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Abstract 

This study, for the first time, reports the geomagnetically conjugate structure of a plasma bubble extending to the 
mid-latitudes and the asymmetrical structure of the decay of the plasma bubble during a geomagnetic storm. We 
investigated the temporal and spatial variations of plasma bubbles in the Asian sector during a geomagnetic storm 
on March 1, 2013, using Global Navigation Satellite System-total electron content data with high spatiotemporal 
resolutions. The first important point of our data analysis results is that the plasma bubble extended from the equa-
tor to the mid-latitudes with geomagnetic conjugacy along the magnetic field lines. The total electron content data 
showed that the plasma bubbles appeared in the equatorial regions near 150° E after sunset during the main phase 
of the geomagnetic storm. From ionosonde data over both Japan and Australia, they suggest that a large eastward 
electric field existed in the Asian sector. Finally, the plasma bubbles extended up to the mid-latitudes (~ 43° geomag-
netic latitude) in both hemispheres, maintaining geomagnetic conjugacy. The second point is that the mid-latitude 
plasma bubble disappeared 1–2 h earlier in the northern hemisphere than in the southern hemisphere at close to 
midnight. In the northern hemisphere, the ionospheric virtual height decreased near midnight, followed by a rapid 
decrease in the total electron content and a rapid increase in the ionospheric virtual height. These results imply that 
the mid-latitude plasma bubble disappeared as the background plasma density decreased after midnight due to the 
recombination resulting from the descent of the F layer. Therefore, we can conclude that mid-latitude plasma bubbles 
can be asymmetric between the northern and southern hemispheres because of the rapid decay of plasma bubbles 
in one of the hemispheres.
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Main text
Introduction
After sunset, a plasma density depletion (plasma bub-
ble) often occurs at the bottom of the F-region over the 
equator. Plasma bubbles exhibit plasma density irregu-
larities (Booker and Wells 1938; Woodman and La Hoz 
1976; McClure et  al. 1977; Tsunoda 1980a; Abdu et  al. 
1983; Kelley et  al. 2002; Fukao et  al. 2004; Saito et  al. 
2008; Tulasi Ram et  al. 2017). It is widely accepted that 
plasma bubbles are caused by the Rayleigh–Taylor insta-
bility (RTI) mechanism (Farley et  al. 1970; Sultan 1996; 
Kelley 2009), and an eastward electric field is one of the 
most important factors for increasing the growth rate of 
the RTI. In the equatorial region, an enhancement of the 
eastward electric field (a pre-reversal enhancement, PRE) 
occurs after sunset and generates upward E × B plasma 
drifts (Kelley 2009). The PRE contributes to plasma bub-
ble generation mainly during geomagnetically quiet days 
(e.g., Basu et al. 1996; Lee et al. 2005; Abadi et al. 2015; 
Smith et al. 2015).

During geomagnetic storms under the southward 
interplanetary magnetic field (IMF) condition, the con-
vection electric field in the high-latitude ionosphere 
intensifies. This enhanced electric field instantane-
ously penetrates from the high-latitude ionosphere to 
the low-latitude equatorial ionospheres (Kikuchi et al. 
2008, 2010), and this is referred to as the penetration 
of the convection electric field. The polarity of this 
penetration is eastward in the dayside and dusk ion-
ospheres and westward in the nightside ionosphere 
(Nishida 1968; Kikuchi et  al. 1996, 2008, 2010; Fejer 
et al. 2008; Kikuchi and Hashimoto 2016; Nilam et al. 

2020). Since the penetration of the convection electric 
field can be superposed on the PRE in the dusk sector, 
causing larger upward plasma drifts (Fejer et al. 1999), 
it also increases the growth rate of the RTI associated 
with plasma bubble generation. Previous studies have 
reported that plasma bubbles have been generated 
by the superposed eastward electric field after sunset 
during the main phase of geomagnetic storms using 
global positioning system (GPS) or global navigation 
satellite system (GNSS) receivers (Ma and Maruyama 
2006; Cherniak and Zakharenkova 2016; Aa et al. 2018; 
Li et  al. 2018; Zakharenkova and Cherniak 2020; Sori 
et al. 2021). On the other hand, in the recovery phases 
of geomagnetic storms the creation of plasma bubbles 
after sunset is often suppressed by penetration of elec-
tric fields. These would be caused by over-shielding 
and/or a disturbance dynamo (e.g., Rajesh et al. 2017; 
Zakharenkova et  al. 2019; Sori et  al. 2021). Since the 
polarity of these electric fields is westward in the day-
side and dusk ionospheres and eastward in the night-
side ionosphere (Abdu 2012; Kikuchi and Hashimoto 
2016; Navarro et al. 2019), they weaken eastward PRE 
at sunset terminator.

