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Key Points:
Observational evidence of interaction between Equatorial Plasma Bubble and Medium-Scale Traveling Ionospheric Disturbance
(MSTID) at low latitude over Brazilian.

●

Electric fields associated with MSTID can intensify the growth of the Equatorial Plasma Bubble.●

Partial inhibition of the Equatorial Plasma Bubble by MSTID occurs after the bubble intensifies and bifurcates.●
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Abstract: OI 630.0 nm airglow observations, from a new observatory at Bom Jesus de Lapa, were used to study the interaction between
EPBs (Equatorial Plasma Bubbles) and the MSTID (Medium- Scale Traveling Ionospheric Disturbance) over the Northeast region in Brazil.
On the night of September 16 to 17, 2020, an EPB was observed propagating eastward, in an apparent fossil stage, until it interacted with
a dark band electrified MSTID (eMSTID). After the interaction, four EPBs merged, followed by an abrupt southward development and
bifurcations. Analysis of the data suggests that an eastward polarization electric field, induced by the dark band eMSTID, forced the EPB
into an upward drift, growing latitudinally along the magnetic field lines and then bifurcating.
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1.  Introduction
Equatorial plasma  depletions  related  to  density  irregularities  of-

ten  occur  in  the  nighttime  ionosphere  at  low  and  mid-latitudes

(Katamzi-Joseph et al.,  2017).  The ionospheric plasma depletions,

called Equatorial  Plasma Bubbles  (EPBs)  or  spread-F,  are  initiated

by instability  in  the  bottom  side  F-region  of  the  equatorial  iono-

sphere (Abdu, 2001). The gravitational force and density gradient

are  antiparallel  in  the  F-region's  bottom  side,  resulting  in

Rayleigh–Taylor instability (Haerendel, 1973; Kelley, 2009). During

the development, EPBs drift eastward with a velocity ranging from

~50 to 200 m/s and rise to altitudes of ~400 to 2000 km over the

magnetic equator (Sobral et al.,  1981; Pimenta et al.,  2003; Barros
et al., 2018).

In the context of the Rayleigh–Taylor mechanism, the ionosphere
can be described by several  thin layers  of  different densities.  Oc-
currence of  a  perturbation in the interface between two fluids (a
heavy fluid over a light one) can lead to development of instabilit-
ies and  can  generate  EPBs.  The  polarization  electric  field  pro-
duced  inside  an  EPB  maps  simultaneously  to  both  hemispheres,
causing  an  elongation  of  the  EPB  along  the  magnetic  field  lines
(Sobral et al., 2009; Otsuka et al., 2002). The vertical growth of the
flux tube-aligned plasma depletions over the equator, with the as-
sociated smaller-scale structure, is responsible for the spread F lat-
itudinal extension  (the  EPB).  Its  occurrence  in  a  low  latitude  sta-
tion can indicate the vertical EPB extension to the equatorial apex
height of the field line that maps to the F layer bottom side over
these stations  (Abdu et  al.,  1983; 2009).  During quiet  times,  EPBs
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can  reach  the  geographic  latitude  of  ±35°,  depending  on  their
Apex height  (Pimenta et  al.,  2003; Barros  et  al.,  2018; Carrasco et
al.,  2017).  On  the  other  hand,  under  some  extreme  cases  during
geomagnetically  storm  conditions,  EPBs  can  extend  to  latitudes
greater than 40° (e.g., Huang et al., 2007; Cherniak and Zakharen-
kova,  2016; Katamazi-Joseph  et  al.,  2017; Li  et  al.,  2018; Aa  et  al.,
2019).

Recently, Carrasco et al. (2020) studied the bifurcation of EPBs us-
ing a  2D  Plasma  Bubble  Model  (PBM2D)  and  found  that  this  bi-
furcation  was  controlled  by  the  polarization  electric  fields  inside
the EPB. According to their numerical simulations, the bifurcation
is initiated once the head of the EPB has passed the F-layer’s peak
and when the maximum of the vertical field (positive) is very close
to the minimum value of the zonal field in the middle part of the
EPB. They also showed that the vertical electric field is bipolar in-
side the EPB and agrees with the electric  field  measurements  re-
ported by Aggson et al. (1996).

