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Abstract Storm time development of equatorial plasma bubbles (EPBs) around the meridian 120°E/60°W
during early September 2017, when the Bz component of interplanetary magnetic field (IMF) experienced
two large southward excursions, producing a strong geomagnetic storm that included two main phase
decreases, was investigated. The observations from networks of Global Navigation Satellite Systems total
electron content receivers, very high frequency radars, and ionosondes operated around the meridian reveal
that in the American and Asian sectors, intense EPB irregularities developed and extended to dip latitudes of
~30°N and 46°N, respectively, following rapid sunset F layer height rises during two episodes of strong
southward IMF Bz excursions. The storm-enhanced EPB irregularities, however, were not observed following
the sunset terminator in the Pacific sector, where the sunset rise of F layer was not detected. More
interestingly, the EPBs in the Asian sector were observed to drift toward the west, with velocity increasing
from ~30 m/s at low latitude to ~95 m/s at middle latitude. The poleward increasing westward drifts drove
the formation of west-titled structure of irregularities. For the EPBs in the American sector, no apparent
west-tilted structure was detected. The results indicate that the prompt penetration undershielding electric
fields (PPEF) of eastward polarity resulting from the two IMF Bz southward excursions dominated the
generation of postsunset EPBs in the American and Asian sectors, respectively. The westward drifts of
PPEF-induced EPBs in the Asian sector could be attributed dominantly to disturbance westward wind, with a
possible contribution to it arising from the PPEF.

Plain Language Summary The development and evolution of equatorial plasma bubbles (EPBs)
exhibit complex global behavior during geomagnetic storms. In recent years, an international space
weather meridian circle program, which aims to provide a global picture of unfolding space weather events
by using diverse instruments along the approximate meridian 120°E/60°W, that is, the Asian and American
longitude sectors, was launched. Considering the sunset interval (~12 hr) between the two longitudes, it is
expected that the development of postsunset EPBs, if enhanced in one region by short-lived prompt
penetration electric fields (PPEF), would be inhibited in the other region under the delayed and long duration
effect of disturbance dynamo electric fields. Here we report a unique case of significantly enhanced
postsunset EPBs developments by PPEF in both the American and Asian sectors, but their total absence by
disturbance dynamo electric fields in the Pacific sector during the September 2017 geomagnetic storm
sequence. Moreover, the PPEF-induced EPBs along the meridian show different characteristics, with apparent
west-tilted structure in the Asian sector but not in the American sector. This sort of study based on the
international space weather meridian circle program observations will strengthen our understanding on the
generation and evolution characteristics of EPBs during geomagnetic storms.

1. Introduction

Equatorial plasma bubbles (EPBs) are plasma depleted flux tubes in the equatorial ionosphere that contain
irregularity structures in spatial scales ranging from centimeters to hundreds of kilometers, and also known
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as equatorial spread F (ESF), that often produce severe ionospheric scintillations. With their development
initiated at the bottom-side density gradient region of a rapidly rising F layer after sunset, the EPBs rise to
higher altitudes, above the F layer peak to extend to a wide-latitude band along the magnetic field lines
(e.g., Kelley, 2009). Although the EPBs have been studied for several decades, they continue to be an impor-
tant topic in space weather research, due to their significant impacts on space-based operational systems,
such as causing loss-of-lock on satellite to ground links and the difficulty to predict when and where the
EPBs will occur under different conditions (e.g., Abdu, 2012).

In recent years, a number of studies on the longitudinal and latitudinal variations of EPBs during geomagnetic
storms have been performed. It was revealed that the EPB development can be totally suppressed, be con-
fined to a limited longitude/latitude range, be significantly enhanced to extend tomiddle latitudes, or be trig-
gered successively in a large longitude region (e.g., Abdu et al., 2003; Carter et al., 2016; Li et al., 2009, 2010;
Patra et al., 2016; Tulasi Ram et al., 2008). In East Asia, observations have shown that storm time midlatitude
plasma bubble is not a rare phenomenon (e.g., Li et al., 2009; Ma & Maruyama, 2006; Sahai et al., 2009),
whereas in the European sector, the first detection of midlatitude plasma bubble was reported more recently
(Cherniak & Zakharenkova, 2016; Katamzi-Joseph et al., 2017). Regarding the longitudinal variation of storm
time EPBs, there are a few studies that reported substantial differences in EPB activity at nearby longitudes
(e.g., Basu et al., 2001; Li et al., 2009). While storm time EPBs were observed mostly to be confined at narrow
longitudes, Li et al. (2010), by using observations from a set of in situ satellite and ground-based instruments
during the storm period July 2004, reported an unusual case where EPBs occurred following the sunset ter-
minator at a large stretch of longitude region extending more than 180°, from American to Asian sectors.
Such longitudinal extension of EPBs under storm time conditions was believed to be associated with long
duration of electric field penetration to the equatorial ionosphere.