Plasma bubbles are formed along magnetic field lines 
(Tsunoda 1980b) and extend to higher altitudes and lati-
tudes; therefore, they have been observed in both hemi-
spheres at geomagnetic conjugate points (Otsuka et  al. 
2002a; Shiokawa et al. 2004, 2015; Martinis and Mendillo 
2007; de Paula et al. 2010; Park et al. 2016). Otsuka et al. 
(2002a) and Shiokawa et  al. (2004) found that airglow 
depletions associated with plasma bubbles were observed 
with geomagnetic conjugacy at Sata, Japan [24° N; 
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geomagnetic latitude (GMLAT)] and Darwin, Australia 
(22° S; GMLAT). Martinis and Mendillo (2007) and Park 
et al. (2016) investigated a temporal variation of plasma 
density depletions using all-sky imagers at Arecibo, 
Puerto Rico (28° N; GMLAT), and El Leoncito, Argen-
tina (18° S; GMLAT), which is relatively close to the Are-
cibo conjugate point. de Paula et al. (2010) also reported 
that plasma density irregularities related to plasma bub-
bles were observed at geomagnetically conjugate points 
in Boa Vista (11° N; GMLAT) and Campo Grande (11° 
S; GMLAT), Brazil, using GPS receivers. Although 
storm-time plasma bubbles often extend to mid-lati-
tudes because of the superposed eastward electric field 
(Ma and Maruyama 2006; Cherniak and Zakharenkova 
2016; Aa et  al. 2018; Li et  al. 2018; Zakharenkova and 
Cherniak 2020), conjugate observation of plasma bub-
bles extending to mid-latitudes has not yet been per-
formed. Previous studies have reported that storm-time 
plasma bubbles extend to mid-latitudes in the northern 
hemisphere, whereas no similar observations have been 
reported in the southern hemisphere. This is probably 
due to the lower number of GNSS receivers in the south-
ern compared to northern hemisphere or the decay of 
these plasma bubbles in this region.

In the present study, we found for the first time that 
plasma bubbles initiated in the Asian sector extended 
to the mid-latitudes in both the northern and south-
ern hemispheres with geomagnetic conjugacy during a 
geomagnetic storm on March 1, 2013. After midnight, 
the mid-latitude plasma density irregularities related to 
plasma bubbles in the northern hemisphere disappeared 
earlier than those in the southern hemisphere.

Datasets and processing
To investigate temporal variations of the IMF, solar 
wind dynamic pressure, solar wind velocity, and SYM-H 
index during the geomagnetic storm on March 1, 2013, 
we used high-resolution OMNI (HRO) data provided 
by the National Aeronautics and Space Administration’s 
(NASA’s) Coordinated Data Analysis Web (CDAWeb) 
(https://​cdaweb.​gsfc.​nasa.​gov/), and the SYM-H index 
(Iyemori 1990; Iyemori and Rao 1996) provided by the 
World Data Center for Geomagnetism, Kyoto University 
(https://​wdc.​kugi.​kyoto-u.​ac.​jp).

We collected a considerable number of receiver-inde-
pendent exchange (RINEX) files from many regional 
GNSS receiver networks from post-1988. In March 2013, 
there were more than 7000 GNSS receivers worldwide. 
The RINEX files were provided by several data provid-
ers listed in the GNSS-TEC database (http://​stdb2.​isee.​
nagoya-​u.​ac.​jp/​GPS/​GPS-​TEC/​gnss_​provi​der_​list.​html).

The total electron content (TEC) was obtained from 
the dual-frequency carrier phase and pseudorange data 

in the RINEX files. In this study, we used the verti-
cal TEC, the rate of TEC index (ROTI) (Pi et  al. 1997), 
and the detrended TEC. The vertical TEC was derived 
by removing inter-frequency biases using the method 
reported by Otsuka et  al. (2002b). ROTI was defined 
as the standard deviation of the rate of the TEC (ROT) 
for 5  min, with ROT signifying the time change rate of 
the TEC for 30  s in units of TECU/min. The detrended 
TEC was calculated by subtracting the 1-h running aver-
age data of the measured TEC from the measured value 
(Saito et al. 1998). In this analysis, we used vertical TEC, 
detrended TEC, and ROTI data with a satellite zenith 
angle of less than 75°. These TEC data were gridded to 
0.25° × 0.25° with latitude and longitude in geographic 
coordinates, assuming a thin-shell ionosphere at a height 
of 300 km (Sori et al. 2019; Shinbori et al. 2020).

