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Key Points:
Large-scale wave structures (LSWSs) of the equatorial ionosphere were observed by detrended TEC mapping.●

The LSWSs had long wavelengths (~900 km), meridionally extended wave fronts (1600 km), and were propagating mainly NE to SE-
wards.

●

We found that the eastward propagating LSWSs were effective in producing Equatorial Plasma Bubbles.●
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Abstract: Large Scale Wave Structures (LSWS) in the equatorial ionospheric F-region were observed by measuring spatial and temporal
variations within detrended total electron content (dTEC) data obtained by ground-based GNSS receivers over the South American
continent. By using dTEC-maps, we have been able to produce, for the first-time, two-dimensional representations of LSWS. During the
period from September to December, the LSWS frequently occurred starting a few hours prior to Equatorial Plasma Bubble (EPB)
development. From 17 events of LSWS observed in 2014 and 2015, wave characteristics were obtained: the observed wavelengths,
periods, and the phase speeds are respectively, ~900 km, ~41 min and ~399 m/s; the waves propagated from the northeast to southeast.
In some cases the front of the oscillation was meridionally aligned, extending to more than 1600 km, the first time such large extension of
the wavefront has been reported. From F-layer bottom height oscillation data, measured by ionosonde, LSWS exhibit two different
vertical phase propagation modes, in-phase and downward phase. The former mode indicates the presence of a polarization electric field
in the F-layer bottom side; the latter suggests propagation of atmospheric gravity waves. The presence of LSWS near the solar terminator,
followed by the development of EPBs, suggests that the upwelling of the F-layer bottom height produces a condition favorable to the
development of Rayleigh–Taylor instability.
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1.  Introduction
The Earth’s equatorial ionosphere exhibits several specific electro-

dynamic processes. The most outstanding of them are: the equat-

orial ionization anomaly (EIA) during the day, the Post Sunset Rise

(PSSR) of the F-layer, the occurrence of Rayleigh−Taylor instability

(RTI), and the generation of Equatorial Plasma Bubbles (EPBs) (Kel-

ley,  2009).  Atmospheric  gravity  waves  (AGWs)  propagating  from

below (Röttger, 1973, Vadas et al., 2009) and travelling ionospher-

ic disturbances (TIDs) from other places (Krall  et  al.,  2011) are ex-

ternal forces that disturb the equatorial ionosphere. Especially, in

the  case  of  the  generation  and  development  of  EPBs,  there  is  a

precondition  to  their  development:  needed  is  an  uplift  of  the  F

layer with a drift speed sufficient to produce an instance of RTI. A
PSSR  occurs  under  pre-reversal  enhancement  (PRE)  of  the  zonal
electric  field  along  the  geomagnetic  equator.  In  addition  to  the
normal mode of PSSR, some additional (electro-dynamical and/or
neutral-dynamical)  forcing  could  accelerate  or  deaccelerate  the
upwelling,  resulting  in  favorable  or  un-favorable  conditions  for
generation  of  an  RTI  (Abdu  et  al.,  2015). Propagation  of  atmo-
spheric gravity waves during a PSSR could contribute an addition-
al forcing. Therefore, monitoring such parameters as the equatori-
al ionosphere’s electron density, vertical drift velocity, F-layer peak
height, and  steepness  of  its  bottom-side  height  profile,  in  addi-
tion  to  its  dynamical  processes,  during  the  afternoon-to-evening
hours,  is  critical  to  elucidating  the  conditions  of  EPB  generation
and subsequent development.

Large-Scale Wave  Structures  (hereafter  denoted  as  LSWS)  ob-
served during  the  evening  uplift  of  the  ionosphere,  and  their  in-
volvement in  the  subsequent  generation  of  EPBs,  were  first  dis-
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cussed  by Tsunoda  (2005).  According  to  him,  the  longitudinal
wave structure with a horizontal wavelength of around 400 km, a
period  of  ~1  hour,  and  an  eastward  phase  velocity  of  ~100  m/s
was  superposed  on  the  evening  PSSR.  Soon  after, Saito  and
Maruyama  (2007) reported the  presence  of  longitudinal  differ-
ences in  the temporal  variations of  F-layer  bottom heights  when
the equatorial  Spread  F  occurred,  suggesting  thereby  the  pres-
ence of longitudinal variability of the F layer during the sunset-to-
evening hours. Thampi et al. (2009) reported observation of an in-
stance of LSWS followed by EPBs from the Communications/Nav-
igation  Outage  Forecasting  System  (C/NOFs)  satellite  data.  They
observed  that  the  LSWS  had  horizontal  wavelengths  of  500−
700  km  with  an  amplitude  of  oscillation  of  ±0.4  TECu.  They  also
found that the LSWS was formed before the E-region sunset, sug-
gesting that the source of the LSWS was not a PSSR but might be
related to E-layer electrodynamics. Narayanan et al.  (2012) repor-
ted a case study of  the presence of  small-scale wave structure in
addition to LSWS as a pre-requisite to the triggering of EPBs. Ram
et al. (2014) studied longitudinal variations of the TEC observed by
ground-based receivers  and  found  that  longitudinal  wave  struc-
ture  were  frequently  observed  before  the  E-region  sunset,  of
which  the  horizontal  scale  of  the  oscillation  were  around  200–
500 km and latitudinal extension was of the order of 500−600 km,
centered at  the  geomagnetic  equator.  The  amplitude  of  the  ob-
served oscillation increased toward the night.  They also reported
that  EPBs  were  observed  to  occur  when  the  amplitude  of  the
wave oscillation was larger than 2 TECu.