Instead of the normal eastward drifts of postsunset EPBs on geomagnetic quiet days, storm time observations
showed that the eastward drifts of postsunset EPBs can reverse to westward (e.g., Abdu et al., 2003;
Ghodpage et al., 2018). During the super storm period 8–10 November 2004, significant westward drifts of
EPBs, with maximum velocities of about 80 and 200 m/s, were detected at Chinese and Peruvian longitude
sectors, respectively (e.g., Basu et al., 2010; Li et al., 2009). These westward drifts, which occurred during
the recovery phase of the storm, were suggested to be induced by the thermospheric disturbance westward
winds. During the storm of 26 August 1998, Abdu et al. (2003) found that the initially weak eastward drifts of
the postsunset EPBs in the American longitude sector steadily reversed to westward. The zonal plasma drift
reversal, however, was suggested to be driven in part also by a vertical Hall electric field induced by the pri-
mary zonal penetration electric field. More cases of storm time zonal drifts reversal (from eastward to west-
ward) due to the Hall electric field over Brazil were studied by Santos et al. (2016).

The development and evolution of EPBs exhibit complex global behavior during geomagnetic storms. In
recent years, an international space weather meridian circle program, which aims to provide a global picture
of unfolding space weather events by using diverse instruments along the approximate meridian circle
120°E/60°W, that is, the Asian and American longitude sectors, was launched. On 7–8 September 2017, a large
geomagnetic storm occurred due to a sequence of coronal mass ejections. This storm was characterized by
two main phase Dst decreases driven correspondingly by two episodes of rapid and large southward excur-
sions in the Bz component of interplanetary magnetic field (IMF), around 2040–2340 UT on 7 September and
1135–1155 UT on 8 September, respectively. The response of ionospheric total electron content (TEC) and the
latitudinal extent of EPBs over China during the storm period have been investigated (Aa et al., 2018; Jin et al.,
2018; Lei et al., 2018). The objective of this study is to comparatively investigate the development and evolu-
tion of postsunset EPBs in the Asian and American longitudes during the storm. Considering the sunset inter-
val (~12 hr) between the two longitudes, it is expected that the development of postsunset EPBs, if enhanced
in one region by short-lived prompt penetration electric field (PPEF) during the development phase in a
storm sequence, would be inhibited in the other region under the delayed and long duration effect of a dis-
turbance dynamo electric field (DDEF). In this study we report a unique case of significantly enhanced post-
sunset EPB developments in both the American and Asian sectors, but their total absence in the Pacific sector
during the September 2017 geomagnetic storm sequence. The EPBs observed in the two longitudes show
different evolution characteristics. Possible factors responsible for the enhanced development of EPBs and
their evolutions along the approximate meridian 120°E/60°W, and the absence of EPB in the Pacific sector,
are discussed.
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2. Instruments and Data Processing

In this study, we use ground-based Global Navigation Satellite System (GNSS) ionospheric TEC receivers, very
high frequency (VHF) radars, and ionosondes to investigate the occurrence characteristics of EPBs during the
September 2017 geomagnetic storm. Some of the instruments are from the Chinese meridian project (Wang,
2010). Figure 1 shows the geographic distributions of the three types of instruments, represented with red
dots, blue circles, and black asterisks, respectively. The EPBs detected by these instruments are, in general,
shown as fast and significant TEC bite-outs, backscatter plumes, and ionosonde diffuse echoes, respectively
(Kelley, 2009).

Total electron content data from two GNSS receiver networks, including the International GNSS Service and
the China Crust Movement Observation Network, are used to measure the rate of TEC change index (ROTI).
The ROTI, first proposed by Pi et al. (1997), has been employed to detect the occurrence of EPB irregularities,
with a threshold value of 0.075 TECu/min (Nishioka et al., 2008). Using a procedure similar to that described in
Li et al. (2010), the maps of EPB occurrence rates are constructed based the number of samples with ROTI
≥0.075 TECu/min that is divided by the total number of ROTI samples at premidnight (1800–2400 LT) for each
grid point (separated 3° in geographic longitude and latitude).