The ionosonde data from Wakkanai (45.16° N, 141.75° 
E) and Townsville (19.63° S, 146.85° E), provided by the 
National Institute of Information and Communica-
tions (https://​wdc.​nict.​go.​jp/​IONO/​index_E.​html) and 
Space Weather Services (https://​www.​sws.​bom.​gov.​au/​
World_​Data_​Centre/​2/2), respectively, were used to 
investigate the temporal variations in ionospheric virtual 
height (h’F) at mid-latitudes in the northern and south-
ern hemispheres during the geomagnetic storm and the 
geomagnetically quiet days in March 2013. The quiet and 
disturbed days were determined from the list provided 
by the GFZ German Research Center for Geosciences 
(https://​www.​gfz-​potsd​am.​de/​en/​kp-​index/).

We used O+ and H+ densities observed by the Defense 
Meteorological Satellite Program (DMSP) F-18 satellite 
to identify the existence of plasma density depletions. 
The data were provided by the National Oceanic and 
Atmospheric Administration (https://​satdat.​ngdc.​noaa.​
gov/​dmsp/).

The International Geomagnetic Reference Field 
(IGRF)-13 model (Alken et al. 2021) was used to obtain 
the geomagnetic conjugate points in the Asian sector. 
We also used the altitude-adjusted corrected geomag-
netic (AACGM) model to convert the geographic to geo-
magnetic coordinates at an altitude of 300 km (Shepherd 
2014). Data analysis software (Tanaka et al. 2013) devel-
oped by the Inter-University Upper Atmosphere Global 
Observation NETwork project (Hayashi et  al. 2013) 
and Space Physics Environment Data Analysis Software 
(Angelopoulos et al. 2019) were used for the analysis.

Results
Geomagnetic conditions
Figure  1 is an overview of the geomagnetic conditions 
during the geomagnetic storm of March 1, 2013. The 
IMF Bz in Fig. 1a is directed southward from 07:56–10:24 
UT. After the northward turning of the IMF, the IMF Bz 

https://cdaweb.gsfc.nasa.gov/
https://wdc.kugi.kyoto-u.ac.jp
http://stdb2.isee.nagoya-u.ac.jp/GPS/GPS-TEC/gnss_provider_list.html
http://stdb2.isee.nagoya-u.ac.jp/GPS/GPS-TEC/gnss_provider_list.html
https://wdc.nict.go.jp/IONO/index_E.html
https://www.sws.bom.gov.au/World_Data_Centre/2/2
https://www.sws.bom.gov.au/World_Data_Centre/2/2
https://www.gfz-potsdam.de/en/kp-index/
https://satdat.ngdc.noaa.gov/dmsp/
https://satdat.ngdc.noaa.gov/dmsp/


Page 4 of 16Sori et al. Earth, Planets and Space          (2022) 74:120 

showed multiple fluctuations in southward and north-
ward directions. The solar wind speed increased signifi-
cantly from 410 km/s at 07:40 UT to 660 km/s at 19:37 
UT. The solar wind dynamic pressure was also enhanced 
near 08:00 UT, and reached the maximum of 10.5 nPa at 
10:56 UT. The SYM-H index decreased from − 7 nT at 
08:27 UT to a minimum value of − 76 nT at 10:12 UT.

Geomagnetic conjugacy of plasma bubble
Figure  2 shows two-dimensional (2D) maps of ROTI 
in the Asian sector from 09:00–10:45 UT on March 1, 
2013, which reveal spatiotemporal evolutions of ROTI 
enhancement associated with plasma bubbles in both 
northern and southern hemispheres. The red curve 
in each panel indicates the dip equator at a height of 
300  km. The dip equator is located at a horizontal lati-
tude of the magnetic field obtained from the IGRF-13 
model. The ROTI enhancement appeared in the evening 
sector near 150° E at 09:15 UT during the main phase of 
the geomagnetic storm (Fig. 2b). It formed symmetrically 
at magnetically low latitudes in both northern and south-
ern hemispheres with respect to the dip equator. The 
enhanced ROTI region extended to higher latitudes in 
both hemispheres with time, as shown in Fig. 2c–h. The 

ROTI enhancement reached approximately 45° N and 
− 30° N at 10:45 UT (Fig. 2h).