EPBs  are  one  of  the  most  significant  issues  of  Space  Weather  on
social  lives,  scattering  and  diffracting  satellite-based  navigation
signals (e.g.,  Global  Navigation  Satellite  System  —  GNSS),  result-
ing in the wave signal’s scintillations that can reduce the accuracy
of  GNSS signals,  or  even,  in  extreme cases,  disable  them.  A large
number of studies have been carried out during the last decades
to understand better  and improve the modeling and forecasting
of  EPBs,  to  mitigate  the  impact  on  society  of  these  irregularities
(Takahashi et al., 2016).

Nighttime  medium-scale  traveling  ionospheric  disturbances
(MSTIDs) are wave-like perturbations in the ionospheric plasma. In
the equatorial and low-latitude regions, nighttime MSTIDs are as-
sociated primarily  with  upward  gravity  waves  related  to  tropo-
spheric  convective  events  (e.g., Fukushima  et  al.,  2012).  On  the
other hand,  some events observed in the low latitude region are
associated also with midlatitude nighttime MSTIDs, most of which
are generated by electrodynamic forces due to Perkins instability
(e.g., Amorim et al., 2011; Sivakandan et al., 2019). In general, mid-
latitude nighttime MSTIDs propagate northwestward (southwest-
ward) in  the  Southern  (Northern)  hemisphere  with  a  phase  velo-
city  from  ~50  to  200  m/s,  horizontal  wavelengths  of  ~80  to
160  km,  and  periods  ranging  from  ~5  to  45  minutes  (Amorim  et
al., 2011; Figueiredo et al., 2018).

Some  observed  characteristics  of  Perkins  instability,  such  as
growth  rate  and  propagation  direction  preference,  are  still  not
fully explained (e.g., Miller et al.,  1997; Kelley and Miller,  1997).  In
the last  two decades, Cosgrove et  al.  (2004), Otsuka et  al.  (2007),
Yokoyama  et  al.  (2009), Yokoyama  and  Hysell  (2010) have pro-
posed  that  the  electrical  coupling  between  the  E-  and  F-regions
can increase the growth rate of the Perkins instability and control
the propagation direction of an MSTID.

The  interaction  between  EPBs  and  TIDs  has  been  the  subject  of
several recent investigations. Otsuka et al. (2012) reported the dis-
appearance of  EPBs  after  interacting  with  an  MSTID  over  Sh-
igaraki (34.9°N,  136.1°E),  Japan,  on  August  22,  2001.  They  ob-
served OI 630.0 nm airglow emissions using an all-sky imager, and
report  that  EPBs  were  propagating  eastward  while  the  MSTID
propagated southwestward,  with  a  northwest-southeast  wave-

front  alignment.  They  suggest  that  the  electric  field  associated

with  the  MSTID  shifts  the  ambient  ionization  plasma  into  EPBs,

causing them to vanish.

Using  simultaneous  measurements  of  the  OI  630.0  nm  emission,

made on  August  8,  2002,  by  two  all-sky  imagers  located  at  geo-

magnetically conjugate points — Darwin, Australia (12.4°S, 131°E)

and Sata, Japan (31°N, 130.7°E) — Shiokawa et al. (2015) observed

an equatorward EPB disappearance. However,  the disappearance

was observed only in the field of view of the Darwin imager.  The

authors suggested that an enhancement of the equatorward ther-

mospheric  wind,  driven  by  an  equatorward-propagating  large-

scale traveling ionospheric disturbance (LSTID) over Darwin, could

explain the observations.

Narayanan  et  al.  (2016a) studied  some  EPB  cases  over  Panhala

(16.8°N, 74.1°E), also using OI 630.0 nm emission. They observed a

reduction  in  the  latitudinal  extension  of  the  EPBs  corresponding

to downward  drift  over  the  magnetic  equator.  However,  the  au-

thors have argued that these events seemed not to be related to

TIDs.  In  another  case,  one  EPB  was  shrinking  while  an  adjacent

EPB was growing. Since the longitudinal extension of a TID is sig-

nificantly larger than a few kilometers, the TID should interact al-

most simultaneously  with  both  EPBs.  The  authors  found  no  con-

clusive explanation  of  the  observed  EPB  shrinking.  The  interac-

tion between EPBs and TIDs thus remains a complex and not well-

understood subject  with  severe  implications  for  nighttime  iono-

sphere morphology and dynamics.

The  present  work  aims  to  report  observations  of  the  interaction

between EPBs and an MSTID by OI  630.0 nm airglow imaging —

the first results obtained by the all-sky imager installed at Bom Je-

sus da Lapa observatory in Brazil. Details of the observed interac-

tion between EPBs and an MSTID and a possible explanation will

be presented in the following sections. 