Very high frequency radar multibeam steering observations over Sanya (18.3°N, 109.6°E; dip lat. 13.5°N), Fuke
(19.3°N, 109.1°E; dip lat. 14.7°N), and Kototabang (0.2°S, 100.3°E; dip lat. 9.2°S) and fixed beam (due north)
observations over Kunming (25.5°N, 103.8°E; dip lat. 22.4°N) and Wuhan (30.5°N, 114.3°E; dip lat. 28.2°N)
are used to investigate the onset and evolution characteristics of EPBs in East/Southeast Asia. The five VHF
radars, with operational frequencies of 47.5, 47, 47, 45.9, and 48.2 MHz, and peak powers of 24, 54, 100, 24,
and 24 kW, respectively, have the ability to detect ionospheric 3-m irregularities associated with EPBs. In this
study, the Fuke, Kototabang, and Sanya radars are steered in 7, 16, and 5 directions, with temporal (range)
resolutions of about 2, 1.5, and 5 min (0.7, 2.4, and 2.55 km), respectively. Detailed information about the five
radars and their operational parameters are given in previous works (e.g., Fukao et al., 2003; Jin et al., 2018; Li
et al., 2016, 2017; Zhou et al., 2018) and will not be shown here.

Ionosonde data used in this study are obtained from the stations Fortaleza (3.9°S, 321.6°E; dip lat. 9.7°S),
Jicamarca (12°S, 283.2°E; dip lat. 0.2°S), Lualualei (21.4°N, 201.9°E; dip lat. 21.5°N), Guam (13.6°N, 144.9°E;
dip lat. 6.3°N), Shaoyang (27.1°N, 111.3°E; dip lat. 24.2°N), and Sanya, which are situated in the American,
Pacific, and Asian sectors, respectively. The occurrence of EPBs in ionograms was manually identified as range
spreading F layer traces. The peak heights of F layer (hmF2) were manually scaled by using the SAO
explorer software.

3. Results

We first present the IMF Bz, AE, SYM/H, and Kp indices on 6–8 September in Figure 2. The IMF Bz presented
two rapid and large southward excursions, reaching about �31 and �17 nT at 2335 UT and 1155 UT on 7
and 8 September, respectively. For the first southward excursion, the SYM/H experienced a rapid reduction
from �21 to �90 nT, at a mean rate of �5 nT/min (during 2318–2332 UT), and reached a minimum of

Figure 1. The geographic distribution of the Global Navigation Satellite Systems total electron content receivers (red dots),
ionosondes (black asterisks), and very high frequency radars (blue circles).
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�146 nT at 0108 UT on 8 September. The Kp attained a value of 8. While the storm was recovering, the SYM/H
got intensified again corresponding to the second large southward excursion of IMF Bz that occurred at 1136
UT on 8 September, with the SYM/H attaining �115 nT at 1356 UT and the Kp reaching 8+. Based on
observations from the GNSS TEC receiver—the VHF radar—and the ionosonde networks (Figure 1) during
the storm period, we have studied the occurrence characteristics of EPBs around the world, with special
focus on the onset conditions and evolution of EPBs in the American and Asian sectors.

Figure 3 shows an overview of irregularity occurrence rates during the period 6–9 September 2017. The irre-
gularity occurrence rates were calculated using ROTI values during premidnight hours (1800–2400 LT) at
each grid point. The UT interval of the data points decreases with increase in longitude. The blank areas
in the maps represent the regions where the irregularity occurrence rates are not calculated, because there
are only few ROTI samples (less than 20) available for each grid. The red thin dots and green circles mark the
locations of GNSS TEC receivers and ionosondes, respectively. The solid line represents the magnetic equa-
tor. On the geomagnetic quiet day 6 September, the irregularities were not observed in the Asian sector and
were confined at low latitudes around the magnetic equator in the Pacific and American longitudes, respec-
tively. A prominent feature seen from Figure 3 is that in the American and Asian sectors, the irregularity
occurrence rates on 8 September (corresponding to the two main phase SYM-H decreases of the storm)
were significantly higher than those on other days. The irregularities covered a large area in latitude, extend-
ing to low and middle latitudes of ~25°N (dip lat. 30°N) and 45°N (dip lat. 46°N) in the American and Asian
sectors, respectively. However, in the Pacific sector, no irregularities were observed after sunset on
8 September.

