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Key Points:
Sunrise EPBs were observed in the geomagnetic storm main phase.●

Post-sunset EPBs were enhanced during the main phase and suppressed throughout the recovery phase.●

Storm-induced electric field variations could be the primary causal factor to produce the EPB variations during the storm.●
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Abstract: We investigated the variations of equatorial plasma bubbles (EPBs) in the East-Asian sector during a strong geomagnetic storm
in October 2016, based on observations from the Beidou geostationary (GEO) satellites, Swarm satellite and ground-based ionosonde.
Significant nighttime depletions of F region in situ electron density from Swarm and obvious nighttime EPBs in the Beidou GEO
observations were observed on 13 October 2016 during the main phase. Moreover, one interesting feature is that the rare and unique
sunrise EPBs were triggered on 14 October 2016 in the main phase rather than during the recovery phase as reported by previous studies.
In addition, the nighttime EPBs were suppressed during the whole recovery phase, and absent from 14 to 19 October 2016. Meanwhile,
the minimum virtual height of F trace (h’F) at Sanya (18.3°N, 109.6°E, MLAT 11.1°N) displayed obvious changes during these intervals. The
h’F was enhanced in the main phase and declined during the recovery phase, compared with the values at pre- and post-storm. These
results indicate that the enhanced nighttime EPBs and sunrise EPBs during the main phase and the absence nighttime EPBs for many
days during the recovery phase could be associated with storm-time electric field changes.
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1.  Introduction
It is well known that equatorial plasma bubbles (EPBs) are one of
the typical ionospheric irregularities during nighttime at low latit-
udes  and  equatorial  regions,  which  can  greatly  affect  the
propagation of radio waves and even cause transient communica-
tions and navigation outages (Hysell,  2000; Cherniak and Zakhar-
enkova, 2016; Xiong C et al., 2016). Their cause is generally attrib-
uted to  the  Rayleigh–Taylor  (R-T)  instability  mechanism.  The  ini-
tial perturbation seeded at the bottomside of the F layer under R-
T instability  can  grow  and  drift  upward  into  the  higher  iono-
sphere  and  constitute  an  EPB  structure,  manifesting  as  plasma

density depletions or bubbles ranging from a few meters to hun-

dreds of kilometers (Haerendel et al., 1992; Yokoyama et al., 2014).

Since  the  first  observation  was  reported  by Booker  and  Wells

(1938), the generation, evolution, distribution, as well as forecast-

ing of  EPBs has been a hot topic  in space weather  research (e.g.,

Zalesak  and  Ossakow,  1980; Huang  CS  and  Kelley,  1996; Abdu,

2001; Otsuka  et  al.,  2002; Burke  et  al.,  2004; Huba  et  al.,  2008;

Yokoyama et al., 2014; Li GZ et al., 2016, 2018). However, there are

still unsolved  questions  associated  with  plasma  density  deple-

tions due  to  the  complicated  dynamic  and  electrodynamic  pro-

cesses in  the  ionosphere,  which  can  crucially  affect  EPB  occur-

rence and evolution (Abdu, 2001).

During geomagnetic storms, development and evolution of EPBs

show very  complex  behavior  because  the  ionosphere  and  ther-

mosphere systems  are  modulated  significantly  by  energy  injec-
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tions  from  the  solar  wind  and  magnetosphere  (Gonzalez  et  al.,

1994; Richmond and Lu G,  2000; Lei  JH et  al.,  2008).  Many of  the

previous studies  of  EPB  variations  were  conducted  during  geo-

magnetic storms and exhibited different characteristics. The EPBs

are  sometimes  confined  within  a  narrow  longitudinal  range  and

even  entirely  suppressed  during  storm  time  (Carter  et  al.,  2016;