We show a 2D map of ROTI in the Asian sector at 09:50 
UT and an orbit path of the DMSP F-18 satellite near 09:50 
UT on March 1, 2013 to clarify the existence of plasma 
density depletions in Fig. 3. The curve in the 2D map indi-
cates O+ density along the DMSP satellite path at a height 
of ~ 850  km around 09:50 UT. Enhanced ROTI regions 
extending from the equator to mid-latitudes near 150° E were 
observed between -20° and 30° N as shown in Fig. 3a. During 
this time, the DMSP satellite passed through the northern 
part of this region and detected ion density depletions, cor-
responding to the enhanced ROTI regions. Figure 3b and c 
shows temporal variations of O+ and H+ densities observed 
by the DMSP F-18 satellite during 09:40–10:00 UT on 1 
March. O+ and H+ densities showed a sudden decrease near 
the geographic equator during 09:46–09:50 UT and in the 
low and mid-latitudes during 09:51–09:56 UT.

Figure 4 shows 2D maps of ROTI over Japan and Aus-
tralia from 09:40–10:50 UT on March 1, 2013. A 2D map 
of ROTI over Japan is shown on the left of each panel. 
To clarify geomagnetic conjugacy of the ROTI enhance-
ments, ROTI over Australia is projected onto the mag-
netically conjugate points in the northern hemisphere 

Fig. 1  Time-series plots of a IMF Bz, b solar wind velocity, c solar wind dynamic pressure, and d SYM-H index on March 1, 2013
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Fig. 2  a–f Two-dimensional maps of ROTI near Japan and Australia showing 15-min intervals from 09:00–10:45 UT on March 1, 2013. The red curve 
in each panel indicates the dip equator at a height of 300 km calculated with the IGRF-13 model. The dotted circle and arrows in panels b–h show 
the location of ROTI enhancements, respectively. The color code indicates the ROTI value within a range of 0.0 to 1.0 TECU/min
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Fig. 3  Panel a Two-dimensional maps of ROTI and O+ density observed by the DMSP F-18 satellite near Japan and Australia at 09:50 UT on March 
1, 2013. The curve indicates O+ density along the DMSP satellite path around 09:50 UT. The left and right color codes indicate ROTI and O+ density 
values observed by the DMSP satellite, respectively. The triangle and red circles on the path indicate the DMSP satellite locations at 09:50 UT and 
09:40 and 10:00 UT, respectively. Panels b and c Time-series plots of O+ and H+ densities observed by the DMSP F-18 satellite during 09:40–10:00 UT 
on 1 March 2013
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Fig. 4  Two-dimensional maps of ROTI near Japan and Australia showing 10-min intervals from 09:40 to 10:50 UT on March 1, 2013. In each panel, 
ROTI values over Japan are shown on the left while those over Australia mapped onto the northern hemisphere along the magnetic field lines using 
the IGRF-13 model are shown on the right. The color code indicates the ROTI value within a range of 0.0 to 0.3 TECU/min
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along the magnetic field lines using the IGRF-13 model. 
The projected ROTI map is shown on the right in Fig. 4. 
In Fig. 4a, the enhanced ROTI regions which could rep-
resent the plasma density irregularity within plasma bub-
bles appeared around Japan at 146°–154° E and 16°–28° 
N, and near Australia at 146°–152° E and 16°–28° N. 
Both enhanced ROTI regions extended to the higher 
latitudes with time as shown in Fig.  4b–e. After 10:30 
UT, the ROTI enhancement over Japan reached 46° N, 
which is a poleward edge of the GNSS coverage, while 
that projected from Australia reached a maximum of 
48° N (Fig. 4f–h). The geographic latitude of 48° N in the 
Japanese sector was ~ 43° N in GMLAT, which was calcu-
lated from the AACGM model. The apex altitude at (48° 
N, 145° E in geographic coordinates) was approximately 
5000 km over the dip equator using the IGRF-13 model.

