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Abstract

Keywords

This study investigates the relationship between the geostationary space environment and the Garuda-1 satellite power anomaly
that occurred on April 5, 2005. To assess potential anomaly mechanisms, GOES-12 electron and proton flux data, geomagnetic
indices, solar wind parameters, and SPENVIS-based charging simulations were examined. While proton fluxes and solar X-ray activity
remained relatively low during the event period, relativistic electron fluxes increased significantly under disturbed geomagnetic
conditions, as indicated by enhanced AE activity, increased solar wind speed, and prolonged southward IMF Bz. Under these
conditions, SPENVIS simulations indicate increased spacecraft surface and internal charging susceptibility. The findings suggest that
storm-time energetic electron enhancement and associated charging processes in the geostationary environment may have been
associated with the reported Garuda-1 anomaly. This work emphasizes the importance of magnetic local time dependence and
geomagnetic activity in influencing spacecraft charging risk for geostationary satellites.
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1. INTRODUCTION

For more than three decades, extensive research has been con-
ducted to understand how the space environment affects satel-
lites and to develop ways to enhance their resistance to these
harsh conditions. The impact of the space environment on
a satellite varies depending on its orbit and the surrounding
environment (Belov et al., 2004; Dorman et al., 2005; Tucci
et al., 2005; Ahmad et al., 2026a; Kirov et al., 2024). Satel-
lites in low Earth orbit (LEO) experience high particle density
but low particle energy, while polar-orbiting satellites also en-
counter high-energy particles when passing through the polar
regions. In contrast, satellites in higher orbits are exposed to
low-density but high-energy particle environments (Ahmad
et al., 2018; Surkov and Mozgov, 2021). Geostationary orbit
(GSO) satellites, which occupy high orbits with low inclination,
are typically positioned near the plasmapause, where particle
density is low and particle energy is high. However, during
periods of increased solar or geomagnetic activity, the plas-
masphere can expand or contract, causing satellites to become

immersed in regions of significantly higher particle density (Lai,
2011). During magnetospheric substorms, magnetic reconnec-
tion in the magnetotail accelerates particles in the plasma sheet,
driving their inward transport and resulting in energetic par-
ticle injections into the GSO region (Li et al., 2005; Ahmad
etal.,, 2025).

Energetic particles such as protons and electrons can in-
teract with satellites through mechanisms that may lead to
operational degradation or system failure. These interactions
may involve direct penetration of satellite electronics, leading
to system failures, or electrostatic charging, which can result
in electrical discharges and equipment burnout (Lai, 2011;
Garrett and Whittlesey, 2012). For GSO satellites, surface
charging is a common disturbance caused by interactions with
electrons in the keV energy range (Baker, 2000; Thomsen et al.,
2018). While surface charging can lead to mission disruptions
over time, more severe and immediate failures are often the
result of deep internal charging, where high-energy electrons
penetrate spacecraft walls and become trapped within internal
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systems (Baker, 2001; Fennell et al., 2001; Lai, 2011; Gubby
and Evans, 2002; Pilipenko et al., 2006). Previous Indonesian
studies on spacecraft systems exposed to the near-Earth space
environment have highlighted the effects of energetic particle
populations on satellite subsystem performance, particularly in
relation to electronic degradation and in-orbit anomaly occur-
rence.

The variability of energetic particles in space is closely re-
lated to the dynamics of space weather, which are influenced
by solar activity and the geomagnetic conditions of the Earth.
Various phenomena, such as solar wind variations, solar flares,
and coronal mass ejections (CMEs), can trigger changes in par-
ticle flux at GSO, which in turn modulate the response of the
magnetosphere (Pratiwi et al., 2025). Proton flux variations in
GSO are generally associated with SEP events originating from
solar activity, although contributions from particles trapped in
the radiation belts may also play a role. Meanwhile, electron
flux variations are more strongly controlled by geomagnetic
activity, such as geomagnetic storms and substorms, which are
triggered by the interaction between the solar wind and Earth’s
magnetosphere (Iua et al.; 2023). Thus, the variability of
energetic particle flux is an important factor in determining
interactions with satellites, including effects such as surface
and deep dielectric charging, as well as radiation-induced elec-
tronic disturbances. These flux fluctuations directly reflect the
conditions of space weather. To characterize the level of such
disturbances, NOAA developed disturbance scales known as
the NOAA Space Weather Scales, which are widely used to
identify potential risks to satellite systems.