Later, Tsunoda (2015) drew a schematic diagram of LSWS, wherein
a meso-scale wave (with a  wavelength of  a  few hundreds of  km)
was propagating on a longer scale (~1500 km) F-layer uplift (PSSR)
prior  to  the  F-layer  peak. Tsunoda  (2015) further  suggested  that
the  meso-scale  upwelling  has  its  origin  in  atmospheric  gravity
waves from the lower atmosphere,  propagating upward into the
E-region,  producing  a  polarization  electric  field,  which  will  field-
line  map  to  the  F-region  bottom  height. Abdu  et  al.  (2015) ana-
lyzed  ionosonde  data  from  the  equatorial  region  and  observed
periodic  height  oscillation  at  fixed  plasma  frequencies,  followed
by Spread-F development during the post sunset hours. They also
observed  that  the  oscillation  amplitude  increased  toward  the  F-
layer peak. They found further that there was no activity of Spread
F when  the  oscillation  was  weak.  From  the  observational  evid-
ence, they suggested the presence of a large-scale wave structure
in the F-layer bottom height when the RTI developed.

A consensus seems to have emerged that during the PSSR period
there could be additional  upwelling that triggers an RTI  in the F-
layer bottomside, generating EPBs (Tsunoda, 2015). The source of
that additional upwelling could be atmospheric gravity waves ac-
celerating or decelerating the PSSR. However, how the waves act
in  the  ionosphere  to  produce  the  vertical  oscillation  of  the  ions
that results in development of an RTI in the F-layer is not yet well
understood  (Tsunoda  et  al.,  2018).  It  is  still  an  open  question
whether the upwelling of the F-layer bottom side is  due to a po-
larization electric field generated in the E-layer and its mapping to
the F layer (FAI), or is produced directly by the AGW-induced wind
oscillation  (Abdu  et  al.,  2015). Further,  there  is  a  lack  of  observa-
tional  data  on  the  wave  characteristics,  such  as  the  wavelength,
period, phase velocity  and the propagation direction,  to determ-

ine  whether  the  upwelling  is  due  to  direct  driving  by  gravity
waves, or through E- and F-region electrodynamic coupling.

Another point  to be investigated would be the latitudinal  exten-
sion of the LSWS. Previous observations of the longitudinal wave

structures  (Li  GZ et  al.,  2012; Patra  et  al.,  2013; Abdu et  al.,  2015,
Liu  KK  et  al.,  2019)  have  revealed  that  the  satellite  traces  in  the
ionogram (a  signature  of  LSWS)  and airglow wave-like  structures
preceding the EPBs  were  observed not  only  at  the  equatorial  re-
gion  but  also  in  the  low  latitudes,  even  at  the  dip  latitude  of
14.3°N  (Liu  KK  et  al.,  2019). However,  how  the  low  latitude  fea-
tures were related to the equatorial LSWS has not been clear. The

present  dTEC  observations  over  South  America  provide  direct
evidence that LSWS can extend from the magnetic equator to low
latitudes.

The  purpose  of  the  present  work  is,  therefore,  to  investigate  the
longitudinal  structure  of  the  equatorial  ionosphere  by  observing
several ionospheric  parameters,  including  GNSS-based  TEC,  de-
trended TEC (dTEC),  and ionospheric  heights  at  fixed plasma fre-
quencies from ionogram and the airglow atomic oxygen 630 nm

images.  From  two  years  of  ground-based  data  over  the  South
American equatorial and low latitude regions (0 to 20°S), we could
identify 17 cases in which so-called LSWS were followed by devel-
opment of  equatorial  plasma bubbles (EPBs).  Two such cases are
presented here, as typical examples; the relationship between the
LSWS and the seeding process of EPBs will be discussed. 

2.  Observation
Observations of spatial and temporal variations of the ionosphere
and of  the  generation  and  development  of  EPBs  have  been  car-
ried  out  using  several  ground-based  instruments.  The  present
study uses data obtained by GNSS ground-based receivers,  iono-
sondes, and airglow imagers. 

2.1  TEC and dTEC
The  ionospheric  Total  Electron  Content  (TEC)  is  obtained  from
measurement of the phase delay (dS) of GNSS radio waves in the
ionosphere, as given by:

dS = 40.3 [TEC] /f 2 (m) , (1)

fwhere “ ” is the frequency of the radio wave (s−1). [TEC] is the total
electron content along a column of one m2 area,  in the direction
of  the  wave  propagation,  where  1  TECu  corresponds  to  1  ×  1016

electrons  m−2.  In  practice,  the  phase  delay  is  calculated by  using
the phase difference between two carrier wave frequencies f1 and
f2. Details  of  the  calculation  process  have  been  presented  else-
where  (Otsuka  et  al.,  2002, Takahashi  et  al.,  2016).  TEC  mapping
(TECMAP)  over  South  America  has  been  carried  out  using  more
than  140  GNSS  receivers  operated  over  the  continent  by  several
GNSS  networks.  All  of  the  data  are  processed  and  the  TECMAPs

are  produced  by  the  Brazilian  Studies  and  Monitoring  of  Space
Weather  (EMBRACE)  (http://www2.inpe.br/climaespacial/portal/
en/) since 2012.