Nayak et al.,  2017);  on the contrary, they can also be significantly

enhanced  during  storms,  extending  to  higher  latitudes  (Ma  GY

and Maruyama, 2006; Cherniak and Zakharenkova, 2016) or cover-

ing a wide longitudinal range (Tulasi Ram et al., 2008; Li GZ et al.,

2010). A  statistical  analysis  from  the  ROCSAT-1  observaions  dur-

ing  181  geomagnetic  storms  indicated  that  the  occurrence  of

EPBs shows typical dependences on local time and storm phases

(Wan X et  al.,  2019).  For  example,  EPB is  enhanced shortly  at  the

post-sunset sector during storm onset, but afterwards a long-last-

ing suppression dominates.  In  contrast,  in  the  postmidnight  sec-

tor the occurrence of EPB gradually increases at storm onset and

reaches maximum peak at 6−9 hours, and then afterwards gradu-

ally decays until 18 hours from the storm onset. Additionally, rare

EPBs  during  the  daytime  could  be  successively  triggered  under

geomagnetic  disturbance  conditions  (Huang  CS  et  al.,  2013; Tu-

lasi Ram et al., 2015; Jiang CH et al., 2016).

As  mentioned  above,  EPBs  have  complicated  variations  during  a

geomagnetic  storm,  showing  the  enhancement,  inhibition  or

seeding  of  EPBs,  etc.  They  are  rarely  reported  to  all  occur  in  the

same  longitude  sector  during  one  geomagnetic  storm.  In  this

study,  we  utilized  observations  from  the  Beidou  geostationary

(GEO)  satellites,  in  situ  measurements  from  the  Swarm  satellite,

and ground-based ionosonde to investigate the responses of EPBs

in the East-Asian sector to the October 2016 strong geomagnetic

storm. The results show interesting phenomena including the en-

hanced  and  suppressed  nighttime  EPBs  as  well  as  unique  EPBs

triggered at  sunrise,  which  all  happened  during  this  storm.  Fur-

ther, the underlying physical mechanisms and processes respons-

ible for  the  various  EPB  variations  during  this  storm  were  ex-

plored and discussed. 

2.  Geophysical Conditions of the October 2016 Storm

and Dataset
The 13−14  October  2016  geomagnetic  storm  was  a  strong  geo-

magnetic  storm  event  during  the  declining  phase  of  solar  cycle

24. Figure  1 shows  the  relevant  solar  wind  speed,  interplanetary

magnetic field  (IMF)  and  geomagnetic  disturbed  conditions  dur-

ing  11−19  October  2016.  The  storm  was  initiated  with  a  sudden

storm  commencement  (SSC)  at  22:16  universal  time  (UT)  on  12

October when the solar wind speed (Figure 1a) jumped from ~340

to  ~440  km/s  at  the  shock  and  IMF Bz and By (Figure  1b) under-

went  obvious  disturbances.  The Dst index  (Figure  1d) also  in-

creased at that time and reached 25 nT. As the storm progressed

and  entered  the  main  phase,  the  IMF Bz had  a  sudden  southern

excursion  from  5  to  −9  nT  at  06:12  UT  and  kept  decreasing  to

−21 nT until 16:41 UT on 13 October. Meanwhile, the IMF By with a

large negative value of about −14 nT gradually turned to positive

and reached 23 nT at 23:02 UT on 13 October. The corresponding

Kp index (Figure 1c) exceeded 6 and the Dst dropped to a minim-

um  value  of  –104  nT  at  23:00  UT  on  13  October.  Thereafter,  the

storm  entered  the  recovery  phase  where  IMF Bz gradually re-

covered to a value of ~0 nT with small disturbances and lasted for

several  days,  until  19  October  during  which  the Dst index  also

showed the corresponding variation to gradual recovery. It should
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Figure 1.   Variations of (a) solar wind speed, (b) interplanetary magnetic field (IMF) Bz (black line) and By (baby blue line) components, and

geomagnetic activity indices (c) Kp and (d) Dst during 11−19 October 2016. The solar extreme ultraviolet flux proxy F10.7 (red line) during this

period is also shown in Figure 1c.
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be noted that the solar extreme ultraviolet flux proxy F10.7 (red line
in Figure  1c)  decreased  gradually  from  ~99  on  11  October  to  76
on 19 October,  and the solar wind speed was significant at more
than 700 km/s during the recovery phase.