North–south asymmetry during the decay phase 
of mid‑latitude plasma bubble
Figure  5 shows 2D maps of ROTI over Japan and Aus-
tralia mapped onto the northern hemisphere from 12:00–
17:00 UT on March 1, 2013 at a 1-h interval. The format 
is the same as that in Fig. 4. The enhanced ROTI region 
over Japan can be observed at 140°–152° E and 34°–48° N 
at 12:00 UT, and decayed with time. After that, it disap-
peared near 15:00 UT as shown in Fig. 5d–f. In contrast, 
the enhanced ROTI region over Australia mapped onto 
the northern hemisphere can be seen at 140°–154° E and 
36°–48° N from 12:00–17:00 UT although the amplitude 
of ROTI value became small with time.

Figure 6 shows 2D maps of detrended TEC over Japan 
and Australia mapped onto the northern hemisphere 
from 12:00–17:00 UT on March 1, 2013. The detrended 
TEC variation corresponding to the enhanced ROTI 
regions can be observed over Japan at 140°–152° E and 
34°–48° N at 12:00 UT (Fig. 6a). Existence of plasma bub-
ble in the detrended TEC was not clearly visible after 
16:00 UT (Fig.  6e andf), whereas the detrended TEC 
variation over Australia can be seen at mid-latitudes 
from 12:00–17:00 UT where the enhanced ROTI region 
existed.

Furthermore, we show temporal variations in the ROTI 
and detrended TEC in the northern (45° N) and southern 
(geomagnetic conjugate points to 45° N) hemispheres as 
a function of geographic longitude in Fig. 7. Mid-latitude 
ROTI enhancements and TEC perturbations continu-
ously existed between 140° and 145° E in the northern 
hemisphere until 15:00–16:00 UT (Fig. 7b and d), while 
those in the southern hemisphere endured between 140° 
and 150° E until 17:00 UT (Fig. 7c and e).

Ionospheric background conditions
Figure  8 shows the temporal and spatial variations of 
vertical TEC as ionospheric conditions during the geo-
magnetic storm and geomagnetically quiet day. Figure 8a 
shows the temporal variation of the SYM-H index dur-
ing the geomagnetic storm, and duplicates Fig.  1d. Fig-
ure 8b is a time-series plot of the vertical TEC between 
15° and 55° N at 142° E geographic coordinates on March 
1. We calculated the geomagnetic conjugate points in the 
southern hemisphere for this location using the IGRF-13 
model, and show a time-series plot of the vertical TEC 
in the conjugate points in Fig. 8c. Before the onset of the 
geomagnetic storm at 08:27 UT, the latitudinal distribu-
tions of the vertical TEC in the two hemispheres were 
approximately symmetric, although the vertical TEC 
was slightly larger in the southern hemisphere. After the 
onset of the geomagnetic storm, the temporal variation 
in the vertical TEC in each hemisphere was quite differ-
ent. The vertical TEC at mid-latitudes higher than 30° in 
the northern hemisphere was approximately half that of 
the conjugate points in the southern hemisphere. The 
TEC at 30–50° N in the northern hemisphere decreased 
to less than 5 TECU after 14:30 UT.

To clarify the difference in temporal variations of the 
vertical TEC during the geomagnetic storm to that of the 
geomagnetically quietest day in March 2013 (March 8), 
the temporal variation of vertical TEC can be observed 
near Wakkanai (45.0° N, 142.0° E) and at the geomagneti-
cally conjugate point to Wakkanai (-28.4° N, 138.0° E) in 
Fig. 8d and e, respectively. The black (red) curve in each 
panel indicates the vertical TEC during the geomagnetic 
storm (geomagnetically quiet day) at each location. As 
shown in Fig. 8d, the vertical TEC near Wakkanai in the 
northern hemisphere from 09:30 to 11:00 UT and 14:00 
to 24:00 UT was less during the geomagnetic storm 
than during the geomagnetically quiet day and reached 
less than 5 TECU at approximately 10:00 UT and from 
14:30–20:30 UT, respectively. In contrast, the vertical 
TEC near the geomagnetic conjugate point of Wakkanai 
in the southern hemisphere from 10:00 to 16:00 UT was 
greater during the geomagnetic storm than that of the 
geomagnetically quiet day, as shown in Fig. 8e. After that, 
the vertical TEC near the geomagnetic conjugate point 
of Wakkanai from 16:00 to 24:00 UT was comparable to 
that during the geomagnetically quiet day. Figure 8f and 
g shows temporal variations in h’F at Wakkanai in Japan 
and Townsville in Australia, respectively, during the geo-
magnetic storm and geomagnetically quiet day. The h’F 
at both Wakkanai and Townsville had significant move-
ment to higher altitudes around 09:00 UT simultaneously 
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Fig. 5  Two-dimensional maps of ROTI near Japan and Australia at 1-h intervals from 12:00–17:00 UT on March 1, 2013. In each panel, ROTI values 
over Japan are shown on the left while those over Australia mapped onto the northern hemisphere along the magnetic field lines using the 
IGRF-13 model are shown on the right. The color code indicates the ROTI value within a range of 0.0 to 0.3 TECU/min
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during the southward IMF, and the peak altitude of h’F 
was higher than that during the geomagnetically quiet 
day. The h’F at Wakkanai descended rapidly by 60  km 
near 13:00 UT and reached an altitude of 220 km, which 