The presence and absence of irregularities seen from the occurrence maps on 8 September are verified by
ionosonde observations in the American (Jicamarca and Fortaleza), Pacific (Guam and Lualualei), and Asian
(Sanya and Shaoyang) sectors. Six samples of ionograms from the ionosondes are plotted in Figure 4. At
Fortaleza and Jicamarca, strong range-type spread F (a signature of EPB irregularities in ionograms) were
observed around 2310 UT and 2335 UT on 7 September, with durations of about 8 and 11 hr, lasting until
0700 UT and 1100 UT on 8 September, respectively. In the Asian sector, ionograms from the Sanya and
Shaoyang ionosondes recorded EPB irregularities during 1230–2030 UT and 1252–1642 UT on 8
September, respectively. In the Pacific sector, the ionograms at Guam and Lualualei did not record the pre-
sence of postsunset EPBs on 8 September.

Figure 2. The interplanetary magnetic field Bz, AE, SYM/H, and Kp indexes during 6–8 September 2017. The axes in the bot-
tom show the corresponding local time in the American (300°E), Pacific (210°E), and East Asian (120°E) sectors, respectively.
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To reveal the onset and evolution characteristics of EPBs in the American and Asian sectors, a sequence of
ROTI maps at 15-min intervals on 8 September are plotted in Figures 5 and 6, respectively (in Figure 5 the plot
starts at 2230 UT on 7 September). The red, yellow, and purple dots represent the ROTI above thresholds of
0.075, 0.3, and 0.5 TECu/min, respectively. Figure 5 shows that in the American sector, two types of

Figure 4. Selected ionograms showing the presence/absence of equatorial plasmabubbles over Fortaleza, Jicamarca,
Lualualei, Guam, Sanya, and Shaoyang.

Figure 3. Maps of irregularity occurrence rates during 6–9 September 2017, calculated as the rate of total electron content (TEC) change index values during premid-
night hours (1800–2400 LT) at each grid point in the map. The superimposed red dots and green circles mark the locations of TEC receivers and ionosondes,
respectively.
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irregularities were observed at higher and lower latitudes. The significantly enhanced intensity represented
by the purple dots first appeared at higher latitude (above 40°N, dip lat. 47°N) starting around 2245 UT and
extended in latitude in the subsequent maps till 0030 UT. These structures appear to be in immediate
response to the first Bz southward excursion near 2040 UT on 7 September (Figure 2). They are not associated
with EPBs and may be produced by direct energetic particle precipitation and/or storm-induced large-scale
plasma density gradients. They appear to expand toward the equator to ~30°N (dip lat. 36°N) with a structure

Figure 5. Rate of total electron content change index maps at selected time intervals (on 7–8 September) in the American sector. The green dots mark the locations
of the two ionosondes. The superimposed black slant line marks the irregularity structure aligned along the northwest-southeast direction.

Figure 6. Rate of total electron content change indexmaps at selected time intervals (on 8 September) in the Asian sector. The black circles with green dots mark the
locations of the very high frequency radars. The superimposed blue curve in the bottom panel represents the west wall of the west-tilted structure “A.”
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aligned along the northwest-southeast direction (marked with black slant
lines in Figure 5), in a pattern similar to that of the storm-enhanced density
(e.g., Foster et al., 2005). The structure disappeared around 0400 UT. The
other type of irregularities initially observed over the equatorial station
Fortaleza (and Jicamarca) are associated with EPBs which began develop-
ment following the first southward excursion of IMF Bz and became further
intensified following the southward intensification of the Bz (around 2310
UT). It is relevant to mention here that the occurrence of quiet time post-
sunset EPBs over Fortaleza is low in early September, especially under the
low solar flux conditions (e.g., Abdu, Sobral, et al., 1998). The EPBs over the
longitudes around Fortaleza and Jicamarca grew vertically and extended
along magnetic field lines to low latitudes of ~25°S and 40°S, respectively.

In the Asian sector, two main features of irregularities can be noted from
the ROTI maps in Figure 6. One is that the irregularities initially appeared
at low latitudes around 1230 UT on 8 September, following the second

event of the IMF Bz southward excursion. These low-latitude irregularities are associated with EPBs. An
obvious longitudinal gradient in the ROTI intensities was observed in the eastern China (starting at 1300
UT), indicating that the EPB occurrence was confined at longitudes westward of ~120°E. We examined this
feature by using the backscatter echo observations from a VHF radar network that consisted of the radars
located at Wuhan, Sanya, Fuke, Kunming, and Kototabang. The radar locations are shown as bold (green in
black circle) dots in Figure 6. The occurrences of EPBs shown in the ROTI maps are, in general, consistent with
that observed by the radar network, in that the EPB backscatter plumes were detected over Sanya, Fuke,
Kunming, and Kototabang (Figure 8), but not over Wuhan (figure not shown here).

