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Key Points:
e The local time of minimum SYM-H significantly affects the post-sunset ionospheric scintillation formation during geomagnetic storms.
e Post-sunset ionospheric scintillation occurs about 6 hours after minimum SYM-H in weak-moderate geomagnetic storms, and 12
hours in strong storms.
e The disturbance dynamo electric field lasts at least 6 hours in weak-moderate and 12 hours in strong geomagnetic storms.
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Abstract: lonospheric scintillation refers to rapid radio signal amplitude and phase fluctuations due to small-scale irregularities in the
ionosphere. Occurring primarily at equatorial and low latitudes, scintillation is linked to equatorial plasma bubbles (EPBs), regions of
depleted plasma density that form after sunset. lonospheric scintillation typically occurs from post-sunset hours until midnight.
Post-sunset EPBs can be enhanced or suppressed during geomagnetic storms, depending on local sunset timing and how it relates to the
storm's main or recovery phases. This study analyzes ionospheric scintillation in Indonesia, located at low geomagnetic and geographic
latitudes, during geomagnetic events from 2003 to 2024. Using the S4 inde, scintillation was examined with data from seven
observation stations during geomagnetic storm events. Geomagnetic activity was evaluated using Dst, SYM-H, and AE indices, employing
Superposed Epoch Analysis (SEA) to assess scintillation occurrence linked to minimum SYM-H, defined as epoch 0 to represent the storm
peak or the onset of recovery phase in each event. The analysis categorized geomagnetic storms into weak-moderate (-100 nT < min. Dst <
-30 nT) and strong (min. Dst <-100 nT), and examined their dependence on the local time of minimum SYM-H. Results indicate that
scintillation first appears ~6 hours after epoch 0 in weak-moderate geomagnetic storms, and ~12 hours after epoch 0 in strong
geomagnetic storms. The average AE index returns to its baseline value (quiet condition) ~6 and ~12 hours after epoch 0 for
weak-moderate and strong geomagnetic storms, respectively. Further analysis based on the classification of the local time of epoch

0 shows that scintillation occurrence is not observed in post-sunset hours when epoch 0 falls between 16:00 and 19:00 LT for
weak-moderate geomagnetic storms. In strong geomagnetic storms, scintillation occurrence during post-sunset hours is absent when
epoch 0 is between 10:00 and 19:00 LT. Notably, when the minimum SYM-H (epoch 0) nearly coincides with local sunset, scintillation
activity occurs around sunset in both weak-moderate and strong geomagnetic storms. Furthermore, when epoch 0 falls within midnight
until early morning, scintillation can be generated in the post-sunset hours before epoch 0. Still, post-midnight scintillation is not
observed in the equatorial region during the recovery phase of either weak-moderate and strong storm events. Our findings show that
when sunset falls before or coincide with epoch 0, the likelihood of post-sunset EPB and scintillation increases, due to the
prompt-penetration electric field (PPEF) in the main phase of storm. The disturbance dynamo electric field (DDEF) in the recovery phase
driven by equatorward winds from auroral Joule heating operates for at least 6- and 12-hours post-epoch 0 in the cases of weak-
moderate and strong geomagnetic storms, respectively. When the local sunset falls within these operational DDEF periods, post-sunset
EPBs will likely be suppressed, inhibiting ionospheric scintillation during post-sunset hours. Finally, this study provides essential
information for developing more accurate ionospheric scintillation prediction models in space weather services in equatorial regions.
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with equatorial plasma bubbles (EPBs). The EPBs form due to the
Rayleigh-Taylor Instability (RTI) after sunset, when an enhance-
ment in the eastward electric field, known as pre-reversal
enhancement (PRE), strengthens the E X B upward drift and
increases RTI growth rates at higher altitudes (Farley et al., 1970;
Kelley, 2009). The electron density irregularities at smaller spatial
scales (a few hundred meters) within EPBs cause rapid fluctuations
in radio wave amplitude and phase, disrupting the L-band (GHz
frequencies) used in satellite-based technologies, such as the
Global Navigation Satellite System (GNSS), Synthetic Aperture
Radar (SAR), and radio communications (Doherty et al., 2004; Kint-
ner et al., 2007; Roy et al., 2013). Typically, the EPB produces iono-
spheric scintillation during post-sunset hours, emerging after
E-region sunset (approximately 19 LT) and fading around
midnight (Abadi et al., 2024). Since the amplitude of ionospheric
scintillation depends on the background electron density in the
ionosphere, the low-latitude ionospheric scintillation occurrences
mostly concentrate at the Equatorial lonization Anomaly (EIA)
region, where electron density is highest (Abadi et al., 2014).

During geomagnetic storms, EPBs form differently than they do in
quiet conditions, including in their onset and structures. Geomag-
netic storms can induce a global electric field in the ionosphere,
which influence the generation and evolution of EPBs. These
disturbances are driven by various electrodynamic mechanisms,
including under-shielding prompt-penetration electric fields
(PPEF), which enhance the eastward electric field in the dusk
sector, increasing the E x B upward drift and triggering strong
EPBs formation (Fejer et al., 1999). Studies indicate that stronger
storm-driven electric fields often trigger post-sunset super EPBs
during the main phase of geomagnetic storms (Ma GY and
Maruyama, 2006; Cherniak and Zakharenkova, 2016; Aa et al.,
2018; Li G et al., 2018). The latitudinal structure of super EPBs can
grow quickly and extend into mid-latitude regions, which differs
from the structure of normal EPBs (Sun WJ et al., 2024a). Addition-
ally, super EPBs can generate ionospheric scintillation in mid-lati-
tude areas (Li G et al., 2009), whereas normal occurrences of iono-
spheric scintillation are typically limited to low-latitude regions
(Abadi et al, 2014). During the recovery phase, over-shielding
penetration electric fields and disturbance dynamo electric fields
(DDEF) may either suppress or enhance EPB formation, depending
on the local time of the storm’s onset recovery phase and pre-
existing ionospheric conditions (De La Beaujardiére et al., 2009).
Several studies indicate that over-shielding and DDEF can delay
the onset of EPBs and scintillation. Li G et al. (2009) found that
DDEF can delay the onset of EPB formation in equatorial regions.
Furthermore, observations from the recent G5 geomagnetic
storm in May 2024 showed that EPB plasma bubbles at equatorial
latitudes in Southeast Asia experienced a delayed onset, occurring
not in post-sunset hours, but instead appearing at post-midnight,
likely due to disturbance dynamo effects (Sun WJ et al., 2024b;
Abadi et al., 2025).