was lower than that during the geomagnetically quiet 
day. It then ascended rapidly at approximately 15:30 UT 
when the TEC quickly decreased, and descended to the 
quiet level at approximately 20:30 UT. The storm-time 

Fig. 6  Same as Fig. 5, but for the detrended TEC. The color code indicates the detrended TEC value within a range of − 2 to 2 TECU
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h’F in Townsville after 13:00 UT was comparable to that 
during the geomagnetically quiet day, except for the time 
interval between 16:00 and 18:00 UT.

Discussion
We observed magnetically conjugate structures of plasma 
bubbles extending to mid-latitudes in both northern and 
southern hemispheres connected by the geomagnetic 
field line during a magnetic storm on March 1, 2013. 
First, we discuss the origin of the plasma bubble genera-
tion during the geomagnetic storm. As shown in Fig. 2b, 
ROTI enhancement in the equatorial region associated 
with the plasma bubble was observed in the Asian sec-
tor near dusk after the IMF Bz turned southward. At 
this time, the h’F in both hemispheres showed a higher 
altitude than that during the geomagnetically quiet day. 
This suggests that the eastward electric field penetrated 
from high latitudes to the equator in both hemispheres 
during this period due to the enhanced convection elec-
tric field (Kikuchi et  al., 2008, 2010). The PRE indicat-
ing a strong eastward electric field normally occurs in 
the equatorial region at close to the sunset terminator 
(Fejer et al. 1991). In addition, Fejer et al. (2008) reported 

that the penetration of the convection electric field was 
directed eastward on the dayside equator and that the 
eastward electric field showed a peak value near dusk. 
Therefore, it is suggested that the enhanced eastward 
electric fields caused by the PRE and penetration of the 
convection electric field over the equator were responsi-
ble for plasma bubble generation through the RTI during 
the geomagnetic storm. Previous studies have reported 
that plasma bubbles can extend to higher latitudes in the 
dusk sector during geomagnetic storms than under geo-
magnetically quiet conditions (e.g., Ma and Maruyama 
2006; Cherniak and Zakharenkova 2016; Aa et  al. 2018; 
Li et al. 2018; Zakharenkova and Cherniak 2020). Those 
authors concluded that enhanced eastward electric fields 
caused by the PRE and the penetration of the convection 
electric field caused an extension of plasma bubbles to 
higher latitudes during geomagnetic storms than those 
in geomagnetically quiet conditions. In this study, the 
plasma bubbles that appeared over the equatorial region 
extended to mid-latitudes of ~ 43° (GMLAT) during the 
geomagnetic storm, as seen in the 2D ROTI maps. It is 
inferred that the plasma bubbles extending to the mid-
latitudes during the geomagnetic storm were caused by 

Fig. 7  Time-series plot of a SYM-H index, and geographic longitude–time plots of ROTI, b from 135° to 160° E at 45° N and c over geomagnetically 
conjugate points in the southern hemisphere for the location of 135°–160° E at 45° N on March 1, 2013. Panels d and e are the same as Panels b 
and c, respectively, for the detrended TEC. The color codes in Panels b and c indicate the ROTI value within a range of 0.0 to 0.5 TECU/min. The color 
codes in Panels d and e show the detrended TEC values within a range of -2 to 2 TECU. Universal time plus 9 h corresponds to the local time in the 
Asian sector (LT = UT + 9 h)
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the superposed eastward electric fields of the PRE and 
penetration of the convection electric field.