2.  Instrumentation
A  new  airglow  observatory  was  installed  at  Bom  Jesus  da  Lapa

(BJL)  (13.3°S,  43.5°W;  Quasi-Dipole  (QD)  latitude  of  14.1°S)  in

December 2019, under a scientific collaboration between the Na-

tional Institute for Space Research (INPE) and the Federal Institute

of Education, Science and Technology Baiano (IF Baiano). The all-

sky  imager  installed  at  the  BJL  observatory  measures  airglow

emissions  from  the  mesosphere  and  thermosphere  regions.  The

observatory is  strategically  located  under  the  Equatorial  Ioniza-

tion Anomaly (EIA) South crest, not far from the São João do Cariri

(CA) (7.4°S, 36.6°W; QD: 12.7°S) observatory. Thus, these observat-

ories allow excellent coverage of this area on the Brazilian coast to

monitor the mesosphere and ionosphere dynamics.

The imager is composed of a fisheye lens, with a 180° field of view,

a 3-inch diameter interference filter, a telecentric lens system, and

an  objective  lens  to  project  the  image  onto  a  Charged  Coupled

Device (CCD) camera, with an array of 1024 × 1024 pixels. Airglow

measurements are  made  for  the  OI  557.7  nm,  OI  630.0  nm,  Hy-

droxyl  (715–930  nm),  and  O2 emissions.  Image  integration  times

are  15  seconds  for  OH  and  90  seconds  for  OI  557.7  nm,  OI

630.0 nm, and O2.
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This study also used a ground-based network of GNSS receivers to

monitor EPBs and the EIA by mapping the Total Electron Content

(TEC map). TEC is calculated using both phase delay and pseudo-

range of  the GNSS satellite dual-frequency radio signals.  TEC val-

ues are mapped on an ionospheric shell at an altitude of 350 km,

with  a  spatial  resolution  ranging  from  50  to  500  km,  depending

on the GNSS receivers' density. This TEC map can cover almost the

entire South  America  continent  and  monitor  TEC  variability  con-

tinuously  with  a  time  resolution  of  10  minutes  (Takahashi  et  al.,

2016; Barros et al., 2018).

A  Digisonde  Portable  Sounder-4  (DPS4)  ionosonde  located  at

Fortaleza  (FZ)  (3.7°S,  38.6°W;  QD:  8.7°S),  Brazil,  was  also  used  to

observe  the  structure  and  dynamics  of  F-layers.  The  DPS4  has  a

peak power of around 10 kW and average power of 500 W, trans-

mitting  electromagnetic  pulses  in  a  wide  frequency  range,  from

0.5 to 30.0 MHz. This ionosonde uses an antenna transmitter, four

antenna  receivers,  and  a  circuit  to  amplify  the  received  echoes.

After  the  reception,  the  signals  are  recorded as  a  diagram of  the

ionosphere's  virtual  height  plotted  against  frequency,  known  as

an ionogram. Virtual heights are calculated based on the time in-

terval between pulse transmission and echo reception; the results

are accurate to ±5 km (Reinisch et al., 1997).

Electron  density  and  TEC  profiles  from  GNSS  Radio  Occultation

(RO) data,  measured by Constellation Observing System for  Met-

eorology,  Ionosphere,  and  Climate  (COSMIC-2),  were  also  used.

COSMIC-2 is  an international  collaboration between the National

Space Organization (NSPO) from Taiwan and the National Ocean-

ic  and  Atmospheric  Administration  (NOAA)  from  the  United

States. It uses a constellation of six remote sensing microsatellites

to collect  atmospheric  data  for  weather  prediction  and  for  iono-

sphere, climate, and gravity research.

The RO is a conceptually simple remote sensing method that em-

ploys radio transmitter/receiver pairs with a signal path that trans-

its  a  planetary  limb.  A  GNSS  receiver  onboard  a  Low  Earth  Orbit

(LEO) satellite allows precise measurements of the amplitude and

phase of GNSS radio signals when the LEO satellite is occulted by

Earth's ionosphere and atmosphere (Yue et al., 2014).