While the geomagnetic storm is a global phenomenon, its effects
on the generation and suppression of EPBs at specific longitudes
depend on the local time of main and recovery phases of the
storm. Focusing on East and Southeast Asia, some previous studies
on EPBs development during geomagnetic storms have been

Earth and Planetary Physics  doi: 10.26464/epp2025048 967

performed based on case studies and statistical analyses. Spogli et
al. (2016) observed that the 2015 St. Patrick’s geomagnetic storm
significantly suppressed post-sunset EPB and scintillation in
Southeast Asia, due to the local sunset in this region not aligning
with the main phase of the storm. In contrast, Ram et al. (2016)
found that the super EPB occurs in the Indian sector because its
local sunset coincides with the main phase of the St. Patrick’s
storm. These two studies highlight the significantly enhanced
equatorial zonal electric field, uniquely confined to the dusk
sector, in response to PPEF. Marlia et al. (2019) demonstrated that
geomagnetic storm-induced electric field disturbances signifi-
cantly impact ionospheric scintillation in Southeast Asia, with
effects varying based on local time and storm phase. Han et al.
(2024) found that storm-driven electric fields can accelerate vertical
F-layer drift, enhance RTlI growth rates, and trigger plasma
bubbles outside of their typical seasonal patterns of occurrence.
Putra et al. (2023) reported that ionospheric scintillation over
Indonesia increased ~12 hours after the storm peak, suggesting
that the heightened auroral activity during the storm influences
the delayed scintillation response.

The duration of the effects of the geomagnetic storm on EPB
generation motivates the study of the relationship between storm
impacts and dynamics in the equatorial ionosphere. Specifically,
the influence of storms on ionospheric scintillation generation
remains an unresolved question. For example, Shang SP et al.
(2008) examined GNSS scintillation in Hainan (19.5°N, 109.1°E),
China from 2003 to 2005, demonstrating that geomagnetic
storms significantly affect the variation in onset times of scintilla-
tions, depending on the timing of the storm’s main and recovery
phases. Additionally, EPB and scintillation are fundamentally
different; EPB refers to a large-scale electron density depletion
(> 100 km) that can persist longer in the ionosphere, while scintil-
lation reflects the presence of smaller-scale irregularities that
decay faster than the EPB itself. The amplitude of scintillation
depends on the background density in the ionosphere. Due to the
storm-induced electric field, the EPB can be generated post-
midnight when background density is low, and the EPB can even
survive after sunrise. But can equatorial scintillation be observed
as well? Additionally, this raises the scientific question: when is
equatorial ionospheric scintillation generated or inhibited during
a geomagnetic storm?

This study aims to reveal the generation and inhibition of iono-
spheric scintillation in the equatorial region during geomagnetic
storms. We analyzed ionospheric scintillation using the S4 index,
based on GNSS receiver data from seven stations in Indonesia
during geomagnetic storms from 2003 to 2024. We seek to deter-
mine when scintillation is generated or inhibited according to the
local time of the main and recovery phases of the storm.

The ultimate goal of this study is to support space weather
services in Indonesia. As reliance on satellite-based communication
and navigation increases, understanding the effects of space
weather has become a global priority. Since the International
Heliophysical Year (IHY) in 2009, awareness about the impact of
space weather on ground-based and satellite infrastructure has
grown significantly. In response, Indonesia has strengthened its
space weather monitoring efforts, mainly through the national
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space weather program initiated in 2015, which aims to mitigate
the effects of ionospheric scintillation on critical technological
systems.

2. Data and Methods

2.1 Space Weather Data

lonospheric behavior varies in response to changes in space
weather, which are influenced by fluctuations in solar wind and its
manifestation in Earth's magnetospheric environment (Basavaiah,
2011). Extreme space weather conditions occur during geomag-
netic storms, which are marked by the growth of the ring current
in the magnetosphere/ionosphere (Burton et al, 1975). This
disturbance can be quantified using the Dst index, which provides
an overview of magnetic field changes with a resolution of 1 hour.
The minimum Dst is used as a reference for the strength of
geomagnetic storms (Loewe and Prolss, 1997). The SYM-H index
provides a more detailed view of ring current variations, with a
1-minute data resolution. Meanwhile, auroral storms occur at high
latitudes through the penetration of electric fields and the injection
of particles into Earth's night-side, followed by the growth of
partial ring currents. This partial ring current growth can be quan-
tified using the AE index (Weygand et al., 2014; Bergin et al., 2020).
The Dst, SYM-H, and AE indices are derived from surface magne-
tometer observation data for the H component, representing the
north—south magnetic field component. Magnetic activity at
equatorial and low latitudes is represented by the Dst index, while
the SYM-H index is calculated from average measurements at mid-
latitudes. For auroral latitude regions, magnetic activity is repre-
sented by the AE index (Davis and Sugiura, 1966; Weygand et al.,
2014). These three geomagnetic indices are publicly available
through the WDC Kyoto website to support global space weather
research (World Data Center for Geomagnetism et al, 2015a,
2015b, 2022).

The interplanetary electric field carried by the solar wind plays an
important role in the Sun-Earth interaction. The dawn—dusk
component of the interplanetary electric field (E,) significantly
contributes to changes in the ionosphere, where the enhancement
of this component influences the Earth’s ionospheric dimensions
and structure (Manoj et al., 2008; Kikuchi and Hashimoto, 2016),
leading to increased electron density (Astafyeva et al., 2016; Imtiaz
et al,, 2020). This in turn can alter ionospheric characteristics,
affecting radio wave propagation and satellite-based communica-
tion systems (Doherty et al., 2004; Kintner et al., 2007; Morton et
al., 2020). The PPEF phenomenon occurs when the Interplanetary
Magnetic Field (IMF) turns southward (B, < 0), allowing the electric
field from the magnetosphere to penetrate the ionosphere. This
process primarily influences the equatorial and low-latitude iono-
sphere, but also interacts with high-latitude regions, contributing
to changes in the auroral electrojet currents. These currents are
represented by an increase in the AE index, which reflects
enhanced auroral activity during geomagnetic storms. This electric
field penetration exacerbates electron distribution disturbances in
the ionosphere, driving ionospheric irregularities (Tsurutani et al.,
2008; Astafyeva et al., 2016). In the study by Srinivasu et al. (2019),
it is mentioned that PPEF enhances the occurrence of scintillation,
with observational results showing increased L-band scintillation
in GPS and GLONASS signals during the main phase of the

geomagnetic storm. Therefore, PPEF is crucial in understanding
the impact of solar wind on Earth's ionosphere, especially during
geomagnetic events, as it influences ionospheric irregularities and
triggers stronger scintillation in radio signals.