In previous studies, plasma bubbles extending to mid-
latitudes during geomagnetic storms were observed only 
in the northern hemisphere. This is because the south-
ern hemisphere had less GNSS receivers compared to 
the northern hemisphere, or because the plasma bubbles 
had decayed in the southern hemisphere. For example, 
Zakharenkova and Cherniak (2020) investigated plasma 
bubbles in the American sector during a geomagnetic 
storm on May 27 and 28, 2017 using GNSS data. The 
plasma bubbles were observed within ± 15°–20° GMLAT, 
whereas they extended to the mid-latitudes in only the 

northern hemisphere subsequently. Those authors con-
cluded that the latitudinal extension was not in altitudi-
nal and latitudinal directions along magnetic field lines, 
but a horizontal transportation of the plasma bubbles 
due to storm-time enhanced westward plasma streams, 
such as the sub-auroral polarization streams (SAPS). 
Some studies have investigated the temporal and spatial 
variations of plasma bubbles generated in the American 
or Asian sector during a geomagnetic storm on Sep-
tember 7 and 8, 2017 (e.g., Aa et al. 2018; Li et al. 2018; 
Zakharenkova and Cherniak 2020). However, those stud-
ies focused on the spatiotemporal variations and cause 
of plasma bubble generation only in the northern hemi-
sphere and did not discuss the geomagnetic conjugacy of 
the plasma bubbles at mid-latitudes during the geomag-
netic storm in detail. Some reports state that under mag-
netically quiet conditions, plasma bubbles were observed 
at geomagnetic conjugate points in both the northern 
and southern hemispheres, and that the plasma bubbles 
have magnetically conjugated structures (Otsuka et  al. 
2002a; Shiokawa et al. 2004, 2015; Martinis and Mendillo 
2007; de Paula et al. 2010). These conjugate observations 
were restricted to narrow, low-latitude regions, and the 
plasma bubbles were confined to magnetically low mid-
latitudes. In this study, using global GNSS data, for the 
first time, we found that plasma bubbles that expanded 
to mid-latitudes (~ 43° GMLAT) during the geomagnetic 
storm have geomagnetically conjugate structures (Fig. 4). 
The apex altitude of these bubbles was ~ 5000  km. Our 
results suggest that the plasma bubbles maintain their 
conjugate structures in both hemispheres, connected 
by geomagnetic field lines during their growth to mid-
latitudes. The eastward electric fields generated in the 
plasma bubbles could play an important role in extending 
plasma density depletion to higher latitudes. An electric 
field with a scale larger than 100 km can be transmitted 
along the magnetic field line without substantial attenua-
tion (Farley 1960).

North–south asymmetry was observed during the 
decay phase of the plasma bubbles, and we discuss the 
cause of this asymmetry, which occurred during the 
geomagnetic storm. Results in Figs.  5, 6, 7 indicate that 
plasma density irregularities and perturbations associ-
ated with plasma bubbles vanished earlier in the northern 
than the southern hemisphere. As shown in Fig.  8, the 
vertical TEC in the northern hemisphere decreased rap-
idly at approximately 15:00 UT, when the plasma bubbles 
disappeared in this region. In contrast, the vertical TEC 
in the southern hemisphere gradually decreased between 
14:00 and 20:00 UT. Before the rapid reduction in the 
vertical TEC in the northern hemisphere, the F layer 
at Wakkanai quickly declined by approximately 60  km 
around 13:00 UT, and the F layer altitude on this night 

(a)

(b)

(c)

(d)

(e)

(f)

(g)

(45.0 N, 142.0 E)

( 28.4 N, 138.0 E)

( 19.63 N, 146.85 E)

(45.16 N, 141.75 E)

UT

Fig. 8  Time-series plot of a SYM-H index, and geographic latitude–
time plots of vertical TEC, b from 15° to 55° N at 142° E and c over 
geomagnetically conjugate points in the southern hemisphere for 
the location of 15°–55° N at 142° E on March 1, 2013. Panels d and 
e show temporal variations of vertical TEC near Wakkanai (45.0° N, 
142.0° E) and the geomagnetically conjugate point to Wakkanai 
(− 28.4° N, 138.0° E) on March 1, respectively. The dashed red curves 
in Panels f and g indicate the vertical TEC values on March 8, which 
was the geomagnetically quietest day in March 2013. Panels f and 
g show ionospheric virtual heights (h’F) at Wakkanai and Townsville 
on March 1, respectively. The dashed red curves in Panels f and g 
indicate the quiet-time values of ionospheric virtual heights on March 
8. Universal time plus 9 h corresponds to the local time in the Asian 
sector (LT = UT + 9 h)
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was lower than that on the magnetically quiet night. The 
rapid TEC decrease could be caused by the quick descent 
of the F layer to lower altitudes, where the recombination 
rate was high. Due to the increase in the recombination 
rate at lower altitudes, the F-region plasma density sig-
nificantly decreased, and the virtual height observed by 
ionosondes appeared to increase (e.g., Shiokawa et  al. 
2002; Otsuka et  al. 2003). The rapid increase in h’F at 
Wakkanai at 15:30 UT could represent the disappearance 
of the F-region plasma. Therefore, it was inferred that 
the plasma density irregularities and fluctuations due to 
plasma bubbles disappear when the F-region plasma den-
sity is reduced.