Another feature seen from Figure 6 is that the EPB irregularities were observed extending from low to middle
latitudes, with apparent west-tilted structures. The occurrence of middle latitude plasma bubbles during geo-
magnetic storms is not a rare phenomenon over China and adjacent longitudes, as reported by Li et al. (2009)
and Sahai et al. (2009) where EPBs were detected at dip lat. 45°N. The west-tilted structures shown in Figure 6
were presented in Aa et al. (2018). They, however, did not address how the west-tilted structure was formed.
Going back to Figure 5, one may note that the shape of the band-like structure observed in the American sec-
tor is similar to that of the west-tilted structure observed in the Asian sector. The two types of structures, how-
ever, are related to different processes at high and low latitudes, respectively. The west-tilted structures in the
Asian sector, which were seen growing from low to middle latitudes during the period 1300–1345 UT, are
associated with EPBs. The blue solid curves shown in the bottom panels of Figure 6 mark the west wall of
the west-tilted structure labeled “A.” To get the zonal drift velocities, Figure 7 shows the positions (of the west
wall) of the west-tilted structure A at different intervals during 1315–1530 UT. Based on the change in posi-
tions, we have calculated the mean westward velocities of the structure A at different latitudes, which are
about 35, 60, 85, and 95 m/s, at 30°N, 35°N, 40°N, and 45°N, respectively. The results show that there is a lati-
tudinal gradient in the westward drifts.

At lower latitudes less than 30°N, the zonal drifts of EPBs cannot be resolved from the present ROTI maps. In
Figure 8, we show the details of backscatter echoes obtained from the Kunming, Fuke, Sanya, and
Kototabang VHF radars. The echo intensities obtained from the northward/southward beams of the
Kunming, Fuke, Sanya, and Kototabang radars are shown as a function of height and time. The corresponding
apex altitudes over the magnetic equator in the longitude where the radar is located are superimposed in the
left of each panel. In general, periodic EPB backscatter echoing groups, which occurred around 1330–1830
UT, 1230–1800 UT, 1230–1800 UT, and 1230–2200 UT on 8 September, were detected by these radars, respec-
tively. The periodic EPBs shown in the radar height-time-intensity plots are due to spatially separated EPBs
traversing through the radar field of view (FOV; e.g., Li et al., 2013). Notably, the first EPB groups detected
by the Sanya, Fuke, and Kototabang radars were freshly generated in the radar FOV near simultaneously,
around 1230 UT, and extended up to ~800-km apex altitude. It could be that the same external forcing drove
the generation of EPBs simultaneously over the radar longitudes separated by about 1,000 km. For the other
groups of EPBs observed by these radars, they appeared first in the eastern beams and drifted westward out
of the radar FOV. The descending structures of backscatter echoes after ~1500 UT may be resulting from the
westward drift of west-tilted EPBs. Figure 9 shows the echo intensity zonal distribution (positive values

Figure 7. The positions of the west-tilted structure “A” (shown in Figure 6) at
different time intervals. The drift velocities at four selected latitudes (30°N,
35°N, 40°N, 45°N) were estimated, about 35, 60, 85, and 95 m/s, respectively.
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represent the east) at 380-km altitude as observed by the Kototabang radar 16-beam steering measurements
during 1200–2300 UT on 8 September. All echo groups have negative slopes, indicating westward drifts of
the EPB groups. From the slopes shown in Figure 9, the drift velocities of different EPB groups were
estimated by linear fitting, ranging ~40–70 m/s (westward).

4. Discussion

Equatorial plasma bubbles are widely accepted to be generated at low latitudes around the magnetic equa-
tor through the generalized Rayleigh-Taylor (R-T) instability mechanism (Kelley, 2009). The growth rate of R-T
instability depends on a few factors, including the external driving forces, for example, the zonal electric field,
and the background ionospheric properties (e.g., Abdu, 2001, and references therein). Earlier studies on the

Figure 8. Height-time-intensity maps of backscatter echoes obtained from the Kunming, Fuke, Sanya, and Kototabang very
high frequency radars on 8 September 2017. For each radar, the corresponding apex altitude over the magnetic equator
(calculated by tracing the magnetic field line to its apex using IGRF-2015) is also shown in the left of each panel.
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longitudinal/seasonal distributions of EPBs have shown that the prereversal enhancement of eastward
electric field (PRE) around sunset plays a dominant role on the generation of postsunset EPBs (e.g., Fejer
et al.,1999; Huang, 2018; Li et al., 2007). Under the action of PRE, the ionosphere is rapidly elevated to high
altitudes where the ion-neutral collision frequency decreases. The growth rate for the R-T instability
therefore enhances with increasing height. On geomagnetic quiet days, the intensity of PRE is usually
thought to be controlled by the sunset E region conductivity longitudinal gradient and the thermospheric
zonal wind (Kelley, 2009).