The E, is calculated based on IMF and solar wind velocity measure-
ments captured by satellite at L1 Lagrangian point, and the electric
field derived through the Lorentz transformation (Parks, 2003).
Within the solar wind reference frame, the electric field is zero.
The E, arises due to the motion of solar wind plasma relative to
the satellite. This transformation is represented by the equation

E, = =(V,B, - V\B,),

where V represents the solar wind flow speed, while IMF is
denoted by B. An orthogonal coordinate system defines the direc-
tion, with the X-axis pointing towards the Sun, the Y-axis pointing
towards dusk, and the Z-axis following the right-hand rule. The
pre-2021 solar wind component data is obtained from the ACE
satellite, and from the NOAA satellite for data from 2021 onward.

2.2 S4Index Data

lonospheric scintillation refers to rapid variations in the intensity
and phase of GNSS signals due to fluctuations in electron density
in the ionosphere (Yeh and Liu CH, 1982). This parameter detects
small instabilities that can disrupt satellite-based communication
and navigation systems. lonospheric scintillation is measured
using the S4 index, which is obtained from the following equation
(Dubey et al., 2006)

S4 Index = VS4? — S4corr?.

The total S4 that can be measured is denoted as 54, while S4corr is
the value of 54 that has been corrected for thermal noise. S4 is the
normalized standard deviation of the received signal power inten-
sity (Davies, 1990). Strong scintillation is indicated by an S4 index
where S$4 > 0.5, indicating a considerable disturbance of the iono-
spheric scintillation. On the other hand, weak scintillation is asso-
ciated with an S4 index value of 5S4 < 0.25, while moderate scintil-
lation values fall in the 0.25 < S4 < 0.5 range (Butcher, 2005;
Carrano et al., 2019).

This study uses S4 data from GNSS receiver instruments at seven
observation stations spread across Indonesia’s eastern to western
regions, as shown in Figure 1. The coordinates of each station are
as follows: PTK (0.04°S, 109.34°E geographic; 9.41°S magnetic), KTB
(0.202°S, 100.32°E geographic; 9.34°S magnetic), BDG (6.89°S,
107.59°E geographic; 16.06°S magnetic), SMD (6.90°S, 107.83°E
geographic; 16.07°S magnetic), KPG (10.21°S, 123.66°E geogra-
phic; 18.97°S magnetic), MND (1.44°N, 124.84°E geographic; 7.35°S
magnetic), and BIK (1.18°S, 136.10°E geographic; 9.23°S magnetic).
The time difference between the farthest stations, from east to
west, is 2 hours UTC. S4 data were collected from 2003 to 2024,
although some data gaps were due to equipment malfunctions at
specific periods or locations. This long observation period is
expected to minimize the impact of the data gaps.

The S4 data received by the GNSS receiver antenna contains the
influence of multipath effects. This occurs when the GNSS signal is
reflected by surfaces such as the ground, buildings, or water prior
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Figure 1. GNSS receiver stations in Indonesia.

to reaching the receiver antenna, resulting in additional signal
paths. As a result, the received signal combines both the direct
(line-of-sight) and the reflected signals. The multipath effect on
the S4 data can resemble ionospheric fluctuations. The presence
of multipath effects in the data makes distinguishing between
ionospheric disturbances and reflection effects complex. There-
fore, multipath reduction is performed to ensure that the data
being analyzed accurately represents the ionospheric conditions,
and to avoid misinterpretation in the data analysis. To reduce the
multipath effect, a data filter is applied using S4 data with an
elevation angle greater than 30 degrees (Carrano et al., 2019).

The data generated also contains noise, which reduces the accu-
racy of the analysis. The noise is identified by observing anomalies
in the daily variation graphs of the S4 indices, after which each
data point is cleaned manually. The noise in the S4 index data is
shown in Figure 2 below, before the noise filtering process, which
enhances the data quality in preparation for analysis.

2.3 Analysis Method

The analytical method used in this study is the Superposed Epoch
Analysis (SEA), first introduced by Chree (1913). This technique
can be utilized to analyze and evaluate recurring patterns
observed in natural phenomena, such as geomagnetic storms and
meteorological events. The first step in using this method is deter-
mining the epoch 0 point, which serves as the reference time
point. Subsequently, data is collected from periods before and
after the predetermined epoch 0 point. Each event is aligned with
the same epoch 0 point to identify recurring patterns. The

S4 index

16:00

20:00

12:00
Time (UTC)

00:00 04:00 08:00

purpose of aligning data to this common reference point is to
identify general patterns that may not be apparent when analyzing
individual events.

The application of the SEA method in this study is as follows. The
epoch 0 point is determined based on the minimum SYM-H index
value for each geomagnetic storm event, a method previously
applied by Sori et al. (2021). The selection of minimum SYM-H as
epoch 0 represents the peak phase of the geomagnetic storm,
corresponding to the strongest ring current and the most signifi-
cant disturbance in the Earth's magnetosphere. Previous studies
used dSYM-H/dt to determine the onset of storm-time electric
field penetration (Ram et al., 2008; Jain et al., 2010), effectively
identifying short-term geomagnetic variations. In contrast, this
study uses minimum SYM-H as epoch 0 because it is more suitable
for analyzing the entire main and recovery phases of geomagnetic
storms. This approach provides a broader assessment of iono-
spheric disturbances rather than focusing solely on the initial
effects of electric field penetration. The 1-minute resolution of
SYM-H is consistent with the temporal resolution of the S4 index,
ensuring a precise comparison between geomagnetic activity and
ionospheric irregularities. Maintaining consistency in temporal
resolution strengthens the reliability of the analysis and provides
a clearer understanding of ionospheric responses to intense
geomagnetic storm events.