Small  amplitudes  of  the  TEC  variation,  less  than  1  TECu,  and  the
short period oscillation are obtained by calculating the detrended
TEC (dTEC):
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(dTEC)t = (TEC)t− < TEC (t ± 30 min) >, (2)

where < > indicates  an average of  the TEC (t−30 min)  to  TEC (t+

30 min). By this process we can suppress the long-term TEC oscil-

lation (of more than one hour). The dTEC values calculated in this

manner  are  in  a  range  of  –1  to  +1  TECu  variation.  According  to

Figueiredo  et  al.  (2018),  the  amplitude  of  oscillation  of  medium

scale  travelling ionospheric  disturbances  (MSTIDs)  is  of  the order

of  0.2  TECu  and  the  period  of  oscillation  is  less  than  one  hour.

Therefore, our present calculation using Equation (2) would be ap-

propriate to determine the ionospheric perturbations prior to and

during the solar terminator passage.

The  (dTEC)t values  obtained  from  all  the  combinations  of  GNSS

signals of the ground-based receivers in a selected area at a time

“t”  can  be  plotted  on  a  map,  producing  a  dTECmap  with  a  time

resolution  of  1  minute.  The  bin  size  of  the  dTEC  map  is  0.30°  ×

0.30°  in  latitude  and  longitude;  smoothing  (5  ×  5  binning)  was

then  applied,  corresponding  to  a  size  of  1.5°  ×  1.5°  latitude  and

longitude. Therefore, spatial resolution of dTEC on the map is lim-

ited  to  around  150  km.  In  this  way,  we  can  identify  the  wavelike

oscillation of dTEC values with horizontal wavelength equal to or

larger than 300 km.
 

2.2  Ionograms
Two  digital  ionosondes  (DPS-4)  (http://www.digisonde.com/in-
strument-description.html)  have been operated in  the equatorial
and  low  latitude  regions  in  Brazil,  one  at  São  Luís  (2.6°S,  44.2°W,
geomag. lat. 3.9°S) and the other at Fortaleza (3.9°S, 38.4°W, geo-
mag. lat.  6°S).  Both are operated at  a  cadence of  10-min time in-
terval.  Ionograms and temporal  variations of  the heights  at  fixed
plasma  frequencies  are  referred  to  investigate  the  presence  of
satellite  traces,  Spread  F,  and  F-layer  bottom  height  oscillations.
Ionosonde data used in the present study were obtained from the
EMBRACE data center.
 

2.3  Airglow 630 nm Imager
An airglow all-sky imager for measurement of the oxygen 630 nm

emission  has  been  operated  at  São  João  do  Cariri  (7.4°S,  36.5°W,

geomag.  lat.  11.9°S).  The  airglow  image  covers  an  ionospheric

area  with  a  diameter  of  ~1500  km  at  250  km  altitude  where  the

emission  layer  is  located.  The  initial  phase  of  the  F-layer  bottom

height  oscillation  during  the  evening  uplift  can  be  detected  by

the imager.  The data processing of  the 630 nm images has been

presented elsewhere (Takahashi et al., 2020).
 

3.  Results
We  analyzed  TEC-maps  obtained  in  2014  and  2015,  focusing  on

the longitudinal wave structure observed during the evening sol-

ar  terminator  passage.  In  general,  well-formed  TEC  gradients

along the geomagnetic longitude, parallel to the solar terminator

line,  are  observed  during  the  period  from  September  to  March.

Among them  we  frequently  observed  wavelike  depletion  struc-

tures of the TEC. We designated a wave structures as an instance

of LSWS if (1) there was a wave propagation structure in the dTEC

keograms,  (2)  there  were  periodic  oscillations  in  the  ionogram

fixed  frequencies  (5−8  MHz),  (3)  the  structure  appeared  0  to  3

hours prior to the passage of the solar terminator at the E-region

height and was followed by an EPB occurrence, and (4) it was ob-

served in the latitudinal zone of 0 to 15°S. The atmospheric condi-

tion of  geomagnetic  activity  was  not  considered.  The  identifica-

tion of wave structure and wave characteristics are performed by

using dTEC map and its keogram (Takahashi et al., 2020). As men-

tioned later, we identified a total of 17 cases that met these criter-

ia. Two events, typical of the 17, are presented in some detail us-

ing their TEC map, dTEC map, keogram and F-layer true height os-

cillation data. All of the keograms and the F-layer d(hF) time series

used  in  the  present  work  are  presented  in  an  attached  Support

file.
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Figure 1.   TEC map of the northeastern equatorial region of South America on the evening of 23 October 2014, at 21:30 UT (left panel) and 22:00