Generally, plasma density structures decay because of 
diffusion perpendicular to geomagnetic field lines (Kelley 
2009). The realistic explanation of the observations per-
haps involves a complicated interplay between asymmet-
ric background conditions and perpendicular diffusion 
rates in both hemispheres as well as ambipolar diffusion 
along the field-lines in between. This should/will be mod-
eled in more detail in the future. Smaller-scale structures 
disappeared earlier (Basu et  al. 1978). Under geomag-
netically quiet conditions, the plasma density depletion 
caused by plasma bubbles, which have structures with a 
zonal scale size of approximately 100  km, is maintained 
throughout the night. However, in this case, the plasma 
density depletion in the northern hemisphere disappeared 
when the F-region plasma was reduced. Plasma density 
structures, including small-scale irregularities due to 
plasma bubbles, could disappear due to the rapid recom-
bination, as well as background plasma. In the southern 
hemisphere, the TEC decrease was slower than that in 
the northern hemisphere during the nighttime, indicat-
ing that the F-region plasma density was maintained and 
the plasma density structures and irregularities survived 
longer than those in the northern hemisphere.

We also discuss a cause of north–south asymme-
try of ionospheric background conditions during the 
geomagnetic storm. A positive (negative) ionospheric 
storm which is characterized by an increase (decrease) 
of plasma density in the low- and mid-latitudes can be 
caused by the equatorward (poleward) thermospheric 
neutral wind during geomagnetic storms (e.g., Lin et al. 
2005; Balan et al. 2009, 2010; Yue et al. 2016). In the pre-
sent analysis, the vertical TEC in the northern (southern) 
hemisphere during the recovery phase of the geomag-
netic storm was equal to or smaller (larger) than that 
during the geomagnetically quiet day as shown in Fig. 8. 
Furthermore, the F layer in the h’F at Wakkanai quickly 
declined by approximately 60 km around 13:00 UT and 
rapidly increased at 15:30 UT due to the increase in the 
recombination rate at lower altitudes. Considering the 

above observational results, it can be inferred that a 
trans-equatorial northward thermospheric wind leads to 
the north–south asymmetry of vertical TEC.

Conclusions
Using high temporal and spatial resolution GNSS-
TEC data, we found that during a geomagnetic storm 
on March 1, 2013, equatorial plasma bubbles extended 
to the mid-latitudes in both northern and southern 
hemispheres with geomagnetic conjugacy, and that the 
mid-latitude plasma bubbles disappeared earlier in the 
northern than in the southern hemispheres.

ROTI enhancements appeared over the magnetic equa-
tor in the evening sector during the main phase of the 
geomagnetic storm. They extended to the mid-latitudes 
in both hemispheres with geomagnetic conjugacy. From 
the observational results of ionosonde (h’F), they sug-
gest that the eastward electric field can be enhanced in 
the dusk sector due to the penetration of the convection 
electric field and cause plasma bubbles to extend from 
the low to mid-latitudes during the geomagnetic storm. 
Therefore, these observational facts show that equatorial 
plasma bubbles extended to mid-latitudes in both hemi-
spheres, maintaining geomagnetic conjugacy.

ROTI enhancements and TEC fluctuations (detrended 
TEC) in the mid-latitudes disappeared in the northern 
hemisphere after the rapid increase in h’F and decrease 
in mid-latitude vertical TEC in the northern hemisphere. 
These results suggest that the plasma density depletions 
and irregularities related to plasma bubbles vanished as 
the background ionospheric plasma density significantly 
decreased. Therefore, we can conclude that mid-latitude 
plasma bubbles can be asymmetric between the northern 
and southern hemispheres because of the rapid decay of 
plasma bubbles in one of the hemispheres.
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