The data were analyzed over 72 hours before and after the epoch
0 point. For example, during the geomagnetic storm event on
April 24, 2012, the minimum SYM-H index value was recorded at
-125 nT at 03:30:00 UTC. This time, corresponding to the minimum
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Figure 2. Example of plotting the S4 index at the Pontianak station, on April 12, 2012: (a) Data before noise filtering; (b) S4 data after noise

filtering.
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SYM-H value, was used to determine the epoch 0 point for the
geomagnetic storm event, with data collected from April 21, 2012,
at 03:30:00 UTC, to April 27, 2012, at 03:29:00 UTC. The determina-
tion of the epoch 0 point and the 72-hour range before and after
was conducted under the condition that the expansion and recov-
ery phases of the geomagnetic storm did not overlap with other
geomagnetic storm events. This was to ensure that the ionospheric
response analyzed in this study originated solely from a single
geomagnetic storm, and was not influenced by magnetic field
fluctuations from two consecutive geomagnetic storms.

The next step involves superposing the epoch 0 point of each
geomagnetic storm event using the SEA method to clarify the
pattern. As a continuation of Figure 3, an example of using the
SEA method for the SYM-H parameter from several geomagnetic
storm events in April 2012 can be seen in Figure 4, where the X-
axis represents time in UTC.

Finally, geomagnetic data, solar wind components, and the S4
index were superposed based on the epoch 0 times for each
geomagnetic storm event. The average of each parameter was
calculated to illustrate variation patterns during geomagnetic
storms, covering both the storm’s expansion and recovery phases.

3. Results and Discussion

During the period from 2003 to 2024, a total of 419 geomagnetic
storm events were identified based on the Dst index. These events
were analyzed to investigate the ionospheric response to
geomagnetic storms, which were categorized into two groups
based on their geomagnetic storm strength. Geomagnetic storms
with a minimum Dst index value of =100 nT <min. Dst < -30 nT
were classified as weak-moderate geomagnetic storms, while
storms with a minimum Dst index value <-100 nT were classified

as strong geomagnetic storms. According to the geomagnetic
storm classification by Loewe and Prolss (1997), the weak-moder-
ate category includes weak and moderate storms, whereas the
strong category encompasses strong, severe, and great storms.
The great geomagnetic storm in May 2024 was included in the
analysis as one of the most intense in recent decades. These cate-
gories were determined to provide a basis for analyzing the iono-
spheric response to geomagnetic storms of varying strengths. In
this study, the Dst index was used only for classifying geomagnetic
storms, and not for evaluating their overall characteristics.

Previous studies have shown that the ionospheric scintillation
response depends on the local time of the geomagnetic storm
peak (Spogli et al., 2016; Marlia et al., 2019; Putra et al., 2023). To
further investigate this dependence, we initially considered data
from seven observation stations across three different time zones
(UTC+7, UTC+8, and UTC+9). However, to ensure consistency in
local time interpretation and minimize variations due to time
zones, we focused our analysis on four stations in the UTC+7 time
zone: KTB, PTK, BDG, and SMD. This selection allows us to assess
better the potential dependence of scintillation response on the
local time of minimum SYM-H while reducing biases from time
zone differences. These four stations were also selected because
they have higher data availability and cover more events than the
other three stations. To systematically examine this dependence,
the time of minimum SYM-H was grouped into eight 3-hour inter-
vals, covering the full 24-hour period. For reference, these intervals
correspond to local time (UTC+7) at the observation stations, such
as 00:00-03:00 UTC (07:00-10:00 LT), 03:00-06:00 UTC (10:00-
13:00 LT), and so on.

3.1 Weak-Moderate Geomagnetic Storm Events
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Figure 3. Example of determining the epoch 0 point, based on the SYM-H parameter for April 2012.
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Figure 4. An example of using the SEA method for the SYM-H parameter was in April 2012.
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A total of 357 geomagnetic storm events in the weak-moderate
category were recorded during the study period. Geomagnetic,
solar wind, and ionospheric scintillation parameters during the
geomagnetic storm events are displayed in Figure 5 using the SEA
method. The black lines in Figures 5a through 5e represent the
average of each parameter, providing a depiction of similar
patterns. The dashed red vertical line in the center of the figure
marks the epoch 0 point (minimum SYM-H).

The rapid variations in intensity and phase of the signal, indicated
by fluctuations in electron density, are interpreted through the
variation patterns of the S4 index visualized in Figure 5f. An S4
index value above 0.5 indicates strong ionospheric scintillation.

The patterns of each parameter in Figures 5a through 5e are
represented as averages that peak as they approach the epoch 0
point. The SYM-H index shows an average of about —15 nT up to
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8 hours before epoch 0. Over time, its value decreases, reaching
an average minimum of about -64 nT exactly at epoch 0, and then
gradually increases, reaching around -15 nT by the second day.

The average B; and E, values peak about -7 nT and ~0.9 mV/m,
respectively, about 2 hours before epoch 0. Both parameters are
almost constant, with only slight fluctuations about 6 hours after
epoch 0. The AE index shows a different peak time, around 1 hour
before epoch 0, with an average of ~750 nT, afterwards followed
by a small fluctuation of about 18 to 24 hours.

The average S4 index from all stations for the weak-moderate
geomagnetic storm category is shown in Figure 5f. Scintillation is
not observed in the first 6 hours after epoch 0, but strong scintilla-
tion appears near epoch 0. Afterward, strong scintillation first
appears ~6 hours after epoch 0. At the onset of scintillation
(~6 hours after epoch 0), the E, parameter shows an average of
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Figure 5. Geomagnetic condition, solar wind, and S4 index during weak-moderate geomagnetic storms (2003-2024). Panel figures describe:

(a) Dst, (b) SYM-H, (c) AE, (d) B, (e) E,, and (f) S4 index, respectively.
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about -0.036 mV/m. At the same time, the SYM-H and AE indices
display averages of about -36 nT and 330 nT, respectively. Based
on this observation, we suspect that E, is not a significant determi-
nant of scintillation events due to its relatively small magnitude.
As shown in Figure 5e, the average fluctuation of the interplanetary
electric field is minimal.