UT (right panel). The black line is the geomagnetic equator, and the black dashed line is the location of the solar terminator at 120 km altitude.
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3.1  Case 1: 23 October 2014
Figure  1 shows  a  TEC-map  over  the  equatorial  and  low  latitude

(5°S–25°S) region of Brazil for the evening of 23 October 2014. The

color  shade indicates  spatial  variability  of  the  TEC from 10 (blue)

to  80  (red)  TECu.  The  solid  black  line  indicates  the  geomagnetic

equator;  the dashed black  line  indicates  the location of  the solar

terminator at 120 km altitude (the topside of E-layer). At 21:30 UT

(18:30 LT) (left panel), TEC depletions on the west- and east-sides

of the terminator can be seen. This sort of depletion does not nor-

mally occur. Instead, homogeneous decreases of the TEC are typ-

ically observed along the magnetic equator in the evening hours.

30 minutes  later  at  22:00 UT (right  panel),  further  depletions can

be seen along the terminator line, and EPBs were seen to initiate

in the eastern side at 40 and 45°W.

A dTEC-map with an amplitude of ±0.2 TECu provides further de-

tails  of  the  spatial  TEC  variability  in  the  evening  period. Figure  2

presents  a  snapshot  of  the  dTEC-map  at  21:16  UT.  Note  that  the

amplitude of the fraction presented is +0.2 to –0.4 TECu. TEC en-

hanced belts can be seen along the meridional  line,  one at 47°W

(wide) and the other at 38°W (weak and narrower). Both crests are

indicated  by  dark  blue  arrows.  The  black  dash-dot  line  indicates

the  solar  terminator  at  120  km,  which  is  almost  parallel  to  the

crests.  The  extent  of  the  crests  is  approximately  1000  km;  the

western  crest  is  located  at  about  9°  west  of  the  sunset  line.  It  is

worth  noting  that  the  crests  extend  to  the  south  by  more  than

12°,  suggesting  that  the  wave  front  is  meridionally  extended  by

more than 1500 km.

The time evolution of the dTEC-map can be seen by making a keo-

gram, a sliced dTEC at latitude (10°S) and longitude (42.5°W) as a

function  of  time,  which  is  plotted  in Figure  3.  The  upper  panel

shows the longitudinal variation (30°W−50°W) of the dTEC at 10°S

from 17:00 UT to 24:00 UT. The black dashed line indicates the sol-

ar terminator at  300 km altitude at the latitude of 42.5°W. Before

22:00 UT, between 20:30 and 21:50 UT (highlighted by a rectangu-

lar box by a black line), there is a crest and a trough propagating

toward  the  east.  The  lower  panel  presents  latitudinal  variation

(0–15°S)  at  42.5°W.  The two keograms and the movement of  the

phase verify a latitudinally aligned wave structure propagating to-

ward the east, encountering the solar terminator around 21:50 UT,

at  40°W.  The  wave  characteristics,  calculated  by  Fast  Fourier

Transform  from  the  keograms,  are  as  follows:  the  horizontal

wavelength is 896.2 km, the period is 43 min, the phase speed is
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Figure 2.   dTEC map of the northeastern region of South America on

23 October 2014 at 21:16 UT (18:16 LT at 45°W). The black dash-dotted

line and black dashed lines indicate the solar terminator line at 120 km

and 300 km, respectively. The blue arrows indicate the dTEC crests.
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Figure 3.   Keogram of dTEC, the longitudinal cut of 30 to 50°W at 10°S (upper panel) and the latitudinal cut of 0 to 15°S (lower panel) at 42.5°W,

from 17:00 to 24:00 UT. The black dashed lines indicate the solar terminator at 300 km and the black line rectangular box highlights the LSWS

propagating time zone.
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347.4 m/s, and the propagation direction is 90.1° from north, that
is to  the  eastward.  After  22:00  UT  the  dTEC  perturbation  in-
creased to values much larger than ±1 TECu, due to the develop-
ment of an EPB, as can be seen in Figure 1.

On this same evening (23 October 2014), an airglow imager oper-
ated at São João do Cariri  (7.5°S, 36.5°W) observed a depletion in
the 630 nm emission rates  caused by the beginning phase of  an
EPB development.  The  depletion  started  at  22:00  UT  and  exten-
ded  to  the  south  at  22:30  UT.  The  ionosonde  at  Fortaleza  (3.9°S,
38.4°W) observed F-layer bottom side oscillations (satellite traces)
at 21:50  UT,  that  were  followed  by  Spread-F  development  start-
ing  at  22:00  UT.  Temporal  evolutions  of  the  real  heights  at  the
fixed  plasma  frequencies  5,  6,  7  and  8  MHz,  are  presented  in
Figure 4. The PSSR started at around 18:30 UT and the layer height
peaked at  22:00  UT.  During  the  course  of  uplift,  the  layer  oscil-
lated  at  least  twice,  first  at  20:00  UT  and  then  again  at  21:00  UT.
The band-pass filtered oscillations,  d(hF), shown in the figure,  in-
dicate  that  the  four  frequencies  oscillated  in  phase  without  any

time lag between them, suggesting that the oscillations were not
directly due to the passage of atmospheric gravity waves, but due
instead to electrodynamic forcing from below (Abdu et al., 2015).

