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Key Points:
●  We present 3D tomography of Equatorial Plasma Bubble (EPB) following a geomagnetic storm on December 3, 2023, using GNSS-TEC

data in Indonesia.
●  A consistent 2D spatial distribution of the rate of TEC index (ROTI) and TEC depletion is first observed over time.
●  The tomography results were validated through resolution tests and comparisons with Global Ionospheric Map (GIM) and

International Reference Ionosphere (IRI), which show the capability of the Indonesian GNSS network for detailed EPB studies.
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Abstract:  Equatorial Plasma Bubbles (EPBs) are ionospheric irregularities that take place near the magnetic equator. EPBs most
commonly occur after sunset during the equinox months, although they can also be observed during other seasons. The phenomenon
significantly disrupts radio wave signals essential to communication and navigation systems. The national network of Global Navigation
Satellite System (GNSS) receivers in Indonesia (>30° longitudinal range) provides an opportunity for detailed EPB studies. To explore this,
we conducted preliminary 3D tomography of total electron content (TEC) data captured by GNSS receivers following a geomagnetic
storm on December 3, 2023, when at least four EPB clusters occurred in the Southeast Asian sector. TEC and extracted TEC depletion with
a 120-minute running average were then used as inputs for a 3D tomography program. Their 2D spatial distribution consistently
captured the four EPB clusters over time. These tomography results were validated through a classical checkerboard test and
comparisons with other ionospheric data sources, such as the Global Ionospheric Map (GIM) and International Reference Ionosphere (IRI)
profile. Validation of the results demonstrates the capability of the Indonesian GNSS network to measure peak ionospheric density. These
findings highlight the potential for future three-dimensional research of plasma bubbles in low-latitude regions using existing GNSS
networks, with extensive longitudinal coverage.
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1.  Introduction
Equatorial  plasma  bubbles  (EPBs)  are  significant  depletions  in

plasma density within the equatorial ionosphere. They vary in size

from 50 to 1000 km, extending from the bottom side F region to

altitudes of about 1000 km (Ossakow et al., 1979). These phenom-

ena typically emerge after sunset, rising in altitude and stretching

along  geomagnetic  field  lines  to  the  north  and  south,  typically

within a narrow band of ±20° dip latitude (Tsunoda, 1980; Tsunoda

et  al.,  1982).  Their  zonal  migration  could  reach  up  to  25°  of  the

eastward direction or beyond (Abadi et al., 2024). Large-scale EPBs

affect precise GNSS navigation (Yang Z et al., 2020) through rapid

fluctuations  in  the amplitude and phase of  radio  signals  (Kintner

et al.,  2007). The pre-reversal enhancement (PRE) of the eastward

electric  field  induces  upward  plasma  drifts  at  the  equator  after

sunset (Farley et al., 1986). This upward plasma drift maintains the

F layer at higher altitudes, which in turn increases the growth rate

of  Rayleigh−Taylor  instability  (RTI),  leading  to  the  generation  of

plasma bubbles (Kelley,  2009; Retterer and Roddy, 2014).  Numer-

ous  studies  on  the  spatial  and  temporal  evolution  of  EPBs  have

been  reported  using  various  techniques,  such  as  ionosonde

observations  (Abadi  et  al.,  2023),  Equatorial  Atmospheric  Radar

(EAR) (Abadi et al., 2024), radio scintillation measurements (Abadi

et  al.,  2024),  all-sky  optical  instruments  (Dos  Santos  Prol  et  al.,
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2018),  Global  Navigation  Satellite  Systems  Radio  Occultation
(GNSS-RO)  (Rajesh  et  al.,  2022; Shinbori  et  al.  2023),  and  Global
Navigation  Satellite  Systems  Total  Electron  Content  (GNSS-TEC)
records (Pradipta et al., 2015; Husin et al., 2024).