By  assuming  spherical  symmetry,  it  is  possible  to  determine  the

ionospheric  electron  density  of  the  tangent  point  by  using  the

Abel transform.  After  that,  TEC  values  are  calculated  by  integrat-

ing the electron density profile and mapping to the vertical direc-

tion. The derived range is from 80 km to the COSMIC satellite or-

bital height, around 800 km of altitude (Jakowski et al., 2005; Sun

et  al.,  2017; Li  et  al.,  2019).  This  paper  used  COSMIC-2  electron

density  and  TEC  values  from  the  “ionPrf”  files  from  the  Level  1b

Dataset, which are freely available on the web portal of the COS-

MIC  Data  Analysis  and  Archival  Center  (CDAAC, https://cdaac-

www.cosmic.ucar.edu/)  and  databases  of  the  Taiwan  Analysis

Center  for  COSMIC  (TACC, https://tacc.cwb.gov.tw/v2/en/index.

html/). 

3.  Results and Discussions
Figure 1 presents an OI 630.0 nm unwrapped image, obtained at

the BJL observatory, by the all-sky imager at 01:19 UT on the night

of September 16 to 17, 2020. The BJL airglow observatory is indic-

ated as  a  dot  and  a  label  in  the  center  of  the  image;  the  CA  im-
ager is depicted by a dot and a label in the upper right corner of
the  image.  The  ionosonde,  located  at  FZ,  is  indicated  as  a  green
square. Radio  occultation  mean  longitude  and  latitude  measure-
ments  taken  from  COSMIC-2,  are  shown  as  a  blue  asterisk  (7.5°S,
44.9°W; QD: 8.6°S) and orange triangle (11.8°S, 45.1°W; QD: 12.0°S)
in Figure 1. The magnetic equator (at 250 km of altitude) is repres-
ented by a black line, while the magnetic field lines, and the quasi-
dipole  latitudes  are  depicted  in  red.  It  is  possible  to  see  the  EIA
south crest as a bright band in the northeast–southwest direction,
and EPBs in the top side of the image, as narrow dark depletions
in the north–south direction.

(t − 30 min) < t < (t + 30 min)
Figure 2 presents in Panels (I) and (II)  the OI 630.0 nm relative in-
tensity and detrended unwrapped images,  respectively.  Each de-
trended image was calculated by using a mean image obtained in
the  time  interval  of . The  image  se-
quence  was  obtained  at  the  BJL  observatory  on  the  night  of
September 16 to 17,  2020.  It  is  essential  to mention that it  was a
geomagnetically quiet night.

Figure 2 (Panels I and II) records, between 01:19 UT and 02:16 UT,
the occurrence of five EPBs, marked as B1, B2, B3, B4, and B5 in the
images, moving eastward with a zonal drift velocity of 63 ± 7 m/s.
On the other hand, a dark band MSTID, marked as M, propagates
towards  the  group  of  EPBs,  from  southeast  to  northwest,  with  a
phase velocity of 111 ± 6 m/s. Before the interaction between the
EPB group and the MSTID, EPB B5 can be seen to bifurcate,  from
01:19  UT  to  02:16  UT;  after  which  the  bifurcation  disappeares.
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Figure 1.   BJL OI 630.0 nm unwrapped image showing the EIA south

crest and EPBs occurrence on the night of September 16 to 17, 2020,

at 01:19 UT. BJL airglow observatory is indicated as a black dot in the

center of the image. CA observatory is indicated as a blue dot.

Ionosonde (FZ) and radio occultation mean longitude and latitude

measurements taken from COSMIC-2 are shown by a green square, a

blue asterisk, and an orange triangle. The black line represents the

magnetic equator (at 250 km altitude); the red lines represent the

magnetic field lines and the quasi-dipole latitude.
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Around 02:16 UT,  the  EPBs  interact  with  the MSTID;  EPBs  B3 and

B4 are  forced  to  merge  (B3  +  B4),  followed  by  an  abrupt  south-

ward development. From 03:13 UT, the combined EPB B3 + B4 bi-

furcates,  and completely  vanishes at  05:14 UT.  The interaction of

the MSTID  with  the  EPBs  at  the  beginning  favors  the  develop-

ment  of  EPB  B3  +  B4,  and  then  later,  inhibits  the  combined  EPB.

This is the first observation in which it has been possible to follow

EPB evolution through phases of bifurcation and disappearance.

The pattern that emerges from our results may be summarized as

follows: (1) The interaction between the polarization electric fields

(zonal  and  vertical)  produced  inside  the  EPBs  (Carrasco  et  al.,

2020) and the electric fields associated with the MSTID (Otsuka et

al.,  2012)  causes  the  abrupt  growth  of  the  EPBs  (B5,  B3+B4)  and

their  bifurcation.  (2)  After  electrostatic  interaction,  a  mechanical

interaction  also  occurs  via  charged  particle  density  between  the

EPBs  and  the  MSTID,  which  causes  the  bifurcation  to  disappear

(see images at 02:16 UT and 04:13 UT), followed by the complete

disappearance at 05:14 UT of all EPBs from the all-sky imager field

of view.