From the observational evidence of the spatial and temporal oscil-
lation  of  the  dTEC,  ionogram,  and  airglow  images,  we  conclude
that during these afternoon-to-evening hours, from 18:00 to 22:00
UT (15:00 to 19:00 LT at 45°W), bottom height oscillation of the F-
layer  took  place  in  the  course  of  the  PSSR.  The  oscillations,
propagating  eastward,  presented  a  horizontal  wavelength  of
~900  km,  for  a  period  of  ~40  minutes,  and  a  horizontal  phase
speed  of  ~350  m/s.  The  amplitude  of  oscillations  of  the  dTEC
was  approximately  0.5  TECu,  and  the  EPB  developed  at  around
22:00 UT. 

3.2  Case 2: 02 November 2015
Figure 5 presents another example of a TEC-map, this one for the
evening of 02 November 2015. The black dashed line indicates the
location of  the solar  terminator at  120 km at the time of  the TEC
mapping. In  the  left  panel  (21:40  UT),  one  can  see  a  gradual  de-
crease  of  the  TEC  to  the  east  of  the  terminator.  The  gradient
seems to be parallel to the terminator line, showing some zonally
oscillating structure.  It  can  be  seen  that  the  plasma  density  star-
ted  to  decrease  when  the  sunset  reached  the  E-region  height
(~110 km). The right panel of Figure 5 shows the TEC-map at 22:20
UT, 40  min  later  than  in  the  left  panel.  The  solar  terminator  ad-
vanced to the west,  generating plasma depletions.  Three plasma
bubbles (EPBs) can be seen behind the terminator at the equator,
at 50°W, 43°W and 37°W. During the period of November to Feb-
ruary,  the  solar  terminator  line  becomes  almost  parallel  to  the
geomagnetic meridian in the eastern side of the South American
Equatorial region, which makes the E layer act more effectively in
causing F-layer uplift (PRE) (Kelley, 2009).

The  dTEC  maps  in Figure  6 present  further  details  of  the  plasma
depletions around the solar terminator. In the upper panel (21:36
UT)  one  can  see  a  crest  and  a  trough  of  the  dTEC  at  roughly
37°W−40°W  and  7°S.  The  amplitude  of  the  oscillation  was  much
larger  than  0.2  TECu.  The  solar  terminator  at  300  km  altitude
(broken line)  was  overlaid  on the crest.  Six  minutes  later  (middle
panel), the solar terminator advanced westwards by ~160 km, but
the  displacement  of  the  crest  was  negligible,  and  another  crest
formed at around 40°W−42°W. The distance between the crests is
approximately 550 ± 100 km. At 21:50 UT (lower panel)  the crest
behind the terminator was superposed by disturbed dTECs, which
seems to signal the beginning of evolution of the EPBs. The amp-
litude  of  oscillations  obtained  in  this  case  was  almost  ±1  TECu,
which is  higher  than those normally  observed (±0.2  TECu)  in  the
MSTIDs (Figueiredo et al., 2018). It is worth noting that the latitud-
inal extension of the waves was more than 15° (1600 km).

On this evening, an airglow 630 nm imager at Cariri (7.6°S, 36.5°W)
observed  a  depletion  starting  at  around  21:40  UT  (18:40  LT).
Figure 7 shows the geographically coordinated OI 630 nm image
observed at  21:43 UT.  A depression of  the emission intensity can
be observed over the zenith (upper panel), which indicates vertic-
al oscillation of the F-layer bottomside, indicating an initial phase
of EPB seeding. Ten minutes later (lower panel) the depletion had
extended to the south,  forming an EPB structure.  Comparing the
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Figure 4.   Temporal variations of the F-layer true height (hF) at fixed

plasma frequency of 5 to 8 MHz from 18:00 UT (15:00 LT) to 27:00 UT
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372 Earth and Planetary Physics       doi: 10.26464/epp2021047

 

 
Takahashi H et al.: Longitudinal wave structures for plasma bubble seeding

 



dTEC-maps of Figure 6 (middle panel) and Figure 7 (upper panel),
which  present  nearly  simultaneous  observations,  it  appears  that
when the dTEC was positive (at around the 36°W line) the 630 nm
emission  rate  was  low,  indicating  that  the  emission  height  was
higher.

The  ionosonde  at  Fortaleza  (3.9°S,  38.4°W)  observed  satellite
traces  in  the  ionogram  taken  at  21:30  UT  and  subsequently  the
Spread  F  started  at  21:50  UT. Figure  8 (upper  panel)  depicts  the
temporal evolution of the F-layer height at fixed plasma frequen-
cies  of  5,  6,  7,  and  8  MHz.  The  vertical  dashed  line  indicates  the
solar  terminator  at  300  km  over  Fortaleza.  The  F-layer  rose  to
above 400 km due to the strong PSSR, and reached its maximum
height at  around  22:00  UT.  The  Spread  F  appears  to  have  oc-
curred 10 to 15 minutes before the F-layer’s 22:00 UT peak height.
The 630 nm images and ionosonde data indicate that the F-layer
over  the  36°W−38°W  zone  started  to  become  unstable  at  21:30
UT,  leading  to  the  development  of  Spread  F  as  indicated  by  the
onset of  EPBs at 21:  50 UT.  It  is  significant that in Figure 8 (lower
panel),  there are temporal  oscillations of  the heights at  5−8 MHz
between  19:00  to  20:00  UT,  and  that  they  are  almost  in  phase,
suggesting that these height oscillations might originate from the
local  electric  field,  as  suggested by Abdu et  al.  (2015).  Therefore,
the  strong  uplifting  observed  might  reflect  a  contribution  from
the longitudinal waves also observed, the so called LSWS.