Despite  the  development  of  numerous  techniques,  a  significant
challenge  in  characterizing  plasma  bubbles  persists,  because
sensor  instruments  are  limited  in  their  ability  to  monitor  plasma
depletions over large areas (Dos Santos Prol et al., 2018). With the
extensive installation of ground-based GNSS receivers worldwide,
initially for studies of crustal movement and land mapping activi-
ties,  the  observation  of  plasma  bubbles  over  large  areas  has
become  more  feasible  using  GNSS-TEC  parameters  from  these
GNSS stations. For example, Carmo et al. (2022) reported unusual
pre-sunrise plasma bubbles using a dense GNSS network in South
America. Cherniak  and  Zakharenkova  (2018) utilized  GNSS
networks  across  ~50  European  countries  to  study  ionospheric
disturbances  caused by  a  geomagnetic  storm in  2015.  The  latest
extensive  studies  of  equatorial  plasma  bubbles  using  the  dense-
large coverage GNSS nation network in Indonesia are reported in
Abadi et al. (2025).

Indeed,  while  GNSS-TEC  parameters  cannot  fully  replace  the
advantages  of  other  ionosphere  sensors  (e.g.  monitoring  high
spatial  resolution  of  vertical  plasma  variability,  as  ionosonde
measurements can), they provide an alternative solution for iono-
spheric studies,  both horizontally due to significant GNSS station
distribution  (Sori  et  al.,  2021; Heki,  2021),  and  vertically  by
performing  3D  tomography  with  GNSS  lines-of-sight  (Muafiry  et
al., 2018; Song R et al., 2022).

The primary objective of  this  study is  to examine EPBs in greater
detail  using  3D  tomography  analysis  from  GNSS-TEC  data  in
Southeast Asian sector, particularly over Indonesian Region. Previ-
ously,  3D tomography study of  EPBs using GNSS-TEC parameters
has been reported for  Brazilian (Dos Santos Prol  et  al.,  2018)  and
Southeast  Asian limited to  Malaysian Peninsular  (Khamdan et  al.,
2021) regions.  For the latter,  due to narrow zonal distance of the
ground GNSS stations used,  only two out of  the three clusters  of
EPBs can be detected. The Indonesian GNSS Continuously Operat-
ing  Reference  System  (Ina-CORS),  consisting  of  more  than  300
stations with ~20−30 km average of horizontal distances ranging
from 90°E to 140°E (>30° longitudinal range), offers a comprehen-
sive dataset  in  analyzing EPB and other  ionospheric  irregularities
using the GNSS-TEC parameters. Considering the EPB characteris-
tics  (i.e.  size,  latitudinal  extension  and  longitudinal  migration)
from previous studies, Ina-CORS configurations are highly sufficient
to capture the zonal and meridional evolutions of EPBs in Southeast
Asian sector. Abadi  et  al.  (2025) introduced a 2-dimensional  map
of  GNSS  rate  of  TEC  index  (ROTI)  from  the  Indonesian  network,
and found the datasets useful for monitoring the complete evolu-
tion of plasma bubbles in this sector,  from generation to dissipa-
tion. (Interested readers may use the ROTI map of 10-minute inter-
vals  from  the  Indonesian  network,  for  records  running  from
August  2023  until  present,  at  the  website: https://gatotkaca.
brin.go.id/petaionosfer/. There is a delay of at least one month for
data availability.)

In this study, we preliminarily utilized 30-second interval Ina-CORS

data  to  gain  a  more  thorough  understanding  of  the  behavior  of
ionospheric  plasma  that  contributes  to  the  formation  of  plasma
bubble  in  three  dimensions.  We  examined  both  the  2D  and  3D
structures and the developments of EPBs on December 3rd, 2023,
which  corresponds  to  day  of  year  (DOY)  337,  two  days  after  a
geomagnetic  storm (Sun WJ et  al.,  2024).  In  addition to the ROTI
map, the extracted TEC depletion associated with plasma bubbles
was  used  for  2D  analysis.  The  consistency  in  generation  and
evolution  from  these  two  methods  was  initially  confirmed  to
assess the accuracy of the isolation method, and we reported this
result in Section 2. Furthermore, we used isolated TEC as input to
our  3D tomography programs to  visualize  the  three-dimensional
structures and evolution of plasma bubbles. The robustness of our
tomography results was examined through at least three different
procedures: (1) resolution test of tomography voxels; (2) compari-
son of observed vertical TEC (VTEC) from tomography results with
the  30-minute  VTEC  provided  by  the  Global  Ionospheric  Map
(GIM); and (3) comparison of the three-dimensional vertical profile
with  International  Reference  Ionosphere  (IRI)  vertical  profile.  The
first  testing  procedure  is  detailed  in  Section  2,  while  the  second
and third procedures are reported in Section 3 of this paper. In the
last part of Section 3, we discuss the possible mechanism of EPBs
generation on DOY 337, 2023, based on both the 2D and 3D anal-
yses we performed. Concluding thoughts and future outlooks are
presented in Section 4. 