Garuda-1, Indonesia’s communication satellite, is in a geo-
stationary orbit at 123 °E longitude. Asia Cellular Satellite
(ACeS) International, based in Batam, is the operator of this
satellite. The satellite was launched on February 12, 2000, at
09:10:54 UTC by the International Launch Service (ILS) us-
ing a Proton-K rocket from Baikonur Cosmodrome, Tyuratam,
Kazakhstan. With 188 transponders, the Garuda-1 satellite
can cover 22 countries: from Japan in the north to Indonesia
in the south, from Guam (Philippines) to Papua New Guinea
in the east, and Pakistan in the west. Information about the
Garuda-1 satellite has been reported by International Launch
Services (ILS) and other satellite databases. The Garuda-1
satellite was reported to have unexpectedly lost power on April
5, 2005, without a clearly identified cause (Choi et al., 2011;
Rachman and Herdiwijaya, 2014). The malfunction was be-
lieved to be associated with disturbances affecting the satellite’s
solar panels, which serve as its primary source of operational
power. Such power degradation may reduce the satellite’s oper-
ational lifetime compared with its original design expectations
(Hanslmeier, 2010).

Rachman and Herdiwijaya (2014) investigated the Garuda-
1 anomaly using solar wind and interplanetary magnetic field
parameters through a superposed epoch analysis. Their study
suggested that the anomaly was associated with a Corotating
Interaction Region (CIR) event that generated a moderate ge-
omagnetic storm, indicating that solar wind structures acted
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as external drivers of the disturbance. However, their analy-
sis mainly focused on identifying the interplanetary source of
the event and did not examine how the resulting geomagnetic
disturbance affected the local plasma environment at geosta-
tionary orbit where the satellite operated. Consequently, the
physical mechanism linking CIR-driven geomagnetic activity
to the satellite anomaly remains insufficiently understood.

Furthermore, a comprehensive assessment integrating ob-
servational energetic particle analysis, Magnetic Local Time
(MLT) dependence, and physics-based spacecraft charging
simulations has not yet been carried out. In particular, the
relationship between MLT-dependent radiation belt dynamics,
storm-time electron enhancement, and possible internal charg-
ing processes affecting the satellite remains poorly understood.
To address these issues, the present study combines GOES
energetic particle observations, geomagnetic and solar wind
parameters, MLT analysis, and SPENVIS charging simula-
tions to investigate the potential charging-related mechanisms
associated with the reported Garuda-1 anomaly.

2. EXPERIMENTAL SECTION

2.1 Materials
The data were categorized into energetic particle measurements
associated with satellite exposure and space weather parameters
influencing particle dynamics to analyze the reported Garuda-
1 power loss event. Measurements of proton flux (9 < E <
15 MeV) and electron flux (E > 0.6 MeV and E > 2 MeV)
were taken using the Energetic Particle Sensor (EPS) channels
E1, E2, and P3 on board the GOES-12 satellite. Proton data
from the solid-state detector were adjusted to remove cross-
contamination and particles outside the detector’s aperture,
while electron data were corrected for interactions with protons
exceeding 32 MeV. X-ray flux in the short-wavelength range of
0.5-8 A and the long-wavelength range of 1-8 A was used as an
indicator of solar activity, according to Bornmann et al. (1996),
Benz (2008), and Fletcher et al. (2011). The measurements
were obtained from an ion detector chamber onboard the same
satellite. Although affected by Bremsstrahlung contamination
from energetic particles, this contamination does not signifi-
cantly alter the overall temporal patterns and variability of the
measured flux. Data for both X-rays and energetic particles
were obtained from the NOAA GOES Space Environment
Monitor (SEM) data archive available through the National
Centers for Environmental Information (NCEI).
Geomagnetic activity indices were used to assess magnetic
disturbances around the time of the Garuda-1 satellite anomaly
event. Definitive geomagnetic index data were obtained from
the World Data Center for Geomagnetism, Kyoto. The SYM-
H index reflects variations in the global ring current intensity
near the Earth’s magnetic equator. The Kp index is a 3-hour
planetary geomagnetic index derived from standardized K in-
dices from multiple mid-latitude observatories. The AE index
is a measure of auroral electrojet activity, derived from ground-
based magnetometer readings in the auroral zone. The dataset
was complemented by solar wind plasma velocity and inter-
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planetary magnetic field. Solar wind plasma parameters and in-
terplanetary magnetic field data were obtained from the NASA
OMNI database and incorporated into the analysis to evaluate
interplanetary conditions, which serve as key external drivers
of space weather variability.