The total  electron content (TEC) data from the Beidou GEO satel-
lites  was  used  to  investigate  the  EPB  responses  to  the  October
2016  geomagnetic  storm.  With  the  advantage  that  the  Beidou
GEO  TEC  provides  ionospheric  observations  along  fixed  paths
since the ionospheric pierce points (IPPs) virtually do not move, it
is  useful  to  detect  ionospheric  variations  and  structures  (e.g.,
Huang FQ et al., 2017, 2018, 2019, 2021; Lei JH et al., 2018).

Figure 2 shows the location of the stations used for providing the
Beidou GEO TEC data in this study. These stations include 9 Glob-
al Navigation Satellite System (GNSS) receivers, which can receive
signals  from  multiple  satellites  including  Beidou,  GPS  and
GLONASS, with a time resolution of 30 s.  They are approximately
located in the longitude sector around 105°E at low latitudes and
equatorial regions; detailed information for these stations is given
in Table 1. There are 5 GEO satellites in the Beidou system that can
provide similar  TEC  observations  within  several  longitude  de-
grees  and  adjacent  latitude  for  each  receiver.  In  this  study,  all  of
them are used to derive the GEO TEC data except when the data
were unavailable.

Meanwhile,  in  situ  observations of  electron density  (Ne)  from the
Swarm-B  satellite  were  used  to  investigate  the  EPB  responses  in
the  topside  ionosphere  during  the  October  2016  geomagnetic
storm.  The Swarm mission is  a  three-satellite  constellation of  the
European Space Agency (ESA) that monitors the Earth’s magnetic
field and  upper  atmosphere.  During  the  October  2016  geomag-
netic  storm,  the  orbital  altitude  of  Swarm-B  was  about  512  km,
and the equator crossing on the day and night sides were around
08:08 local time (LT) and 20:08 LT, respectively.

In  addition,  one  ground-based  ionosonde  located  at  Sanya
(18.3°N,  109.6°E,  magnetic  latitude  (MLAT)  11.1°N)  also  shown  in
Figure 2, was utilized to explore the possible ionospheric electro-
dynamics process that could affect EPB evolution during the Octo-
ber  2016  geomagnetic  storm.  Specifically,  the  variations  in  the
minimum  virtual  height  of  F  trace  (h’F),  as  it  can  reflect  the

changes of F layer bottom height, are analyzed. 

3.  Observation Results
Figure 3 shows the variations  of  TEC and the rate  of  TEC change
index  (ROTI)  from  Beidou  GEO  3  satellite  at  the  equator  station
ANMG (2.8°N, 101.5°E, MLAT 6.0°S), in the East-Asian sector during
12−18  October  2016.  The  ROTI  is  an  irregularity  index  proposed
by Pi  X  et  al.  (1997) to classify  ionospheric  irregularities.  Accord-
ing to Nishioka et al. (2008), in this study we used the ROTI with a
5-min window  that  exceeds  0.075  TECU/min  for  representing  ir-
regularities  from  the  TEC  data  with  a  time  resolution  of  30  s.  As
seen  in Figure  3a,  Beidou  GEO  TECs  were  mostly  smooth  and
showed a  general  diurnal  variation.  However,  obvious  perturba-
tions  (irregularities)  in  the  GEO  TECs  were  sometimes  observed,
such as at ~13:00 UT (20:00 LT) on 12 October 2016. These irregu-
larity structures presented obvious depletions or typical EPBs that
also corresponded to the large ROTI values. As shown in Figure 3,
the EPBs  had  complex  variations  during  the  October  2016  geo-
magnetic storm.  In  the  main  phase,  nighttime  EPBs  were  ob-
served at ~13:00 UT (20:00 LT) on 13 October 2016 similar to the
pre-storm  period  on  12  October  2016.  However,  the  duration  of
the  nighttime  EPBs  in  the  main  phase  was  longer  than  3  hours.
Further, the rare and unique EPBs around sunrise were induced at
~23:00  UT  (06:00  LT)  on  13  October  2016  during  the  end  of  the
main phase and were not observed on other days. During the re-
covery phase,  an  interesting  feature  was  that  the  EPBs  were  ab-
sent during nighttime, lasting for several days from 14 to 19 Octo-
ber  2016.  Usually,  nighttime  EPBs  can  be  frequently  observed  in
October  in  the  East-Asian  sector.  In  this  study,  nighttime  EPBs
were  observed  a  few  days  before  the  storm  and  occurred  again
after the storm on 20 October 2016 (data not shown).