In the case of the 02 November 2015 event, we observed a wave-
like structure of the TEC, the wave front being parallel to the solar
terminator line, resulting in bottom-side height oscillation during
the evening PSSR. The horizontal wavelength was around 550 km,
and the  amplitude  of  the  oscillation  of  the  TEC  was  approxim-
ately  1.0  TECu,  which  is  larger  than  what  is  expected  in  typical
cases of MSTID (Figueiredo et al., 2018). 

4.  Discussion
From the dTEC observational  results  presented here for  23 Octo-
ber 2014 and 02 November 2015, we conclude that there are fre-

quent  occurrences  of  periodic  oscillations  of  the  F-layer  bottom
height and appearances of wave front of the dTEC during the post
sunset rise (PSSR) of the F-layer, which result in the development
of  EPBs. Abdu  et  al.  (2015) has presented  such  oscillation  struc-
tures of the F-layer at fixed plasma frequencies and suggested the
presence  of  LSWS  superposed  on  PSSR.  Our  results  presented
here are similar to those reported previously by Ram et al.  (2014)
and Abdu  et  al.  (2015).  However,  knowledge  remains  limited  of
such wave  characteristics  as  the  longitudinal  and  latitudinal  ex-
tension of  the  waves,  and especially  of  the  relationship  between
wave  fronts  and  the  solar  terminator.  It  is  still  an  open  question
whether LSWS generation is due to directly to atmospheric grav-
ity  waves  or  due  to  the  polarization  electric  field  generated  by
gravity wave  oscillations  in  the  E-region,  or  to  a  dynamical  pro-
cess  generated  by  the  solar  terminator  (Forbes  et  al.,  2008).  The
present results could provide some clarification of some of the un-
known features of the LSWS.

In summary: From two years (2014 and 2015) of TEC data, a total
of 730 days of data, we could identify 17 cases in which dTEC keo-
grams indicated wavelike structure near the solar terminator,  fol-
lowed by EPB occurrence. In these cases, the oscillations occurred
0  to  3  hours  prior  to  the  solar  terminator’s  crossing  at  the  E-re-
gion (110 km). Takahashi  et  al.  (2018) has reported similar  obser-
vations (35 cases) of same-day occurrence of MSTID and EPBs, col-
lected from a wide latitudinal range (0 to 35°S), including the MST-
ID source  region  up  to  the  mid-latitude.  Our  data,  however,  fo-
cused on  MSTIDs  in  the  equatorial  to  low  latitude  (0°S−15°S)  re-
gion, as mentioned above. In Table 1 summarizes the wave char-
acteristics of the events presented here, which are cases in which
both LSWS and EPBs were observed on the same day. As reported
by Takahashi et al. (2018) the occurrence rate of MSTIDs in this re-
gion is high during the winter months (June–July) and the occur-
rence rate of EPBs is high during the summer (October to January)
(Barros et al.,  2018).  Therefore,  the same-day occurrence of LSWS
(MSTID)  and  EPB  is  observed  primarily  during  the  period  of
September to December, as can be seen in Table 1.
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Figure 5.   TEC map on the evening of 02 November 2015, at 21:40 UT (left panel) and 22:20 UT (right panel). The black full line is the

geomagnetic equator, and the black dashed line is the location of the solar terminator at 120 km altitude.
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Table  1 reveals  that  the  mean  horizontal  wavelength  is  900  ±
224 km, the period is  41 ± 16 min,  and the phase speed is  399 ±
140  m/s.  Previous  studies  have  reported  horizontal  wavelengths
between  100−700  km  (Ram  et  al.,  2014),  periods  of  60  min,  and
the eastward phase speeds of 100 m/s (Tsunoda et al., 2018). Our
present  results  indicate  that  the  horizontal  wavelength  and  the
phase  speeds  are  larger  than  previously  reported.  Regarding  the
amplitude  of  oscillation  in  the  TEC  observation, Thampi  et  al.
(2009) reported that it was 0.4 TECu. In our present observation, it
is  around  0.1  to  0.5  TECu,  corroborating  the  previous  data.
Tsunoda and White (1981) found that LSWS produces vertical os-
cillation of  the  F-layer  bottomside,  with  amplitude  of  approxim-
ately 10 to 30 km. From our present observations of TEC and dTEC
mapping, it  is  not  possible  to  determine  whether  the  dTEC  per-
turbation  came  from  the  bottomside  or  the  F-layer  peak  region.
However, the  periodic  oscillations  of  the  ionosonde  fixed  fre-

quency true heights, shown in Figures 4 and 8, indicate that the F-

layer  bottomside  was  oscillated  with  an  amplitude  of  around

5 km.  The  observed  wave-like  depletion  of  the  OI  630  nm  emis-

sion images shown in Figure 7 (upper panel) also indicates height

oscillation  of  the  F-layer  bottomside.  Therefore,  we  assume  that

the observed dTEC wave structures are a signature of  the F-layer

bottomside oscillation.