2.  Data and Method 

2.1  Indonesian GNSS Network and GNSS-TEC

Measurement
Here,  we  utilized  30-second  GNSS-TEC  data  derived  from  raw
Receiver  Independent  Exchange  Format  (RINEX)  data,  from
approximately  300  GNSS  stations  in  Indonesia  managed  by  the
Indonesian Geospatial  Agency (BIG).  We used data from all  avail-
able  GPS  satellites,  with  a  condition  of  elevation  angles  higher
than or equal to 30o. In Figure 1a, black squares show the stations
used in this study, for which the zonal extension of the network is
more  than  30o.  The  VTEC  is  first  calculated  for  each  GPS
station−satellite pair by removing the inter-frequency biases from
both  receiver  and  satellite.  Total  biases  are  obtained  from  the
minimum  differences  of  observed  VTEC  from  the  GIM  (Global
Ionospheric  Map),  with  VTEC  calculated  as  the  multiplication
product of slant TEC (STEC) with cosine of the incidence angles at
a height of 300 km. We followed the STEC calculation performed
by Heki  (2006). Figure  1b is  the  VTEC  time  series  observed  by
CPSM  station  (indicated  by  the  larger  black  square  in Figure  1a).
The  diurnal  variation  of  VTEC  can  clearly  be  seen.  For  example,
VTEC  is  higher  during  local  noon  and  lower  after  sunset  (Figure
1b). In this study, to better analyze the temporal and spatial varia-
tions  of  plasma  bubble,  we  calculated  VTEC  for  all  BIG  stations
available. 

2.2  Extraction of Ionospheric Plasma Bubble
To  extract  the  TEC  depletion  relevant  to  plasma  bubbles,  we
subtracted the VTEC with a running average for each line-of-sight
(LoS),  following  Fig.  S8  in Pradipta  et  al.  (2015),  but  with  longer
period  (e.g.  120  minutes  moving  averages).  This  anticipated  the
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disappearance of expected TEC depletion. The relative change in
VTEC  can  be  seen  in Figure  1f,  and  samples  of  TEC  extraction
using moving average are presented in Figure 1e. From these two
figures,  G6  and  G30  shows  TEC  depletion  of  more  than  10  TECU
(1  TECU  equals  to  1016 el/m2).  We  then  plotted  EPB  extraction
results onto a 2D map for individual LoSs intersecting at a height

of  300 km (e.g.  sub-ionospheric  piercing point),  with  a  condition
of relative change in VTEC below −5 TECU (Figures 2d and 2e). The
LoSs with VTEC anomalies  greater  than −5 TECU were converted
to zero  for  visualization purposes.  This  also  highlights  the  limita-
tions of the running mean method in isolating TEC depletion (for
example,  the  extraction  results  still  contain  positive  changes).  In
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Figure 1.   (a) Map of GNSS stations in Indonesia (black squares), managed by the Indonesian Geospatial Information Agency (BIG). CPSM = CORS

at Pasaman, Sumatra. (b) VTEC measured from CPSM station on December 3rd, 2023. (c) Rate of TEC changes. (d) Rate of TEC index calculated from

all available GPS satellites in blue dots pairing with CPSM. (e) Application of 120 minutes moving average in blue curves to VTEC data in black

curves from G6, G7, G30, and G14 (G stands for satellite GPS). VTEC in (e) is same as the curves given in (b). (f) Extracted VTEC; e.g. subtraction

product between VTEC and moving average curve. Brown shadow in (b−d) panels highlights EPB onset time recorded by CPSM station. The black

dashed curve in (a) is an approximated position of Earth’s magnetic equator.
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contrast,  the  detrending  method  proposed  by Pradipta  et  al.