During geomagnetic storm periods, and under southward IMF Bz excursions, the magnetospheric/high lati-
tude electric field promptly penetrates to the equatorial ionosphere as under-shielding electric field (PPEF),
with its duration varying from tens of minutes to several hours. A few hours from the beginning of the
PPEFs, the DDEF may develop. By using the ROCSAT-1 measurements during 1999–2005, Fejer et al. (2008)
investigated the local time variations of longitudinally averaged vertical plasma drifts driven by storm time
disturbance electric fields. It was found that the PPEF has eastward polarity during daytime extending into
postsunset hours, with the maximum amplitude around sunset (1800–1900 LT), in phase with the PRE devel-
opment. The DDEF, however, has its polarity opposite to that of the PPEF. These storm time electric fields can
significantly alter the equatorial ionospheric electric fields. For example, a PPEF (DDEF) occurring at sunset
hours may significantly enhance (decrease) the PRE vertical drift, thereby enhancing (suppressing) the gen-
eration of postsunset EPBs (Abdu, 2012, and references therein). According to the local time/longitudinal var-
iation pattern of PPEF and DDEF, the development of postsunset EPBs, if enhanced in a longitude sector by
the PPEF, will usually be inhibited in its western longitudes by the DDEF that may occur after some time delay.
In this regard, it may be recalled that earlier investigations have shown substantial differences in the storm
time EPB activities at close-by longitudinal sectors (e.g., Basu et al., 2001).

For the storm event of 7–8 September, the postsunset EPBs were significantly enhanced at two longitude sec-
tors separated by ~180° (Figure 3). In order to understand how the geomagnetic storm affected the EPB
development, leading to the generation of postsunset EPBs in the American and Asian sectors, and the
absence in the Pacific sector, respectively, the F layer peak heights (hmF2) obtained from the equatorial
and low-latitude ionosondes at Fortaleza, Jicamarca, Guam, and Sanya, together with the IMF Bz component,
are plotted in Figure 10. For comparison, the hmF2 observations on the geomagnetic quiet day 6 September
are shown as gray lines. The superimposed blue axis in the bottom of each panel represents the local time.
The shaded regions mark the sunset hours 1800–2000 LT at the different locations.

Figure 10b shows that during the southward excursion of IMF Bz on 7 September, the hmF2 over Fortaleza
moved upward slowly (several meters per second) instead of downward (on the quiet day). Over Jicamarca
and Guam (Figures 10c and 10d), the hmF2 increased abruptly with a large amplitude. The corresponding
vertical drifts of F layer were estimated, on average, to be 43 and 20 m/s, respectively. The drift reversal

Figure 9. Echo intensity by the Kototabang radar 16-beam steering measurements at 380-km altitude during 1200–2300
UT on 8 September 2017, as a function of zonal distance (positive values represent the east) and time. The superim-
posed black slant line represents the slope of linear fitting employed for the calculation of zonal drift (from left to right: 40,
50, 65, 70, and 65 m/s westward).
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(Fortaleza) and abrupt increase (Jicamarca and Guam), as compared to that on the quiet day, suggest the
presence of an enhanced eastward electric field, which resulted from the PPEF due to the southward IMF.
The PPEF efficiency (at equatorial latitudes) and therefore its amplitude is local time dependent (e.g., Fejer
et al., 2008), having largest amplitude at sunset hours as may be noted in the significantly enhanced PRE
vertical drift over Jicamarca (that was caused by the in-phase superposition of the PPEF with the normal
PRE vertical drift during sunset hours). The enhanced PRE moved the F layer to higher altitudes with a
larger upward velocity, where the ion-neutral collision frequency and the flux tube recombination rate are
lower that could cause a more rapid growth rate of the R-T instability, leading to intense EPB activities that
quickly grew in altitude and extended to higher latitudes in the American sector (Figure 5).