The  latitudinal  growth  of  EPB  B3  was  also  calculated;  between

00:00 UT and 00:44 UT, EPB B3 decreased its latitudinal growth by

28  m/s.  As  the  MSTID  approached  EPB  B3  between  00:44  and

01:33 UT, B3 grew at 14 m/s as if  it  were drawn to the MSTID. Fi-

nally, when the MSTID interacted with EPB B3, it grew at a rate of

58 m/s. EPB B3 developed from the magnetic equator up to ~16°S

(geographic  latitude),  corresponding to  an Apex height  of  about

600 km. In our work, EPB drift velocity and propagation direction

were obtained using a 2-D Fourier Transform (Wrasse et al., 2007).

An animation showing the Figure 2 OI 630.0 nm image sequence

is available through this paper's supporting information.

Based on the EPB B3 latitudinal growth velocities indicated above,

it is possible that EPB B3 grew faster latitudinally as a result of its

interaction with the MSTID. Therefore, we conclude that the MST-

ID's eastward polarizing electric field may play a significant role in

EPB growth.

Using  data  from  all-sky  images, Narayana  et  al.  (2016b) propose

three  different  mechanisms  to  explain  the  merging  of  EPBs.  One

of the  mechanisms  they  propose  is  defined  as  follows:  the  lead-

ing EPB slows down, the trailing EPB catches up, and they merge.

In our case, the merging was slightly different; the electrified MST-

ID  (eMSTID)  changed  the  EPBs’  velocities  and  forced  EBP  B2  and

B4 to merge with B3.  Consequently,  the EPB B3’s  growth in  latit-

ude suggests an intensification of the eastward polarization elec-

tric field inside the EPBs.

EPBs are considered to move at approximately the same velocity

as  the  ambient  plasma drift  (Sobral  et  al.,  2009). During the  day-

time,  the  ionospheric  electron  density  drifts  under  the  influence

of  vertical  electric  fields  generated  by  E-  and  F-region  dynamos

(Haerendel  et  al.,  1992). During  the  nighttime,  the  E-region  elec-

tron  density  undergoes  by  a  rapid  dissociative  recombination

(Heelis et al., 1974), and the F-region dynamo controls the dynam-

ics of the ionosphere. EPBs observed at BJL in the OI 630.0 nm air-

glow  images  on  September  16  to  17,  2020,  were  propagating

eastward with a zonal drift velocity of around 63 ±7 m/s. Barros et

al.  (2018) describe  characteristics  of  EPBs  observed  between

November 2012 and January 2016 over South America using TEC

maps based on ground-based GNSS receivers; they report that the

EPBs exhibited an eastward movement with zonal  drift  velocities

varying  from  80  to  150  m/s  at  around  13°S  geographic  latitude.

EPBs’ zonal velocities found at BJL were slightly smaller than those

observed  by Barros  et  al.  (2018).  However, Sobral  et  al.  (2009)

pointed out that EPB zonal velocity increases with increased solar
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Figure 2.   Panels (I) and (II) present the OI 630.0 nm relative intensity and detrended unwarped images obtained at Bom Jesus da Lapa

Observatory (13.3°S, 43.5°W; QD: 14.1°S) showing the interaction between EPBs and MSTID on the night of September 16 to 17, 2020.
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flux. Moreover, the EPB zonal drift velocity depends on local time;

velocity  is  observed to lessen toward local  midnight.  Besides  the

time  difference  between  the  measurements,  a  weaker  EPB  zonal

velocity observed at the BJL observatory could be attributed to a

weaker solar  flux,  which  leads  to  weaker  neutral  wind  and  F  re-

gion dynamo.

Besides the EPBs’ occurrence, the EIA south crest is also seen as a

bright band  in  the  north–southwest  direction  of  the  all-sky  im-

ages  showed  in Figure  2.  The  EIA  south  crest  seems  to  disperse

southwestward after 03:13 UT, followed by decreased OI 630.0 nm

relative intensity — seen in Panel (I) of Figure 2f.