Next, we examined the EPB variations from 9 Beidou GEO receiver
stations  at  low  latitudes  and  equatorial  regions  in  the  East-Asian
sector (Figure 4). The evident EPB variations were seen during the
October  2016  geomagnetic  storm.  In  the  main  phase,  the  rare
sunrise EPBs were induced only at ~23:00 UT (06:00 LT) on 13 Oc-
tober  2016  over  most  stations.  The  long-lasting  nighttime  EPBs
were observed in the main phase as compared to EPBs before the
storm on 12 October 2016. During the recovery phase, the night-

Table 1.   Coordinate information for the stations that provide Beidou GEO TEC. Geographic and geomagnetic latitudes of Beidou GEO IPP
represented by GEO 3 are also provided.

Site Geographic longitude Geographic latitude Geomagnetic latitude
Latitude of GEO IPP

Geographic Geomagnetic

SHEZ 111.46° E 26.89° N 20.20° N 24.85° N 18.04° N

HKWS 114.34° E 22.43° N 15.47° N 20.80° N 13.74° N

SYYL 109.62° E 18.22° N 10.98° N 16.91° N 9.57° N

DLTV 108.48° E 11.95° N 4.22° N 11.16° N 3.37° N

CPNM 99.37° E 10.72° N 2.62° N 9.97° N 1.82° N

EUSM 100.49° E 5.15° N 3.44° S 4.79° N 3.81° S

ANMG 101.51° E 2.78° N 6.00° S 2.59° N 6.18° S

CIBG 106.85° E 6.49° S 15.96° S 6.04° S 15.44° S

COCO 96.83° E 12.19° S 22.58° S 11.33° S 21.62° N
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Figure 2.   Map of the ionosonde and GNSS receiver stations that provide the Beidou GEO TEC data utilized in this study. The magnetic equator

and magnetic latitudes of ±15° are also shown on this map.
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Figure 3.   Variations of (a) TEC and (b) ROTI from the Beidou GEO 3 satellite at equator station ANMG during 12−18 October 2016. The sunset at

18:00 LT is marked by the green points. The (c) Dst index (black line) and IMF Bz (blue line) are also given for reference.
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time  EPBs  were  totally  inhibited  at  all  stations,  and  were  absent
for several days from 14 to 19 October 2016. Thereafter, the night-
time  EPBs  were  again  observed  after  the  storm  between  20  and
21 October 2016 at most of the stations. In addition, it can be seen
that  the  EPBs  generally  occurred  at  low  magnetic  latitudes  and
magnetic  equator  regions.  They  were  not  observed  at  higher
magnetic  latitude  stations,  such  as  SHEZ  (26.9°N,  111.5°E,  MLAT
20.2°N) and COCO (12.2°S, 96.8°E, MLAT 22.6°S).

In addition, we compared observations at the topside ionosphere
from the Swarm-B satellite in order to further explore the EPB re-
sponses  to  this  storm. Figures  5 and 6 show  the  variations  of Ne

during daytime at  08:08 LT and nighttime at  20:08 LT from 12 to

0.5 × 105 el/cm3

21 October 2016, respectively. The results from the Swarm-B satel-

lite  observations  were  generally  consistent  with  that  from

ground-based Beidou GEO observations. Significant depletions in

Ne at 08:08 LT (black arrows in Figure 5a) with rare typical sunrise

EPBs were only observed around the magnetic latitudes 5°−10° in

both  hemispheres  on  14  October  2016  during  the  main  phase.