In contrast, in the pacific sector, postsunset EPB/ESF did not develop. Over Guam, the sunset occurred about
10 hr after the PPEF episode, by which time the DDEF driven by disturbance thermospheric winds due to aur-
oral heating could be present with opposite polarity (westward), suppressing or even reversing the normal
PRE. From the local time variation pattern of DDEF shown in Figure 2 of Fejer et al. (2008), it is evident that
the plasma vertical drift due to DDEF is downward with maximum intensity in the postsunset hours. As shown
in Figure 10d, the sunset hmF2 (indicative of the PRE vertical drift) did not present any rise over Guam. In fact,
the hmF2 was lower than that on a normal day. Because of larger ion-neutral collision frequency at lower alti-
tudes, the growth rate of the R-T instability becomes smaller there. As a result, the postsunset ESF develop-
ment was inhibited/not triggered over Guam.

Figure 10. (a–e) The variations of interplanetary magnetic field Bz and of ionospheric hmF2 observed at Fortaleza,
Jicamarca, Guam, and Sanya on 7–8 September 2017. The gray lines are geomagnetic quiet day (6 September 2017)
values. The shaded region marks the sunset hours (1800–2000 LT).
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We now consider the storm effects on the EPBs in the Asian sector. The hmF2 observations over Sanya are
shown in Figure 10e. It can be noted that on 8 September, an abrupt increase in hmF2 started around sunset,
with a mean upward velocity of about 37 m/s over Sanya. Compared to the geomagnetic quiet day, the PRE
on 8 September over the Sanya longitude is significantly enhanced, following the second southward turning
of the IMF Bz. It is relevant to mention that the southward turning caused a large increase in hmF2 also over
Fortaleza in the morning hours. Examination of the radar backscatter observations presented in Figure 8
shows that on 8 September, the postsunset EPBs began almost simultaneously, around 1230 UT over
Sanya, Fuke, and Kototabang. Under geomagnetic quiet conditions, the onset of postsunset EPBs driven
by normal PRE over Kototabang (located westward of Sanya) is normally delayed by about 30 min with
respect to that over Sanya (e.g., Li et al., 2016). The simultaneous onset of postsunset EPBs over the two long-
itudes (separated by ~1,000 km) indicates that the developments of these EPBs should be driven by the same
external forcing, that is, the PPEFs associated with the second (12 UT) southward turning of IMF Bz.
Considering that the storm started more than 12 hr earlier, a westward DDEF could continue to exist near
sunset in the Asia sector, at the time of the second PPEF episode. This indicates that the impact of the
PPEFs was strong enough to overcome that of the possible DDEFs and to cause the large upward drifts
around sunset. This large upward drift produced the intense EPB irregularities that expanded significantly
to middle latitude (Figure 6).

Another issue is the formation of west-tilted irregularity structure in the Asian sector. During geomagnetic
quiet conditions, the normally eastward thermospheric wind at nighttime causes downward electric field that
usually predominates in the nighttime ionosphere driving the plasma drift also eastward with nearly similar
velocities. The eastward winds (obtained from the HWMmodel) often decrease with increasing latitude, from
more than hundreds (at low latitude) to several tens of meters per second (at middle latitude).
Correspondingly, the plasma eastward drift velocity decreases with increasing altitude/latitude. By using
all-sky airglow imager observations in Brazil and the HWM-90 model, Pimenta et al. (2003) reported that
the latitudinal variation of EPB zonal drifts correspond well with that of the HWM zonal winds. Such
altitude/latitude variation of eastward drifts were suggested to be responsible for the west-tilted structure
(or backward C-shapes) in eastward drifting EPB images from optical observations (e.g., Kil et al., 2009;
Otsuka et al., 2002). However, in the present case the west-tilted structures drifted toward the west, which
is in contrast to the eastward drift of quiet time west-tilted EPBs. As shown in Figure 7, the westward drift
velocity at middle and low latitudes are about 95 and 35 m/s, respectively, which clearly suggests that
west-tilted structures in the present case are not due to the decrease in the plasma drift with
latitude/altitude, but rather result from the increased westward drifts with latitude/altitude.