Figure 3 presents TEC maps at 01:20 UT and 03:40 UT on the night

of September 16 to 17, 2020. The white circle indicates the BJL all-

sky  imager  field  of  view.  Occurrence  of  EPBs  can  be  seen  in

Figure 3a, on the northwest side of the BJL all-sky imager field of

view  (marked  by  the  dashed  white  lines).  The  TEC  maps  also

clearly show the dynamics of the EIA South crest over BJL through

the  night  (indicated  by  the  white  arrows).  After  approximately

03:40 UT (Figure 3b), the decrease of OI 630.0 nm relative intens-

ity seen in Figure 2f can be explained by the low ionization in the

EIA crest region. Despite that,  the BJL all-sky imager could follow

the EIA  south  crest,  verifying  that  it  remained  above  the  BJL  re-

gion throughout the entire night.

The  EPBs  were  drifting  eastward  until  they  met  the  eMSTID  at
02:16 UT, as shown in Figure 2c and in the supplementary materi-
al. After that, the EPBs merged, followed by an abrupt southward
development. Otsuka et  al.  (2012) and Shiokawa et  al.  (2015) ob-
served  disappearances  of  an  EPB  after  the  interaction  with  the
eMSTID  and  suggest  that  plasma  velocity  shear  associated  with
the eMSTID filled the EPB inside the region with plasma due to E × B
drift.  However,  the  interaction  between  EPB  and  eMSTID  in  the
present  case  suggests  that  the  dark  band  eastward  polarization
electric  field  induced  an  enhancement  of  the  EPB  polarization
electric  field,  causing further  uplifting.  Due to  the  magnetic  field
line's  equipotential  nature,  the  polarization  electric  field  is
mapped to  different  latitudes  and altitudes.  The EPBs  developed
almost  ~500  km  latitudinally,  which  correspond  to  ~200  km  in
Apex height.

We used FZ ionosonde data and CA all-sky images to analyze how
the eMSTID’s eastward polarization electric field affected the EPBs’
behavior at BJL. The ionosonde observations are inside the all-sky
imager field,  so  it  is  possible  to  calculate  the  eMSTID's  polariza-
tion electric  field in  situ. Figure  4 shows,  in  Panels  (I)  and (II),  the
CA OI  630.0  nm  relative  intensity  and  detrended  unwarped  im-
ages,  on  September  16  to  17,  2020.  The  sequence  of  images
shows  two  EPBs  (B1  and  B2)  and  the  eMSTID  (M),  each  at  30-
minutes time intervals;  the EPB and eMSTID interaction occurs at
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Figure 3.   TEC maps at 01:20 UT and 03:40 UT on the night of September 16 to 17, 2020. TEC map show the occurrence of EPBs (white dashed

lines) over the northwest side of the BJL all-sky imager field of view. White dots depict the locations of airglow observatories CA and BJL, while the

arrows indicate the location of EIA south crest.
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Figure 4.   Panels (I) and (II) show the OI 630.0 nm relative intensity and detrended unwarped images taken at São João do Cariri (CA) observatory

(7.4°S, 36.6°W; QD: 12.7°S) and also presents the interaction between EPBs and MSTID on the night of September 16 to 17, 2020.
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02:02 UT. It is important to mention that the eMSTID observed at
CA is the same one observed at BJL.

Figure  5 presents  the  FZ  ionograms  obtained  at  01:50  UT  and
03:30  UT,  showing  a  difference  of  ~30  km  in  the  F-layer  virtual
height  (Reinisch  and  Huang,  1983; Huang  and  Reinisch,  1996;
Huang,  and  Reinisch,  2001).  This  difference  might  be  due  to  the
influence of the eMSTID, which induces an enhancement in the F-

region eastward electric field, forcing the F-layer to drift upward.

Figure  6 shows  the  ionospheric  parameters  measured  by  the  FZ
ionosonde  on  the  night  of  September  14  to  15  (Panel  I)  and
September  16  to  17  (Panel  II),  2020.  Panels  (a)  represent  true
height (hF) variations at fixed frequencies of 5, 6, and 7 MHz, while
Panels (b) show the band-pass filtered oscillations (d(hF)/dt) of the
fixed frequencies; Panels (c) show the eastward polarization elec-
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Figure 5.   Ionograms obtained at Fortaleza (FZ) (3.7°S, 38.6°W; QD: 8.7°S) on the night of September 16 to 17, 2020, showing a height difference

between the ionograms at 01:50 UT and 03:30 UT.
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Figure 6.   (a) True height variations at fixed frequencies of 5, 6, and 7 MHz; (b) the band-pass filtered oscillations (d(hF)/dt) of the fixed

frequencies; (c) Eastward polarization electric field over FZ on the night of September 14 to 15 (Panel I) and September 16 to 17 (Panel II), 2020.