(2015) is able to recognize the presence of TEC depletions even at

low intensities, without any positive changes. Above all, with this

simpler method, at least four clusters of TEC depletion associated

with  EPBs  were  identified  at  13:00  UT,  and  all  of  them  were

migrating  eastward  as  shown  in Figure  2e (SIP  distribution  at

14:50 UT).

In this study, we also confirmed the generation of such EPBs using
ROTI  calculated  from  the  same  stations. Figures  1c and 1d show
the  rate  of  TEC  changes  and  the  corresponding  index,  which
ranges from 0 to 1. The index begins to increase when TEC deple-
tion  starts.  The  TEC  depletion  associated  with  EPBs  recorded  by
the  CPSM  station  occurred  from  12:00  to  18:00  UT  (Figures
1b−1d).  However,  analyzing  EPBs  from  only  one  station  may  be
insufficient;  thus,  a  ROTI  map  was  created  using  data  from  all
available stations (Figure 2a and 2b). Figure 2a and 2b are derived
from numerical data of Indonesian ROTI map given in Abadi et al.
(2025).  Details  of  the  ROTI  map  generation  from  the  GNSS
network in Indonesia can be found in Abadi et al. (2025). Figure 2c
depicts  zonal  cross-section  of  ROTI  variation  (at  ~0°  N)  from  the
map  on  December  3rd,  2023.  This  profile  resembles  the  TEC
depletion  calculated  by  120-minute  running  averages,  capturing
several  clusters  of  EPBs  migrating  eastward  after  local  sunset
(Figure  2f).  These 2D results  show consistency of  EPB generation
both spatially and temporally. 

2.3  3D Tomography of Ionospheric Plasma Bubble
Our goal is to capture EPB images with tomography, using relative

changes  of  TEC  by  120-minutes  running  average.  In  order  to

quantitatively assess the accuracy of the method, 3D tomography

of  ionospheric  electron  density  is  initially  performed  using  VTEC

measured  from  every  single  GPS  satellite−receiver  pair  as  input

data.  We  expect  that  our  3D  tomography  image  of  background

electron  density  can  be  well-evaluated  by  comparing  the  results

with established independent references (e.g., International Refer-

ence  Ionosphere  Model  and  Global  Ionospheric  Map)  on  a  daily

basis.  Our  3D  tomography  voxel  size  is  1.2°E-W,  2.3°N-S,  and

120 km in height, covering the Indonesian region from 94.2° E to

121.8°E, 11.95°S to 8.95°N, and 120−840 km in altitude.

A tomography resolution test is initially performed using the clas-

sical  checkerboard  pattern,  distributing  alternating  positive  and

negative  electron  density  (±0.3  TECU)  to  the  constructed  voxels

(Figure 3a). We then synthesized the electron density of the tests

for  each  LoS  using  their  real  geometry  positions.  The  ray  path  is

assumed  to  be  the  sum  product  (in  unit  length)  of  electron

density from the penetrated voxels. Also, in our current program,

we used IRI profile at 1°S and 111°E (e.g. the location where EPB is

expected)  as  an  input  for  constraining  the  electron  density  peak

altitude  for  all  available  voxels.  The  uniform  STEC  observation

errors of 0.1 TECU are also assumed here. Details of the algorithm

for the 3D tomography can be found in Muafiry and Heki (2020).

Figure 3b shows that the input patterns are reasonably recovered

through the inversion algorithm, except in the south−west voxels,

which  show  clear  smearing  covering  the  Indian  Ocean  region,

indicating  low  accuracy  of  the  spatial  structure  on  these  voxels.