As regarding the mechanisms responsible for the westward drifts of storm time irregularities, there are sev-
eral possibilities, including the PPEF-induced Hall drifts, and the disturbance westward thermospheric winds,
which dominate, respectively, during AE activity under southward IMF Bz conditions, and during the storm
recovery phase (e.g., Abdu, 2012; Abdu, Jayahandran, et al., 1998; Emmert et al., 2004; Fejer & Scherliess,
1998). Using ion drift observations from the DE-2 satellite, Fejer and Scherliess (1998) studied the latitudinal
and temporal variations of plasma zonal drifts driven by PPEFs at middle and low latitudes. They showed that
during the initial time (t0 + 30 min) of AE intensification (by about 220 nT), the prompt penetration plasma
zonal drifts are predominantly westward, with largest amplitude in the dusk sector, the amplitude decreasing
toward lower latitudes. A possible contribution to the westward drift from the Hall conduction effect is not
explicit in their observation. However, with increasing storm time, the disturbance thermospheric zonal wind
driven by enhanced energy deposition into the high-altitude ionosphere can also change the middle- and
low-latitude drift patterns. Such modification may result from the fact that the disturbance thermospheric
winds, during their equator-ward propagation, acquire westward momentum due to the Coriolis effect dom-
inating at midlatitudes. From analysis of CHAMP data during the geomagnetic storm of 29 October 2003,
Sutton et al. (2005) found westward enhancement of thermospheric winds at middle and low latitudes. We
further note in this regard that based on the CHAMP zonal wind observations during 2001–2005, Xiong
et al. (2015) investigated the local time and latitudinal variations of disturbance thermospheric zonal wind.
They found that the disturbance westward wind propagated from high to low latitudes, with peak values
of 200, 80, and 50m/s at subauroral, middle, and equatorial latitudes, respectively. The westward drifts of irre-
gularities increasing from low tomiddle latitudes, occurring more than 12 hr after the storm onset, as inferred
in the Asia sector in the present case, are in very good agreement with the latitude-dependent characteristics
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of the disturbance thermospheric wind observed in the CHAMP satellite data. On the other hand, the fact that
the second southward excursion of IMF Bz occurred during the same period might imply that a possible
source of the westward drifts arising from the PPEFs could also contribute to the observed disturbance west-
ward drift. The separation of the two components of the disturbance westward drift is not attempted here.

5. Conclusions

Based on the data mainly from a series of GNSS TEC receivers, VHF radars, and ionosondes around the
approximate meridian 120°E/60°W, the present study of EPBs developments in the Asian, Pacific, and
American longitude sectors, during the geomagnetic storm of 7–8 September 2017, leads to the following
conclusions.

1. The EPB development, following the sunset terminators, became significantly enhanced in the American
and Asian sectors, where the rapid vertical growth of the bubble structures resulted in latitudinal exten-
sion of the TEC depletion structures to low and midlatitudes of ~ dip lat. 30°N and 46°N, respectively. In
contrast to this the EPB development was inhibited in the Pacific sector.

2. The undershielding PPEFs of eastward polarity associated with the two episodes of rapid southward turn-
ings of IMF, producing two main phase decreases separated between them by ~15 hr in local time, modu-
lated the sunset rise of the F layer (and PRE vertical drift) that led to the enhanced development of EPBs in
the American and Asian sectors.

3. The postsunset EPB development in the Pacific sector was suppressed during the recovery phase of the
earlier storm (corresponding to the first main phase decrease) due to DDEF that prevailed with westward
polarity in the sunset sector over this longitude.

4. Whereas the EPBs in both the American and Asian sectors were generated through the PPEF-
predominated R-T instability process, they, however, show different characteristics, with apparent west-
tilted structure in the Asian sector but not in the American sector.

5. In the Asian sector, the EPBs were observed to drift westward during postsunset hours. While the thermo-
spheric disturbance westward wind originating from the earlier storm episode may be suggested to drive
the storm time westward plasma drift, the role of prompt penetration induced plasma westward drifts,
however, cannot be ruled out.

6. The west-tilted structure of irregularities observed in the Asian sector indicated the role of pole-ward
increasing westward plasma drifts, instead of pole-ward decreasing plasma drift reported previously
(for quiet conditions).

For the present case, the zonal drifts of EPBs in the American sector could not be obtained. It is worth to men-
tion that westward/decreased eastward EPB drifts driven by PPEFs have been frequently observed over
American sector, in contrast to their rare occurrence in East Asia. Whereas this study brings out some impor-
tant aspects of the significantly enhanced postsunset EPB development along the ~120°E/60°W meridian,
and the increased westward drifts of the EPBs with latitude around 120°E in response to geomagnetic storms,
many details are still not clear, as to how the different the storm time EPBs evolve in the two longitude sec-
tors. More detailed investigation could be achieved in future by using additional instruments being devel-
oped, for example, the Ionospheric Observation Network for Irregularity and Scintillation in East/Southeast
Asia, which consists of two chains along the 110°E and 23°N, and the Low-latitude Ionospheric Sensor
Network in South America, to resolve the fine structure of EPBs.
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