satellite PRN4 (top panel) and PRN7 (bottom panel).
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