We also confirmed that the checkerboard test at all other epochs

(with 2-minute intervals) used in this study has the same accuracy

as those performed at 14:50 UT. The main interest of 3D tomogra-

phy studies is to better understand the vertical variability of iono-

spheric  irregularities.  We  found  that,  unfortunately,  after  some

modifications  to  the  voxel  size,  the  120  km  altitude  resolution
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Figure 2.   The sub-ionospheric piercing point (SIP) distribution at 350 km altitude with ROTI at 13:00 UT (a) and 14:50 UT (b). (c) Time-latitudinal

profile of ROTI map detecting at least four cluster of EPB after sunset (EPBs A−D). Red dashed line in (c) shows sunset terminator. (d) and (e) show

SIP at 300 km height with extracted VTEC of less than −5 TECU (TEC anomaly) at 13:00 UT and 14:50 UT, respectively. (f) is similar to (c), but for

anomalous TEC.
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appears  to  be  the  best  option  with  the  current  algorithm  and

datasets. One might expect a vertical resolution of at least 30 km,

but  we  found  smearing  in  almost  all  boxes  at  this  resolution.

Nevertheless,  after  obtaining  good  results  from  the  tomography

resolution test in Figure 3, we were confident enough to continue

the  tomography  studies  using  real  observation  data  over  the

Indonesian region.
 

3.  Results
 

3.1  3D Tomography of VTEC

Figures 4a and 4b display the 3D tomography results  of  electron
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Figure 3.   Resolution test of the tomography voxels using classical checkerboard pattern with alternated ± 0.3 TECU at 14:50 UT (a). The inverted

model (b) shows results of the test in 300 km (upper left panel), 102° E (right panel), and 2° S (bottom panel).
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Figure 4.   Tomography result with VTEC as input data at 03:00 UT (a) and 21:00 UT (b). Comparison of one day (December 3rd, 2024 at 1°S and

111°E) VTEC from tomography result in blue curve and Global Ionospheric Map in orange curve (c). Vertical profile of 3D tomography in blue
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density  at  03:00  UT  (before  EPB  occurs)  and  21:00  UT  (midnight
time  without  EPB)  on  December  3,  2023,  using  VTEC  data  as  an
input. Although the resolution is coarse and the voxel size is large,
the tomogram shows maximum electron density to be located in
F  region  (around  360−480  km  altitude)  for  both  epochs.  For
further evaluation of the tomogram, we compared the daily varia-
tion  of  VTEC  from  GIM,  NASA  CDDIS  (cddis.nasa.gov),  at  1°S  and
111°E  (Figure  4c).  There,  the  tomography  electron  density  is
normalized at  480 km. Although the results  show variations with
the VTEC from GIM, the overall daily trends from both datasets are
very  similar.  Such  variations  may  originate  from  dense  GNSS
receiver  data  used in  the tomography method.  Next,  the  vertical
profile  of  electron density  from tomography is  also  evaluated by
IRI models (Bilitza et al., 2022), as shown in Figures 4d (at 03:00 UT)
and 4e (at 21:00 UT).

We found that the results of the vertical tomographic profile show
good  alignment  in  the  peak  density  region,  but  do  not  fit  well
with the IRI model on the top and bottom sides. This discrepancy
may come from uniform altitudinal constraint in the tomography
program (Muafiry and Heki, 2020). After some confirmations with
the electron density profile of GNSS-RO during the same period, in
our 3D tomography studied area we found differences in the peak
altitudes of vertical profiles between lower and higher latitudes. In
the future, the accuracy of the upper and lower profiles could be
improved  by  incorporating  multiple  ionospheric  observation

techniques,  such  as  GNSS-RO,  Ionosonde,  and  Equatorial  Atmo-
spheric Radar. Nevertheless, the most important goal of this study
is  to  achieve  at  least  a  best-fit  in  the  peak  density  region,  which
helps to indicate the actual altitude of the EPBs where the electron
density is at its maximum.