The vertical black dotted line indicates the solar terminator at 350 km altitude. The vertical red dashed lines indicate the EPBs’ occurrence. P1 and

P2 depict the time of the RO measurements.
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tric field. The vertical black dotted line indicates the solar termin-
ator at  350 km altitude,  while  the vertical  red dashed lines indic-
ate the EPBs’ occurrences. The night of September 14 to 15 (Panel
I)  was  chosen  for  comparison  with  the  results  observed  on
September  16  to  17  (Panel  II):  note  that  on  September  14  to  15
EPBs were observed, but in the absence of any MSTID. The intens-
ity of the eastward polarization electric field (Ex) was estimated us-
ing  the  relation  d(hF)/dt ≈ Ex/B (Abdu  et  al.,  1981; Batista  et  al.,
1986).  d(hF)/dt was  calculated  from  the  true  height  at  the  fixed
frequencies of 5, 6, and 7 MHz; B was obtained from International
Geomagnetic  Reference  Field  (IGRF)  2020  (Thebault  et  al.,  2015),
at 250 km of altitude.

As proposed by several authors, wave-type structures seen in the
ionospheric  parameters  could be associated with the occurrence
of EPBs (e.  g. Abdu et al.  2009, Tsunoda et al.,  2018, Takahashi et
al.,  2018).  On both days (Figure 6, Panels I  and II)  the wave struc-
tures  observed  are  in  good  agreement  with  the  occurrences  of
EPBs detected in CA OI 630.0 nm airglow images. The vertical red
lines indicate the eastward polarization electric field behavior be-
fore  the  EPBs’  occurrence.  As  pointed  out  by Abdu  et  al.  (2009)
and Resende et  al.  (2019),  there  is  a  time delay  of  a  few minutes
between the intensification of the polarization electric field asso-
ciated with the F region vertical drifts and the occurrence of EPBs.
The  same  time  delay  can  be  seen  between  the  intensification  of
the polarization electric field and the wave structures peak associ-
ated with EPB occurrence.

On the night of September 16 to 17, all the frequencies oscillated
in  phase,  with  no  time  delay.  Analyzing  the  polarization  electric
field associated with two consecutive EPBs (at 00:30 UT and 02:10
UT)  and  the  eMSTID  passage,  a  variation  of  ~0.4  mV/m  can  be
seen in Panel II of Figure 6a. The increase of the polarization elec-
tric  field  is  followed  by  an  abrupt  F-layer  upward  movement.
However, on the previous night (September 14 to 15) the frequen-
cies  did  not  conform  to  the  well-noticed  in-phase  oscillation.
Moreover,  that  night  the  F-layer  exhibited  a  smooth  upward
movement;  analysis  of  the  polarization  electric  field  associated
with the two consecutive September 14−15 EPBs (at 00:30 UT and
01:40 UT), reveals a variation of ~0.08 mV/m.

The  polarization  electric  field  variation  associated  with  the  two
consecutive EPBs, at approximately the same time, on the night of
September 16 to 17,  was five times larger  than polarization elec-
tric field variation on the previous night on which no eMSTID was
observed. It thus seems likely that the abrupt movement seen on
the night of September 16 to 17, 2020, can be related to the pas-
sage of the eMSTID.

The  observational  results  presented  in  this  paper  entirely  agree
with the simulated results reported by Krall et al. (2011). Using The
Naval  Research  Laboratory  three-dimensional  simulation  code
SAMI3/ESF, the authors investigated the response of the post-sun-
set F-layer  to  an  eMSTID.  They  found  that  when  the  eMSTID  en-
counters  the  field  lines  at  the  F-layer  bottom  side,  the  eastward
polarization electric  field  associated  with  the  eMSTID  could  trig-
ger the EPB’s growth.

Figure  7 presents  electron  density  and  TEC  profiles  obtained  by
COSMIC-2 satellite data on the night of September 16 to 17, 2020.