Figure 6 presents subplots of Figure 5f, categorized by the local
time (UTC+7) of minimum SYM-H during weak-moderate
geomagnetic storms. Key markers at 19:00 LT (Green) and 06:00 LT
(Magenta) indicate specific local times associated with observed
scintillation variations. The 19:00 LT (post-sunset) marker suggests
a period when increased scintillation is frequently observed.
Meanwhile, the 06:00 LT (pre-sunrise) marker represents a time
when scintillation can also be observed, although less often
because the ionosphere becomes exposed to sunlight, which
increases electron density and reduces the fluctuations that cause

scintillation.

Figures 6a—6c¢ illustrate the occurrence patterns of ionospheric
scintillation when the storm peak occurred between morning and
afternoon (07:00-16:00 LT), during daytime hours. In Figure 6a,
where the minimum SYM-H occurred between 07:00-10:00 LT,
strong scintillation was first observed ~10 hours after epoch 0. In
Figure 6b (10:00-13:00 LT), scintillation appeared slightly earlier,
at ~9 hours after epoch 0. Meanwhile, in Figure 6c¢ (13:00-
16:00 LT), the S4 index increased as early as ~6 hours after epoch
0. These figures demonstrate that ionospheric scintillation contin-
ues to develop from dusk into nighttime local hours, even during
the recovery phase of geomagnetic storms.

Figures 6d and 6e represent cases where the minimum SYM-H
occurred between before local sunset and nighttime (16:00-
22:00 LT). In Figure 6d (16:00-19:00 LT), scintillation appeared
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Figure 6. Occurrence of ionospheric scintillation based on local time (UTC+7) of minimum SYM-H for weak-moderate geomagnetic storms
(2003-2024). Panel figures describe: (a) 07:00-10:00 LT, (b) 10:00-13:00 LT, (c) 13:00-16:00 LT, (d) 16:00-19:00 LT, (e) 19:00-22:00 LT,

(f) 22:00-01:00 LT, (g) 01:00-04:00 LT, (h) 04:00-07:00 LT.
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much later, ~26 hours after epoch 0, and no significant increase in
the S4 index was observed during either the main or recovery
phase of the storm. This suggests a delayed ionospheric scintilla-
tion response when the storm minimum occurs near sunset. In
contrast, Figure 6e (19:00-22:00 LT) shows that scintillation began
developing a few hours before epoch 0, weakened as the storm
entered the recovery phase, and was no longer observed from
post-midnight to sunrise. However, scintillation reappeared the
following evening, ~23 hours after epoch 0. This indicates that
scintillation development can be delayed until the next night,
even as the storm progresses into its recovery phase.

Figures 6f through 6h illustrate cases where the minimum SYM-H
occurred between nighttime and sunrise (22:00-07:00 LT). In
Figure 6f (22:00-01:00 LT), strong scintillation was first observed
~19 hours after epoch 0. At later hours, when the minimum
SYM-H occurred closer to midnight to sunrise, scintillation was
detected earlier. In Figure 6g (01:00-04:00 LT), scintillation began
increasing ~17 hours after epoch 0, whereas in Figure 6h
(04:00-07:00 LT), it appeared as early as ~13 hours after epoch 0.
Scintillation was also observed a few hours before the storm peak,
particularly during the main phase when sunset coincided with
storm activity, before gradually weakening as it approached
epoch 0. However, scintillation was no longer observed from post-
midnight to pre-sunrise. These figures indicate that ionospheric
scintillation can develop even before the storm reaches its peak
phase. This suggests that scintillation can persist from sunset into
nighttime, even as the storm progresses through its main phase.
Although the onset time varies, the results consistently show that
scintillation occurs the following evening.

These results indicate a clear dependence of ionospheric scintilla-
tion onset on the local time of minimum SYM-H, with distinct
patterns observed at different time windows:

+ For storms peaking between morning and afternoon
(07:00-16:00 LT), ionospheric scintillation typically develops
within ~6 to 10 hours after the storm peak, consistently occurring
around post-sunset on the same day, even during the recovery
phase of the storm.

+ For storms peaking between late afternoon and early night
(16:00-19:00 LT), scintillation is not observed on the same
evening. Instead, it only appears ~26 hours after epoch 0, during
the next day's sunset, suggesting a delayed scintillation response
when the storm peak occurs near sunset.

« For storms peaking between nighttime and sunrise (19:00-07:00
LT), scintillation can still be observed a few hours before the storm
peak, particularly during the main phase when sunset coincides
with storm activity. However, scintillation gradually weakens as it
approaches epoch 0 and is not observed from post-midnight to
pre-sunrise, before reappearing during the following evening.

3.2 Strong Geomagnetic Storm Events

We analyzed 62 strong geomagnetic storm events. Figure 7 illus-
trates the same parameters as Figure 5, but for strong geomagnetic
storms. Black lines are also presented in Figures 7a through 7e,
representing the average for each parameter.
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During this event, the fluctuations of SYM-H, AE, B,, and E, appear
to be higher and faster as they approach epoch 0, compared to
weak-moderate geomagnetic storms. This could indicate that the
fluctuations of these four geomagnetic parameters are directly
related to the strength of the geomagnetic storm. As shown in
Figure 7b, SYM-H is about -15 nT, 9 hours before epoch 0. As
SYM-H approaches epoch 0, it decreases to a minimum of
-170 nT, then slowly increases to about —15 nT on the third day
after epoch 0. SYM-H takes longer to return to its original condition
during the recovery phase of the geomagnetic storm.

The B, and E, parameters show fluctuations lasting for several
hours during the main phase of the geomagnetic storm, with the
intensity of fluctuations increasing until they peak about 2 hours
before epoch 0. The B, and E, peaks are about -17 nT and
~2.7 mV/m, respectively. Both parameters then decrease and
become more stable, with only minor fluctuations occurring
about 18 hours after epoch 0. The AE index also shows fluctuations
during the main phase of the geomagnetic storm, increasing in
magnitude as it approaches epoch 0. The peak of the AE index is
observed about 1 hour before epoch 0, with a magnitude of
~1103 nT. More minor fluctuations are observed for at least 24
hours after epoch 0.

Figure 7f shows the average S4 index from all stations during
strong geomagnetic storms. Based on the S4 index, ionospheric
scintillation appears similar to that of weak-moderate geomagnetic
storms, where no significant increase in the S4 index is detected
around epoch 0. However, in the case of strong geomagnetic
storms, ionospheric scintillation increases ~12 hours after epoch
0.