We next attempted to capture the EPBs using 3D tomography of
VTEC  by  observing  the  latitudinal−height  profile  (Figure  5a)  at
14:50 UT, when at least four clusters of EPB occurred, according to
Figures 2b and 2e. As expected, the profile shows higher electron
density in F layer. Interestingly, electron density depletion is iden-
tified along at least four different longitudes associated with EPBs
detected in ROTI and TEC anomaly maps. Their longitudinal posi-
tions are approximately similar to 2D analysis results in Figures 2b
and 2e. 

3.2  3D Tomography of Equatorial Plasma Bubble
After  having  good  spatial  and  temporal  correlation  of  four  EPBs
cluster  between  the  2D  map  and  3D  structures  from  VTEC  input
data,  we  now  use  relative  changes  of  TEC  (TEC  depletion)
extracted by 120-minutes running mean as an input to 3D tomog-
raphy. Figure  5b presents  the  profile  from  extracted  EPBs  with  a
similar  setting  to Figure  5a.  The  location  of  extracted  EPBs  and
background depletion are similar, although the latter shows larger
coverage  of  EPBs.  This  might  be  due  to  instability  of  the  TEC
extraction method.
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Figure 5.   Altitudinal−latitudinal profile at 2°S from tomogram using VTEC (a) and extracted TEC (b) at 14:50 UT.
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For  detailed  studies  of  EPBs,  we  plotted  time−altitudinal  profile
derived  from  tomogram  using  VTEC  and  extracted  TEC  at  two
minutes  interval.  The  results  (Figures  6a−6c)  show  onset  time  of
depleted  electron  background  and  extracted  EPBs,  according  to
time−latitudinal  profile  of  the  2D  ROTI  map  in Figure  2c.  In  this
context,  the  longitudinal  positions  and  times  of  four  clusters  of
EPBs  were  detected  (e.g.  star  symbols  in Figure  2c)  and  used  for
further detailed studies. EPB A is approximately at 109°E at ~12:00
UT,  EPB  B  is  around  103°E  at  ~13:00  UT,  and  EPBs  C  and  D  are
located around 100°E at ~14:00 UT and at ~15:00 UT, respectively.

Figures 6a−6c shows 3D structures of  the EPB clusters  from their
appearance  to  dissipation  at  each  selected  location  (marked  by
red circles).  The  structures  are  comparable  between the  electron
background depletion and extracted EPB.  For example,  each EPB
recorded  in  a  relatively  similar  period  across  all  EPB  clusters.
However, we realized there is a time lag between them, which we
believe  is  due  to  the  instability  of  the  TEC  change  extraction
method. Nevertheless, the reconstructed profile clearly depicts all
EPB clusters stretching from lower to upper ionospheric F layers. 

3.3  Process of Plasma Bubble Generation
We  next  presented  the  tomogram’s  height−latitude  profile  and
found  prominent  feature  of  EPB  clusters  by  measuring  contrast
with  the  background  amplitudes  in Figure  7b.  Each  expected
plasma bubble (EPBs A−D) can be identified as an electron density
depletion  background,  between  two  peaks  on  the  eastern  and
western sides of the depletion structures. The high-dense electron
background  brought  by  possible  eastward  neutral  wind  signifi-
cantly  increases  the  rate  of  Rayleigh−Taylor  instability  (RTI),

thereby triggering the formation of plasma bubbles (Farley et al.,

1986).

Figure 7a illustrates the height-latitude profile from the tomogram

at  12:20−13:00  UT,  corresponding  to  the  sunset  period  on  DOY

337. During this period, we observed eastward electron movement

indicated by two slopes in black solid lines.  Extending the obser-

vation  period,  as  shown  in Figure  7b,  reveals  that  this  eastward

background migration continues at least until 16:00 UT.

Because  it  is  challenging  to  quantitatively  discriminate  the  back-

ground  movement  in  the  tomogram,  we  extracted  the  electron

background  at  480  km,  from  the  height−latitude  profile  at  12:00

until  16:00  UT  (Figure  7c).  The  plot  shows  some  peaks  for  every

single  epoch  associated  with  high  electron  density  and  they  are

moving eastward. However, in order to calculate the speed of the

movement,  we  focused  on  the  first  peak  on  the  western  side  of

the  12:00  UT  profile,  and  traced  the  closest  peak  at  the  next

epoch,  as  pointed  out  by  blue  arrows.  Such  processes  were

guided  by  tomograms  from Figures  7a and 7b to  accurately

capture the evolution of the EPB. The average speed of the electron

background’s  eastward  migration  from  12:00−16:00  UT  is  calcu-

lated to be 64.81 m/s.