Both  electron  density  and  TEC  profiles  measured  by  COSMIC-2
satellites show similar behavior observed by the ionosonde at FZ.
The electron density profiles observed at 02:11 UT (solid red line)
and 03:52 UT (dashed red line) present a peak height around ~270
and 235  km,  respectively.  On  the  other  hand,  TEC  profiles  ob-
served at 02:11 UT (solid blue line) and 03:52 UT (dashed blue line)
show a peak height at ~245 and ~215 km, respectively. The figure
suggests  a  downward  movement  of  the  F-layer,  similar  to  the  F-
layer  downward  movements  seen  in  Panel  II  of Figure  6a,  at
02:30 UT  (P1)  and  03:50  UT  (P2).  Moreover,  electron  density  pro-
files  and  TEC  values  at  the  peak  present  a  significant  decrease
from  one  measure  to  another.  This  decrease  may  be  due  to  low
electron density associated with EPBs,  eMSTID, or EIA southwest-
ward movement, seen in the TEC maps of Figure 3, or just merely
a nighttime F layer decrease.

After  the  EPB’s  abrupt  southward  grow  (shown  in Figure  2),  it
presents  a  well-developed  bifurcation  due  to  its  interaction  with
the  eMSTID.  The  bifurcation  phenomenon  has  been  studied  by
several authors using both observational and numerical methods
(Aggson et al., 1996; Huang and Kelly, 1996; Hysell, 1999; McDon-
ald  et  al.,  1981; Yokoyama  et  al.,  2014; Zalesak  et  al.,  1982). Re-
cently, Carrasco et  al.  (2020) used a numerical  simulation to ana-
lyze several  theories  in  the EPB bifurcation literature;  they report
that EPB bifurcation at the magnetic equator is initiated once the
head of the EPB has passed the F-layer’s peak and when the max-
imum of the vertical field (positive and inside the EPB) is very close
to the minimum value of the zonal field in the middle part of the
EPB.

Observations  from  satellites  (Aggson  et  al.,  1996)  and  numerical
simulation (Carrasco et al.,  2020) have both shown that inside an
EPB at the magnetic equator, the electric field's zonal and vertical
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Figure 7.   Electron density (red) and TEC (blue) profiles measured by

COSMIC-2 satellites on the night of September 16 to 17, 2020, near

the BJL airglow observatory. Solid and dashed lines represent the

occultation at 02:11 UT and 03:52 UT.
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components can  present  an  unipolar  and  bipolar  variation,  re-

spectively.  Inside such an EPB,  while the zonal  electric  field drifts

the  electron  density  upward,  the  vertical  electric  field  separates

the electron  density  towards  the  EPB  walls,  causing  the  bifurca-

tion.  However,  the  bifurcation  observed  in  our  airglow  images

corresponds to latitudes outside the magnetic equator. Therefore,

a  more  detailed  analysis  is  necessary  to  explain  the  bifurcation

process reported here, seen over the BJL observatory. The growth

of EPBs along the magnetic tube plays an important role in the dy-

namics of the EPBs, which must be taken into account in numeric-

al simulation of theoretical models.

Finally, we compare the current results to the case study reported

by Otsuka et al. (2012). In Otsuka’s case, the disappearance of the

EPB was  attributed to  the associated polarization electric  field  of

the eMSTID.  However,  in  the  case  reported  here,  from  observa-

tions taken under low solar flux conditions, an EPB with low latit-

udinal extension  experienced  additional  elongation  and  bifurca-

tion when interacting with an eMSTID, an interaction that had two

distinct  characteristics:  first,  the  polarization  electric  field  is

mapped to the equator,  contributing to the EPB growth;  second,

the fading effect may be related to an increase in the EPB’s height

due to  the  eMSTID  interaction,  which  is  equivalent  to  a  north-

ward transequatorial wind. Therefore, the EPB in the present study

is  unique,  with  different  characteristics  from  those  in  the  case

presented by Otsuka et al. (2012). 

4.  Conclusions
We describe the interaction between EPBs and the eMSTID on the

night  of  September 16 to 17,  2020,  the first  study based on data

obtained  at  the  Bom  Jesus  da  Lapa  (BJL)  airglow  observatory  in

Brazil.  The  EPBs  were  drifting  eastward  in  an  apparent  “fossil”

stage  until  they  encountered  the  dark  band  eMSTID.  After  that,

four EPBs  merged,  followed  by  an  abrupt  southward  develop-

ment.  Also observed in the EPBs was well-developed bifurcation.

Our  analysis  suggests  that  an  eastward  polarization  electric  field

induced  by  the  dark  band  eMSTID  mapped  along  the  magnetic

field lines,  forcing  the  EPBs  to  drift  upward,  originating  elonga-

tion along the magnetic field lines and giving rise to bifurcation. 
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