During nighttime, EPBs were also observed around low magnetic

latitudes  on  13  October  in  the  main  phase  (black  arrows  in

Figure 6a), and they were suppressed and disappeared for several

days during the recovery phase. However, it should be noted that

the Ne depletions  were  stronger  by  about  of  in

the  main  phase,  whereas  no  obvious  depletions  in Ne were ob-
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Figure 4.   Variations of ROTI from Beidou GEO satellites at low latitudes and equatorial regions in the East-Asian sector from 12 to 21 October

2016. The cyan, red, blue, and black lines represent the ROTI from different Beidou GEO satellites from west to east (GEO 5, GEO 2, GEO 3, and GEO

1). The green points indicate the sunset at 18:00 LT. The Dst index and IMF Bz are also plotted in the bottom panel for reference.
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0.2 × 105 el/cm3

served  at  pre-storm  on  12  October  2016  or  at  post-storm  on  20

and 21 October 2016. Nevetheless, the nighttime EPBs were evid-

ent  from  the  Beidou  GEO  observations  during  those  periods.  In

addition,  there  were  depletions  with  amplitude  about  of

 in Ne (green line in Figure 6c) around the magnet-

ic equator on 18 October 2016, which could be the manifestation

of nighttime  EPBs.  However,  the  nighttime  EPBs  were  not  ob-

served in Beidou GEO TEC on that day. 

4.  Discussion
The above results show that the responses of EPBs to the October

2016  geomagnetic  storm  had  various  interesting  and  unique

characteristics. The  sunrise  EPBs  were  previously  reported  to  oc-

cur mainly during the recovery phase (e.g., Huang CS et al., 2013;

Tulasi  Ram et  al.,  2015; Jiang CH et  al.,  2016; Sripathi  et  al.,  2018;

Luo WH et al., 2020; Wu K et al., 2020). However, in this event the

sunrise EPBs were induced during the end of the main phase.  As

one of the sources, the sunrise EPBs could be the remnant of the

previous nighttime EPBs (e.g., Fukao et al.,  2003; Huang CS et al.,

2013).  However, the previous nighttime EPBs at ~13:00 UT (20:00

LT)  on  13  October  were  separated  from  the  later  sunrise  EPBs

(Figures 3 and 4). In addition, we examined the Ne at 04:04 LT on

14  October  from  Swarm-A  in  the  East-Asian  sector  (data  not

shown); there were no obvious irregularities at low magnetic latit-

udes,  suggesting  that  the  sunrise  EPBs  were  freshly  generated

during this storm.

The EPBs  at  low  latitudes  are  generally  considered  to  be  gener-

ated  by  the  R-T  instability  mechanism  (Kelley,  2009; Makela  and

Otsuka, 2012), which is controlled and affected by multiple factors

including  zonal  electric  fields,  background  ionospheric  density,

meridional  neutral  wind,  etc.  (Abdu,  2001). During  the  geomag-

netic  storm,  the  ionospheric  electric  fields  can  be  significantly

changed and modulated by the prompt penetration electric field

(PPEF)  and  disturbance  dynamo  electric  field  (DDEF)  (Blanc  and

Richmond,  1980; Fejer  and  Scherliess,  1997). Previous  studies  re-

ported that the sunrise EPBs during the recovery phase could be

associated with the DDEF through its effects upon the R-T instabil-

ity mechanism (e.g., Huang CS et al., 2013; Tulasi Ram et al., 2015;

Jiang CH et al., 2016; Sripathi et al., 2018; Luo WH et al., 2020; Wu K

et  al.,  2020).  Here,  the  sunrise  EPBs  occurred  at  the  end  of  the

main phase when the IMF Bz remained southward.  The PPEF can

be triggered at the onset of southward IMF Bz excursions and lasts
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Figure 5.   Comparison of the geomagnetic latitudinal profiles of (a and c) electron density during daytime at 08:08 LT at a similar longitude and

for the corresponding orbital passes (b and d) from 12 to 21 October 2016 from Swarm-B.
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tens of minutes to several hours during the main phase (Blanc and

Richmond,  1980);  it  is  usually  eastward  and  has  larger  values

around  dawn  (Fejer  and  Scherliess,  1997).  The  larger  eastward

PPEF can produce the stronger upward E × B draft that could push

up the ionospheric height, and resulting in a higher growth rate of

R-T  instability  stimulating  EPB  development.  As  shown  in

Figure  7,  the h’F  at  Sanya  (18.3°N,  109.6°E,  MLAT  11.1°N)  around

dawn  on  13  October  (blue  line)  during  the  main  phase  was

~50−100  km  higher  than  on  other  days.  This  indicates  that  the

bottom F layer was pushed to higher altitudes that could easily in-

duce  the  sunrise  EPBs,  which  could  be  attributed  to  the  PPEF  in

this study.