The horizontal wavelengths of the selected events are fairly long,

being around 900 km on an average and varying between 700 to

1100 km, and their period was around 40 min. Essien (2020) ana-

lyzed  MSTIDs  in  the  equatorial  and  low  latitude  region  of  South

America during the same period 2014−2015, and found that these

MSTIDs were observed primarily during the daytime (09:00–19:00

LT) and their  horizontal  wavelengths,  periods,  and phase velocit-

ies  were,  respectively,  650  ±  150  km,  35  ±  10  min,  and  290  ±  90

m/s. We  report  somewhat  longer  wavelengths.  The  phase  velo-

city  and  the  direction  of  propagation  data  are  summarized  in

Figure 9. It is interesting to note that the phase velocities are quite

variable — from 140 to 640 m/s with an average of 399 ± 140 m/s.

The  direction  of  propagation  is  anisotropic,  with  more  than  65%

of  events  propagating  toward  northeast,  east,  and  southeast.

These findings differ from those reported by Essien (2020) whose

-5

-10

-15

La
tit

ud
e 

(°
)

-50 -45 -40 -35
Longitude (°)

2015/11/02 21:36:00 UT (18:36:00 BST)

0.2

0.1

0.0

-0.1

-0.2

-0.3

-0.4

TE
C 

(1
016

/m
2 )

-5

-10

-15

La
tit

ud
e 

(°
)

-50 -45 -40 -35
Longitude (°)

2015/11/02 21:42:00 UT (18:42:00 BST)

0.2

0.1

0.0

-0.1

-0.2

-0.3

-0.4

TE
C 

(1
016

/m
2 )

-5

-10

-15

La
tit

ud
e 

(°
)

-50 -45 -40 -35
Longitude (°)

2015/11/02 21:50:00 UT (18:50:00 BST)

0.2

0.1

0.0

-0.1

-0.2

-0.3

-0.4

TE
C 

(1
016

/m
2 )

 
Figure 6.   dTEC map of the northeastern region of South America on

02 November 2015 at 21:36 UT (upper panel), 21:42 UT (middle panel)

and 21:50 UT (lower panel). The black dash-dot line and dashed line

indicate the solar terminator line at 120 km and 300 km, respectively.
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Figure 7.   Airglow OI 630 nm all sky images (flat-field) taken at Cariri

observatory (7.5°S, 36°W) on 02 November, 2015, at 21:43 UT (18:43

LT) (upper panel) and 21:55 UT(18:55 LT) (lower panel). The blue dot is

the location of observatory.
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observed the direction to be mainly toward the north and south-
east.  Our  results  suggest  that  the  waves  propagating  toward
northeast  to  southeast  during  the  evening  uplift  period  were
more effective in generating R-T instability; these results corrobor-
ate those of Tulasi  Ram et  al.  (2014),  who demonstrated that  the
waves propagating  eastward  in  the  ionosphere  will  be  more  ef-
fective in  triggering  EPBs.  We  could  not  find  in  the  data  we  ex-
amined  any  clear  difference  in  the  characteristics  between  the
MSTIDs  and  the  LSWSs.  It  seems  that  some  portion  of  MSTIDs
propagating eastward are acting as LSWS and generating EPBs.

With regard to horizontal extension of the LSWS wave fronts, the

present two cases (Figure 2 and Figure 6) show meridional exten-

sion  longer  than  15°  (~1600  km). Liu  KK  et  al.  (2019) observed

such wave structures in the OI 630 nm images over Fuke (19.3° N,

109.1°E, dip lat. 14.3°N). It appears that the typical LSWS has a long

latitudinal  extension,  from  the  geomagnetic  equator  to  the  low

latitude region.  The long meridional  extension of  the wavefronts

could be related to the waves driven by the solar terminator.  Ac-

cording to Forbes et  al.  (2008) and Liu HX et al.  (2009), the west-

ward  movement  of  the  solar  terminator  produces  oscillations  of

atmospheric  density  and  winds,  the  wavelengths  of  which  are

roughly 3000−5000 km and with wavefronts extending longitud-

inally with an inclination of around 30° against the solar terminat-

or line.  Our  present  wave  characteristic  results,  however,  are  dif-

ferent from those of such solar-terminator-driven waves.