At the onset of scintillation (~12 hours after epoch 0), the averages
of SYM-H and AE are about -75 nT and 360 nT, respectively. At the
same time, the daytime E, is ~0.35 mV/m, which is a relatively
small value. This may indicate that the contribution of the dayside
E, to ionospheric scintillation is insignificant. Additionally, it may
indicate that the auroral electrojet influences the delay in scintilla-
tion, which increases after the peak of the geomagnetic storm.

Figure 8 presents subplots of Figure 7f, and follows a similar inter-
pretation as Figure 6, but instead focuses on strong geomagnetic
storms. Key markers at 19:00 LT (Green) and 06:00 LT (Magenta)
indicate specific local times associated with observed scintillation
variations. The 19:00 LT (post-sunset) marker suggests a period
when an increase in scintillation is frequently observed. Mean-
while, the 06:00 LT (pre-sunrise) marker represents a time when
scintillation can also be observed, although less often, because
the ionosphere becomes exposed to sunlight, which increases
electron density and reduces the fluctuations that cause scintilla-
tion.

Figures 8a through 8c illustrate the occurrence patterns of iono-
spheric scintillation during strong geomagnetic storms, where the
storm peak occurred between morning and local pre-sunset
period (07:00-16:00 LT). In Figure 8a, where the minimum SYM-H
occurred between 07:00-10:00 LT, the S4 index showed the earliest
increase at ~12 hours after epoch 0. Strong scintillation can
develop from dusk into nighttime on the same day during the
recovery phase of the geomagnetic storm. Meanwhile, in Figure
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8b (10:00-13:00 LT), ionospheric scintillation was observed much
later, ~31 hours after epoch 0. In Figure 8c (13:00-16:00 LT), the S4
index showed a noticeable increase ~53 hours after epoch 0, indi-
cating a significantly delayed response. The apparent difference in
scintillation onset between Figures 8b and 8c, despite both
having similar epoch 0 timings, suggests that the strength of
geomagnetic storms plays a crucial role in modulating the
response time of ionospheric scintillation.

Figures 8d and 8e represent cases where the minimum SYM-H
occurred between the local pre-sunset period and nighttime
(16:00-22:00 LT). In Figure 8d (16:00-19:00 LT), when ionospheric
scintillation is more likely to develop due to post-sunset plasma
bubble formation driven by the RTI, scintillation was first observed
~28 hours after epoch 0. However, unlike the earlier cases, no
significant increase in the S4 index was observed during either the
main or recovery phase of the storm, suggesting a delayed iono-

spheric scintillation response when the storm minimum occurs
near sunset. In contrast, Figure 8e (19:00-22:00 LT) indicates that
ionospheric scintillation developed a few hours before epoch 0,
weakened as the storm transitioned from its peak to the recovery
phase, and did not reappear from post-midnight to sunrise.
However, scintillation was observed again ~25 hours after epoch
0, in the following evening.

Figures 8f-8h illustrate cases where the minimum SYM-H occurred
between nighttime and sunrise (19:00-07:00 LT). In Figure 8f
(22:00-01:00 LT), ionospheric scintillation was observed ~20 hours
after epoch 0. At later hours, when the minimum SYM-H occurred
closer to midnight to sunrise, scintillation was detected earlier. In
Figure 8g (01:00-04:00 LT), scintillation began increasing
~17 hours after epoch 0, whereas in Figure 8h (04:00-07:00 LT), it
appeared as early as ~15 hours after epoch 0. Scintillation was
also observed a few hours before the storm peak, particularly
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Figure 8. Occurrence of ionospheric scintillation based on the local time (UTC+7) of minimum SYM-H for strong geomagnetic storms
(2003-2024). Panel figures describe: (a) 07:00-10:00 LT, (b) 10:00-13:00 LT, (c) 13:00-16:00 LT, (d) 16:00-19:00 LT, (e) 19:00-22:00 LT,

(f) 22:00-01:00 LT, (g) 01:00-04:00 LT, (h) 04:00-07:00 LT.

during the main phase when sunset coincided with storm activity,
before gradually weakening as it approached epoch 0. However,
scintillation was no longer observed from post-midnight to pre-
sunrise. These figures indicate that ionospheric scintillation can
develop even before the storm reaches its peak phase. This
suggests that scintillation can persist from sunset into nighttime,
even as the storm progresses through its main phase. Although
the onset time varies, the results consistently show that scintillation
occurs the following evening.

These results indicate a clear dependence of ionospheric scintilla-
tion onset on the local time of minimum SYM-H during strong
geomagnetic storms, with notable variations observed across
different time windows.

+ For storms peaking between morning and pre-sunset
(07:00-16:00 LT; Figures 8a-8c), ionospheric scintillation typically
develops between ~12 to 53 hours after epoch 0, with the onset

time strongly dependent on storm intensity. When the minimum
SYM-H occurs between 07:00-10:00 LT (Figure 8a), scintillation
appears earlier (~12 hours after epoch 0), indicating that post-
sunset EPBs can still form despite strong geomagnetic activity.
However, when the storm peak occurs later in this window
(10:00-16:00 LT; Figures 8b-8c), scintillation is significantly
delayed, appearing up to ~53 hours after epoch 0, suggesting
prolonged suppression of post-sunset EPBs.

« For storms peaking between pre-sunset and post-sunset
(16:00-19:00 LT; Figures 8d), the most extended delay (~28 hours)
is observed when the minimum SYM-H occurs between
16:00-19:00 LT (Figure 8d), reinforcing that geomagnetic storms
during this window can strongly suppress ionospheric scintilla-
tion.

+ For storms peaking between nighttime and sunrise (19:00-
07:00 LT; Figures 8e-8h), ionospheric scintillation exhibits an
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earlier onset compared to other time windows, typically develop-
ing ~15 to 25 hours after epoch 0, depending on proximity to
midnight. Scintillation occurrence before epoch 0 suggests that
ionospheric irregularities can develop in the dusk-to-midnight
sector before the storm reaches its peak, aligning with the 19:00
LT marker (Green), which signifies the role of PPEF in enhancing
EPB formation. However, in contrast to previous interpretations,
post-midnight scintillation is not observed after epoch 0 in this
window. Instead, scintillation disappears from post-midnight to
pre-sunrise, reappearing only in the following evening, reinforcing
the idea that DDEF effects may not be sufficient to sustain iono-
spheric irregularities into the recovery phase of strong storms.