The DDEF could also develop several hours after the onset of PPEF

and lasts several days during the recovery phase (Blanc and Rich-

mond,  1980).  From  post-minight  to  early  morning  hours,  the

DDEF  is  also  eastward  and  has  larger  values  (Fejer  et  al.,  2008;

Xiong C et al., 2015) and could have already developed when the

sunrise EPBs  occurred.  The  eastward  DDEF  can  also  produce  up-

ward drifts to increase the ionospheric height around dawn (Fejer

and Scherliess, 1997), which could contribute to the generation of

sunrise  EPBs.  Additionally,  the  equatorward  meridional  wind

could  also  affect  the  EPBs  that  were  triggered  around  sunrise.  It

would be enhanced during nighttime due to the strong energy in-

jection at high latitudes in the initial and main phases of the geo-

magnetic  storm  (Anderson,  1976; Fejer  et  al.,  2002; Lin  et  al.,

2005).  More  plasma  can  be  dragged  along  magnetic  field  lines

from the off-equatorial region towards the higher altitudes at the

equatorial  region  due  to  stronger  equatorial  eastward  electric

fields,  combined  with  the  enhanced  equatorward  meridional

wind,  causing  higher  background  electron  density  (Lin  CH  et  al.,

2005).  There were large TECs after  midnight from 9 GEO receiver

stations (data not  shown) and high Ne at  08:08 LT from Swarm-B

around the magnetic  equator.  However,  the respective contribu-

tion from the PPEF and DDEF as well  as the equatorward meridi-

onal wind to the occurrence of the sunrise EPBs is unclear, due to

lack  of  corresponding  observations.  Further  investigation  is

needed to address this issue in the future.

In addition,  our  study  revealed  that  nighttime  EPBs  were  en-

hanced  in  the  main  phase,  while  eastward  PPEF  with  the  largest

values around dusk could be developed at pre-midnight (Fejer et

al.,  2008). PPEF  can  push  up  the  ionosphere  and  promote  night-

time EPB development into higher altitudes. Thus, nighttime EPBs

generated at  the  bottomside of  the  F  layer  could  easily  grow up

into  the  topside  ionosphere  due  to  eastward  PPEF  effects.  Here,
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Figure 6.   Same as Figure 5, but during nighttime at 20:08 LT.
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we  observed  stronger  depletions  in Ne at  20:08  LT  in  the  main

phase  than  other  periods  (Figure  6).  In  addition,  there  was  the

higher h’F  at  Sanya  during  ~12:00−15:00  UT  (19:18−21:18  LT)

when  the  enhanced  nighttime  EPBs  occurred  on  13  October  in

the main phase, which was ~100 km higher than at pre-storm on

12 October. This could also explain why the duration of nighttime

EPBs in the main phase was longer than at pre-storm.