Based on this observed eastward electron background speed, it is

similar to the speed of the eastward neutral wind. Further, we also

confirmed  with  in  situ  Gravity  Recovery  and  Climate  Experiment

Follow-on  (GRACE-FOs)  the  neutral  wind  speed  observation  at  a

similar time (around sunset) and location (around Indonesia) to be

35−150  m/s  (Siemes  et  al.,  2023).  Previously, Abadi  et  al.  (2021)

also reported that the speed of the eastward neutral wind ranges
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from approximately 75 m/s to 150 m/s. Here, we assume that this
eastward  movement  of  the  high-density  electron  background  is
strongly influenced by the eastward neutral wind.

Previous  studies  have  shown  that  the  eastward  neutral  wind
significantly  contributes  to  the  PRE  by  generating  a  downward
polarization electric field in the F region (Rishbeth, 1971; Farley et
al., 1986). Additionally, Abadi et al. (2021) suggests that the equa-
torial  electrojet (EEJ)  also contributes to PRE, by giving a positive
correlation  indicating  that  stronger  EEJ  enhances  PRE  strength.
Despite  both  factors  playing  significant  roles,  the  eastward
neutral wind's impact appears more direct and fundamental, as it
consistently drives the dynamo process, whereas EEJ's influence is
supportive but less dominant (Otsuka et al., 2023). 

4.  Conclusions
In this study, we conducted preliminary 3D tomographic analysis
of  Equatorial  Plasma  Bubbles  (EPBs)  using  GNSS-TEC  data
collected by Indonesia's extensive GNSS network on December 3,
2023  (DOY  337).  The  2D  snapshots  from  ROTI  and  extracted  TEC
confirm the presence of at least four EPBs occurring after sunset,
as  both  displayed  high  index  value  and  TEC  depletions,  respec-
tively.

The  Indonesian  GNSS  network  reveals  a  tomogram  in  which  the
maximum  electron  density  is  primarily  located  in  the  F  region,
which aligns well  with the IRI  vertical  profile.  Although we found
that the top and bottom sides of the tomography profile overesti-
mate  IRI,  this  result  at  least  demonstrates  the  capability  of  the
Indonesian GNSS network to capture the peak density region. An
improved  GNSS-based  tomography  (e.g.  combining  GNSS-TEC

and  GNSS-RO  data)  for  ionospheric  studies  has  been  developed
by Dos Santos Prol  et  al.  (2018),  and represents an area of  future
research for our team. Additionally, four clusters of EPBs were also
identified  in  our  tomogram  from  two  different  inputs  to  the  3D
tomography program: VTEC and extracted TEC with a 120-minute
running mean. These 3D structures agree with the 2D analyses of
ROTI and TEC depletions spatially and temporally.

The 3D-constructed electron density depletion patterns associated
with  four  EPB  structures  (on  DOY  337)  suggest  a  good  spatial
correlation  with  the  dynamics  of  the  surrounding  electron
density.  Eastward  electron  density  migration  was  detected  after
sunset in the tomogram, with an average speed of 64.81 m/s, indi-
cating  the  speed  of  the  eastward  neutral  wind.  However,  we
noted  some  overestimation  in  the  tomogram  which  may  due  to
the  instability  of  TEC  extraction  process.  This  might  reduce  the
accuracy  of  identified  EPBs,  highlighting  the  need  for  further
refinement of data processing techniques in the future.

Above all, this research underscores the potential of 3D tomogra-
phy in a low-latitude region with a longitudinal extension greater
that 30°, paving the way for future studies aimed at improving the
accuracy of ionospheric analyses in equatorial regions. 
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