3.3 The Influence of Geomagnetic Storm Strength on the
lonospheric Scintillation Response in Indonesia

To understand the occurrence patterns of ionospheric scintillation
during geomagnetic storms in Indonesia, we applied the SEA
method to multiple storm events from 2003 to 2024 using data
from seven GNSS stations. The results indicate that the delay in
scintillation onset strongly depends on both storm strength and
the local time of the minimum SYM-H, which is defined as epoch 0
in our SEA method. During strong geomagnetic storms, scintilla-
tion is significantly delayed, with the earliest occurrence observed
~12 hours after epoch 0 (Figure 7). In contrast, for weak-moderate
geomagnetic storms, scintillation occurs much earlier, with the
earliest occurrence observed ~6 hours after epoch 0 (Figure 5).
However, this pattern does not hold consistently across all events.
Instead, the local time of the minimum SYM-H plays a crucial role
in determining whether scintillation is significantly suppressed or
can develop earlier. Specifically, when epoch 0 occurs during
specific local time windows, scintillation is either delayed or
completely absent, indicating that background ionospheric condi-
tions and storm-driven electric fields jointly influence post-storm
scintillation behavior.

Furthermore, the delay in ionospheric scintillation onset is not
only dependent on storm strength but also on the local time at
which the minimum SYM-H occurs. The analysis in Figures 6 and 8
provides detailed insights into ionospheric scintillation occurrence
during geomagnetic storms from 2003 to 2024, based on the local
time (UTC+7) of the minimum SYM-H. For weak-moderate
geomagnetic storms, scintillation appears earliest (~6 hours after
epoch 0) when the minimum SYM-H occurs between 13:00-
16:00 LT. Meanwhile, for strong geomagnetic storms with a mini-
mum SYM-H occurring between 07:00-10:00 LT, scintillation
enhancement is observed earliest (~12 hours after epoch 0). The
ionospheric scintillation response to a minimum SYM-H occurring
at 07:00-10:00 LT for both storm categories (Figures 6a and 8a)
suggests that storms peaking during this period do not signifi-
cantly suppress scintillation. This indicates that EPBs can still
develop as the ionosphere transitions into nighttime conditions.

The most pronounced delay in scintillation onset is observed
during strong geomagnetic storms when the minimum SYM-H
occurs between daytime and pre-sunset hours (10:00-16:00 LT),
as shown in Figures 8b and 8c. In these cases, scintillation does
not appear until the following day's sunset, indicating an
extended suppression of plasma bubble growth. Conversely, for

weak-moderate geomagnetic storms occurring within the same
local time window (Figures 6b and 6c¢), scintillation can still
develop by sunset on the same day, suggesting a weaker suppres-
sion effect. Additionally, when the minimum SYM-H occurs
between pre-sunset and post-sunset hours (16:00-19:00 LT), scin-
tillation is almost entirely absent in both storm categories (Figures
6d and 8d), regardless of whether the storm is in its main or recov-
ery phase. This absence suggests that ionospheric conditions
during this period are particularly unfavorable for plasma bubble
development, likely due to the dominance of westward-directed
electric fields and suppressed vertical plasma drift. When the mini-
mum SYM-H occurs between post-sunset and sunrise
(19:00-07:00 LT), scintillation can still be observed a few hours
before the storm peak, particularly during the main phase in both
storm categories (Figures 6e-h, 8e-h). This indicates that scintilla-
tion can develop and persist even during the main phase of a
geomagnetic storm, up until the storm reaches its peak.

This pattern is consistent with the findings of Sori et al. (2021),
which demonstrated that the occurrence of plasma bubbles and
variations in the Rate of TEC Index (ROTI) strongly depend on the
storm phase and local time. During the main phase of a geomag-
netic storm, the enhancement of PPEF strengthens PRE, accelerat-
ing Rayleigh-Taylor Instability (RTl) growth and facilitating the
formation of plasma bubbles in the dusk-to-midnight sector after
sunset (Ma GY and Maruyama, 2006; Cherniak and Zakharenkova,
2016; Aa et al., 2018; Li G et al,, 2018). Many studies have shown
that storm-time plasma bubbles tend to form in the dusk sector
due to the intensification of eastward electric fields, which
enhance vertical plasma drift and increase ROTI values, indicating
stronger plasma density irregularities (Fejer et al., 1999; Sori et al.,
2021). Additionally, the uplift of plasma bubbles to higher altitudes
under these conditions may allow them to persist longer than
usual, sometimes extending into post-midnight hours.

However, during the recovery phase, the dominant electrodynamic
mechanisms change. The influence of over-shielding penetration
electric fields and DDEF become more pronounced, replacing the
role of PPEF in controlling ionospheric plasma dynamics. These
westward-directed electric fields weaken PRE, reducing RTI
growth rates and suppressing plasma bubble development in the
dusk sector (De La Beaujardiére et al., 2009; Abdu, 2012; Li J et al.,
2012). The suppression of plasma bubbles in this sector is
reflected in a gradual decline in ROTI values within 1 to ~13 hours
after the minimum SYM-H, indicating a reduction in ionospheric
density irregularities. In contrast, during the same recovery phase,
ROTI values increase in the post-midnight sector within 1 to
~11 hours after minimum SYM-H. This suggests that while plasma
bubble formation is inhibited in the dusk sector, it may persist or
even intensify in the pre-dawn sector, where eastward-directed
electric fields remain dominant (Fejer et al., 2008; Sori et al., 2021).
Since plasma bubbles are closely linked to ionospheric scintillation
through small-scale density irregularities, these variations in ROTI
reflect corresponding changes in scintillation activity.