There were suppressed nighttime EPBs observed during this geo-

magnetic storm, absent throughout the recovery phase. It is well-

known that pre-midnight EPBs can occur easily when the bottom-

side of the ionospheric F layer remains at higher altitudes around

sunset,  which  can  be  significantly  affected  by  equatorial  zonal

electric fields  such  as  the  pre-reversal  eastward  electric  field  en-

hancement  (PRE).  The  effects  of  DDEF  can  become  dominant  in

the  recovery  phase  and  exist  persistently  during  this  period.  As

suggested by Abdu (1997), both the zonal and meridional disturb-

ance  winds  seem  to  inhibit  EPB  development  through  affecting

DDEF during the storm. The DDEF is westward and has larger val-

ues  around  sunset  (Fejer  et  al.,  2008) that  would  push  the  iono-

spheric  plasma  to  lower  altitudes.  As  seen  in Figure  7,  the h’F  at

Sanya  during  10:45−12:15  UT  (18:03−19:33  LT)  in  the  recovery

phase  was  ~30−50  km  lower  than  before  (12  October)  and  after

(20 October)  the  storm.  The  lower  ionospheric  altitudes  associ-

ated with  the  DDEF  during  the  recovery  phase  were  not  condu-

cive  to  the  generation  of  pre-midnight  EPBs.  This  could  explain

why  the  pre-midnight  EPBs  did  not  happen  during  the  recovery

phase as  compared  with  at  pre-  and  post-storm.  The  develop-

ment of EPBs also depends on perturbation seeding (i.e., lower at-

mospheric  activities,  gravity  waves).  In  addition,  the  effects  from

the  gravity  wave  vertical  wind  component  and  the  background

vertical  wind  can  suppress  the  development  of  EPBs  (Krall  et  al.,

2013).  Moreover,  the  atmospheric  composition  (i.e.,  O,  N2)  and

ionospheric conductivity  can  change  significantly  during  a  geo-

magnetic storm, which can also modulate the growth rate of R-T

instability. Unfortunately,  the  observations  of  atmospheric  com-

position, ionospheric  conductivity  and  gravity  waves  were  un-

available in this study. These aspects require further investigation.

It  should  be  noted  that  there  also  existed  differences  between

ground-based  GEO  TEC  and  in  situ Ne observations. The  night-

time  EPBs  were  prominent  from  the  Beidou  GEO  observations

whether during the storm or not (Figures 3−4), although their dur-

ation in the main phase was longer than that at pre-storm, where-
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as the depletions in Ne were strongest in the main phase than oth-
er periods (Figure 6). As analyzed above, the nighttime EPBs could
develop into higher  altitudes  in  the main phase due to  the east-
ward  PPEF  effects,  which  may  be  ineffective  during  quiescent
times. In addition, it can be found that the observed sunrise EPBs
from Swarm-B were at ~08:08 LT (Figure 5) while they had already
disappeared  in  the  Beidou  GEO  TECs  (Figure  4).  The  depletions
after sunrise could last for a longer time at higher altitudes than at
lower altitudes where the photoionization rate is stronger, which
can easily produce new plasma to fill the daytime bubbles (Huang
CS et al., 2013). In addition, weak nighttime EPBs in Ne around the
geomagnetic equator were observed on 18 October 2016, where-
as  they  were  not  observed  in  Beidou  GEO  TECs.  The  absence  of
EPB in Beidou GEO TEC at equatorial latitude could also be due to
the  fact  that  the  satellite-receiver  links  did  not  pass  through  the
topside ionospheric depletion structures.

Finally,  it  is  worth  noting  that  the  enhanced  and  suppressed
nighttime EPBs and the EPBs triggered at sunrise were reported to
occur in the East-Asian sector during one geomagnetic storm. As
discussed above,  these distinctive EPB variations could be attrib-
uted to storm-induced electric field variations including the PPEF,
DDEF or both of them. Our results could improve our understand-
ing of EPB generation and evolution during geomagnetically dis-
turbed periods. 

5.  Conclusion
This study investigated the EPB responses to a strong geomagnet-
ic  storm  of  October  2016  in  the  East-Asian  sector  by  using  the
ground-based  Beidou  GEO  TEC  and  ionosonde  data  as  well  as
space-borne observations from the Swarm satellite. Different EPB
variations  were  observed  during  this  geomagnetic  storm.  The
EPBs were enhanced in the main phase, showing great nighttime
Ne depletions in the topside ionosphere observed on 13 October
2016. Furthermore, the sunrise EPBs as rare and unique irregular-
ity  structures  were  triggered  on  14  October  2016  in  the  main
phase.  The  higher h’F  at  Sanya  was  observed  during  the  main
phase when the strong nighttime EPBs and sunrise EPBs occurred.
During the recovery phase from 14 to 19 October 2016, the EPBs
were  absent.  The h’F  at  Sanya  decreased  around  sunset  during
this period as compared with the EPBs before and after the storm.
This suggests  that  the  storm-induced  electric  field  variations  in-
cluding effects from PPEF and DDEF could be the major contribu-
tion  to  the  enhanced  nighttime  EPBs  and  the  generation  of  rare
sunrise EPBs in the main phase, as well as the absence of EPBs dur-
ing the recovery phase. 
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