As presented in Figure 4 and Figure 8,  the temporal variations of

the d(hF) at fixed plasma frequencies (5−8 MHz) reveal the oscilla-

tions to be in-phase, i.e.,  with no phase-shift among the different

frequencies.  This  indicates  that  these  oscillations  are  due  to  the

local  polarization  electric  field  in  the  F-layer  bottom  height.  As

Tsunoda  (2015) suggested,  upward  propagating  gravity  waves

generate the polarization electric field in the E-layer that will field-

line-map  to  the  F-layer,  generating  in-phase  oscillation  of  the  F-

layer bottom height. In this case the LSWS will appear before the

E-region  sunset.  As  mentioned  above,  the  observed  dTEC  wave

structure and d(hF) oscillations did appear 0 to 3 hours before the

E-region  sunset.  On  the  other  hand,  in  the  17  events  of  LSWS

presented in Table 1,  there are several  cases in which downward

phase  propagation  was  observed.  These  cases  might  be  due  to

direct perturbation (vertical oscillation) of the neutral atmosphere,

produced by  the  passage  of  gravity  waves  in  the  lower  thermo-

sphere and the resulting vertical oscillation of the F-layer bottom-

side. Takahashi  et  al.  (2020) reported  the  case  of  16  September

2015  when  the  phase  was  propagating  downward.  Whether  the

LSWS oscillation  mode  is  in-phase  or  downward-phase  propaga-

tion mode would depend on the wave generation mechanism, as

pointed  out  by Abdu  et  al.  (2015).  To  understand  better  the

nature of wave propagation in the ionosphere, further model sim-

ulation will be required. 

5.  Conclusion
The  characteristics  of  afternoon-to-evening  large-scale  wave

structures (LSWS) in the equatorial ionosphere were studied from

measurements of GNSS-based TEC, ionospheric heights at specif-

ic  plasma  frequencies  as  read  from  ionograms,  and  airglow  OI

630  nm  all-sky  images.  From  the  analysis  of  two  years  (2014−

2015) of these data, 17 LSWS events were selected; their average
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Figure 9.   Phase speed and direction of propagation of 17 events of

LSWS (in 2014−2015) calculated from keogram, 0–3 hours prior to the

solar terminator passage at the E-region height.
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wavelengths,  periods,  and  phase  speeds  are  found,  respectively,
to  be 900 ± 224 km,  41  ± 16 min,  and 399 ± 140 m/s.  The LSWS
wave  fronts  were  found  to  be  aligned  with  the  solar  terminator,
extending  longer  than  1600  km.  The  propagation  direction  was
mainly toward northeast to southeast, suggesting effectiveness of
LSWS in  seeding EPBs.  We find also  that  the occurrence of  LSWS
followed by EPBs is frequent during the September to December
period,  from  which  we  conclude  that  effectiveness  in  triggering
EPBs must be due to seasonal variations in LSWS occurrence. The
LSWS  could  be  a  part  of  the  MSTIDs.  We  observed  two  types  of
vertical  oscillation  of  F-layer  bottom  heights,  in-phase  oscillation
and downward-phase propagation mode. The former may be due
to oscillation of the local polarization electric field; the latter may
be generated by local atmospheric gravity waves. 
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Table 1.   Large Scale Wave Structures (LSWS) close to the solar terminator line at around 40°W in 2014 and 2015.

Year Month Day Hours (UT) HWL
(km)

Sigma
(km)

Period
(min)

Sigma
(min)

c(H)
(m/s)

Sigma
(m/s)

Direction
(0°−360°)

Sigma
(°)

3 4 21−22 873 70 32,5 1,6 447,7 42,3 253,9 17,2

3 5 20−21 745,2 72,8 39,5 2 314,4 34,5 191,3 1,5

9 12 20−21 732,9 59,7 33,5 1,7 364,7 34,8 345,6 19,3

9 17 20−21 1111,6 71,1 34 17 544,9 44,2 43,6 5,5

10 21 21−22 1174,8 81,7 40 2 489,5 41,9 330,2 8,8

2014 10 22 21:30−22:40 1039,7 76,9 37,5 1,9 462,1 41,2 24,3 11,1

10 23 20:30−21:40 896,2 95,4 43 2,2 347,4 40,9 90,1 0

11 9 20:45−22:00 758,4 74,7 34,5 1,7 366,4 40,5 82,5 1

12 6 21−22 974,2 83,5 30,3 1,5 535,3 53,1 264,1 47,3

12 10 19−20 931,7 78,5 37,5 1,9 414,1 40,6 170,5 29,4

9 16 20−21:30 689,4 47,1 35,7 1,8 322,1 27,3 31,3 8,4

10 22 21−22 605,2 40,9 44,5 2,2 226,7 19,1 148 8,1

11 1 21−22 1454,4 127,1 37,5 1,9 646,4 65,1 81,8 1

2015 11 2 20−21 844,7 67,3 101 5,1 139,4 13,1 343,1 16,4

11 11 21−22 639 47,2 41,5 2,1 256,6 22,9 63 3,1

11 12 21−22 715,1 56,5 42 2,1 283,8 26,5 66,5 2,7

11 13 17:00−18:40 1108,4 68,4 29,7 1,5 622,7 49,5 45 5,3

Mean 899,6 40,8 399,1 151,5

STD div 224,5 16,1 140,2 115,5

Notes: HWL: horizontal wavelength, c(H): horizontal phase speed, Direction: direction of wave propagation from north at 0°, Sigma: error range.
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