The suppression of scintillation in the dusk-to-midnight sector
during the recovery phase is primarily due to the weakening of
PRE, which reduces the RTI growth rate and inhibits EPB forma-
tion, as also suggested by Fejer et al. (2008). Since ionospheric
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scintillation is closely linked to small-scale electron density irregu-
larities, its occurrence is modulated by the same electrodynamic
mechanisms that regulate EPB growth and suppression. During
strong geomagnetic storms, when minimum SYM-H occurs
between 10:00-16:00 LT, scintillation is significantly delayed until
the following day’s sunset due to the dominance of DDEF and
over-shielding penetration, which generate westward electric
fields in the dusk sector, weakening PRE and suppressing plasma
bubble formation. The weakened PRE leads to a reduced RTI
growth rate, preventing EPBs from forming until ionospheric
conditions recover the next day. In contrast, during weak-moderate
geomagnetic storms, the suppression effect is weaker due to the
less intense storm-induced electric fields. When minimum SYM-H
occurs within the same local time window (10:00-16:00 LT), scin-
tillation can still develop by sunset on the same day, suggesting
that although DDEF and over-shielding effects are present, they
are not strong enough to suppress PRE completely, allowing some
degree of EPB growth. When minimum SYM-H occurs between
16:00-19:00 LT, scintillation is almost absent in both storm cate-
gories due to the peak influence of westward electric fields gener-
ated by DDEF and over-shielding, which drastically weaken PRE
and inhibit EPB growth. Unlike the scintillation delay observed at
10:00-16:00 LT during weak-moderate storms, where scintillation
can still develop on the same day, this condition is entirely unfa-
vorable for plasma bubble formation until the storm enters the
recovery phase, resulting in a complete absence of scintillation
even as the storm subsides.

Conversely, when minimum SYM-H occurs between 19:00-
07:00 LT, the likelihood of post-sunset EPB and scintillation
increases due to the enhancement of PPEF, which strengthens
PRE and reinforces RTI growth, allowing plasma bubbles to
develop more efficiently in the dusk-to-midnight sector, leading
to sustained scintillation activity even before the storm reaches its
peak. These findings align with those of Sori et al. (2021), who
demonstrated that storm-time PPEF enhances PRE and promotes
plasma bubble formation in the dusk sector during the main
phase. In contrast, DDEF and over-shielding effects suppress
plasma bubbles in the dusk sector during the recovery phase. The
suppression of EPBs in the dusk sector due to westward electric
fields during the recovery phase contributes to the observed
delay in the onset of S4 enhancement. Additionally, our results
suggest that AE activity is crucial in controlling the delay in scintil-
lation onset, particularly in the post-minimum SYM-H period.

As shown in Figures 5 and 7, the delay in scintillation onset is
more pronounced when AE activity remains high after the mini-
mum SYM-H. Our results indicate that scintillation first appears ~6
hours after epoch 0 in weak-moderate geomagnetic storms, and
~12 hours after epoch 0 in strong geomagnetic storms. The aver-
age AE index returns to its baseline value (quiet condition) ~6 and
~12 hours after epoch 0 for weak-moderate and strong geomag-
netic storms, respectively, marking the general transition toward
ionospheric recovery. This suggests that auroral activity
contributes to the persistence of westward-directed electric fields
in the equatorial region.

High AE activity is generally associated with stronger disturbance
dynamo electric field (DDEF), which can prolong the suppression
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of PRE and delay the onset of post-storm ionospheric irregulari-
ties. When the local sunset coincides with epoch 0, post-sunset
EPBs and scintillation are more likely to be suppressed due to the
prolonged operation of DDEF-driven westward electric fields,
inhibiting vertical plasma drift. Conversely, when AE activity is
lower after the minimum SYM-H, the disturbance dynamo weakens
more rapidly, allowing the PRE electric field to recover sooner,
facilitating earlier plasma bubble growth and scintillation onset.
This scenario is more likely to occur when epoch 0 falls within
midnight to early morning, allowing scintillation to develop
before epoch 0. However, post-midnight scintillation is not
observed in the equatorial region during the recovery phase, for
neither weak-moderate nor strong storm events.

These findings highlight the importance of considering both
auroral activity and storm phase timing in assessing scintillation
occurrence, particularly in the equatorial ionospheric prediction
model. These findings also reinforce the importance of considering
storm strength and local time variations when assessing iono-
spheric responses to geomagnetic disturbances. The results of the
present study support the idea that daytime geomagnetic distur-
bances intensify westward electric fields, which persist into the
evening sector and inhibit plasma bubble formation. In contrast,
when the minimum SYM-H occurs during nighttime to early
morning hours, scintillation can still develop before the storm
peak, suggesting that pre-existing ionospheric conditions may
contribute to earlier scintillation occurrence. These results provide
critical insights into the role of storm phase and local time in
modulating equatorial scintillation, offering valuable information
for improving ionospheric scintillation prediction models with
space weather applications.

4. Conclusions

This study analyzed the occurrence patterns of ionospheric scintil-
lation during geomagnetic storms in Indonesia from 2003 to 2024,
using SEA applied to GNSS data from seven stations. The results
highlight that scintillation delay depends not only on storm
strength, but also on the local time of the minimum SYM-H,
demonstrating that background ionospheric conditions signifi-
cantly influence storm-time plasma dynamics.

For weak-moderate storms, scintillation typically emerges
~6 hours after the minimum SYM-H when it occurs at 13:00-
16:00 LT, while for strong storms, scintillation appears ~12 hours
after the minimum SYM-H when it occurs at 07:00-10:00 LT. Scin-
tillation is almost absent when the minimum SYM-H coincides
with local sunset (16:00-19:00 LT), likely due to DDEF-induced
suppression of EPB growth, which persists for at least 6 hours
(weak-moderate storms) and 12 hours (strong storms) post-mini-
mum SYM-H. Conversely, when the minimum SYM-H occurs at
nighttime or early morning (19:00-07:00 LT), scintillation is
observed before the storm peaks, suggesting that PPEF-driven
plasma bubble formation plays a key role in this period.

Additionally, our findings emphasize the role of auroral activity
(AE index) in modulating scintillation suppression duration. When
AE activity remains high post-minimum SYM-H, DDEF persists
longer, further delaying EPB formation and ionospheric recovery.
The AE index returns to baseline ~6 hours (weak-moderate
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storms) and ~12 hours (strong storms) post-minimum SYM-H,
marking the transition to post-storm conditions. These results
underscore the global coupling between high-latitude auroral
dynamics and low-latitude ionospheric irregularities.

Future studies should investigate the impact of seasonal varia-
tions, solar cycle influences, and multi-instrument observations
(e.g., space-based and ionospheric radar measurements) to refine
storm-time scintillation models further. These advancements will
enhance space weather forecasting and GNSS-based applications,
which are crucial for mitigating signal degradation in equatorial
regions.
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