2.2 Methods and Simulations

The environmental conditions associated with the reported
Garuda-1 power loss event were investigated over the period of
2-8 April 2005. A three-day time window is commonly used in
space weather research to capture the pre-conditioning, main
phase, and recovery phases of geomagnetic disturbances that
may lead to satellite malfunctions, due to the typical timescales
of interplanetary structures and magnetospheric response.

The Space Environment Information System (SPENVIS)
simulations was used in conjunction with observational data to
investigate the physical mechanisms behind the anomaly and
the impact of the space environment on power loss events on
the Garuda-1 satellite. This study employed two SPENVIS
modules, EQUIPOT and DICTAT, for this purpose. The
EQUIPOT module was used to calculate charging probability
and estimate the equilibrium potential on spacecraft surface ma-
terials using a simple differential material charging model. The
DICTAT module was used to evaluate the potential for elec-
trostatic discharge (ESD) by comparing the maximum electric
field with the material’s breakdown field (Ahmad et al., 2026b).

The EQUIPOT module uses inputs consisting of plasma
environment parameters surrounding the satellite, the proper-
ties of the satellite’s constituent materials, and the characteris-
tics of the intermediate insulating layer. The plasma environ-
ment is divided into two regimes, namely hot plasma and cold
plasma. The hot plasma is characterized by an electron density
of 0.4 cm™ with a temperature of 15 keV and an ion density of
1 em™ with a temperature of 15 eV. Cold plasma is defined by
an electron density of 0.1 cm™ and an ion density of 1 cm™3,
with both species having a temperature of 0.5 eV.

The inputs for the DICTAT module are based on a hot
plasma environment defined by a 24-hour exposure duration,
an isotropic electron flux orientation relative to the satellite,
and a range of electron energies. The selected energy range
was 0.6-8.8 MeV, with fluxes ranging from 9 x 10% to 1 x 106
electrons em™ s°! sr™!. These parameters were selected based
on electron measurements recorded by the GOES satellite over
the selected time range corresponding to the satellite power loss
event. The dielectric material is assumed to be Mylar, which
is widely used in spacecraft multilayer insulation systems due
to its favorable dielectric properties, with a thickness of 1.18
cm, a density of 1.4 g/cm?, and a dielectric constant of 8. The
electrical conductivity of the dielectric is assumed to be 1 x
10719 Q -1 m™! under moderate geomagnetic storm conditions,
with a radiation-induced conductivity (RIC) dose rate factor
of 1.0 x 1019, based on standard parameterizations used in
spacecraft charging simulations. The shielding is assumed to
consist of aluminum with a thickness of 0.1 cm. Due to the
lack of detailed satellite geometry information, the DICTAT
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analysis is based on a simplified planar geometry, assuming
isotropic electron incidence and a 90° field of view. These
assumptions, although simplified, are commonly adopted in
preliminary SPENVIS-based charging assessments to estimate
first-order charging susceptibility under disturbed geomagnetic
conditions. Realistic spacecraft geometries and anisotropic
particle distributions can produce different local charging re-
sponses, which should be taken into account in future studies
once detailed spacecraft engineering data become available.

The electron and proton fluxes used in the simulation are 2
x 109 electrons em™ s sr™! and 1 x 10% protons em™ 7! srl,
respectively, representing a geomagnetically disturbed condi-
tion observed during the selected event period. Both fluxes
are defined at an effective energy of 1 MeV. The SPENVIS in-
put parameters used in this study are based on GOES-derived
electron flux measurements and representative geostationary
spacecraft material configurations commonly adopted in space-
craft charging studies. These assumptions provide a first-order
representation of GSO space weather conditions during the
event period. The material parameters, including structural
and patch elements, are assumed to be aluminum, a standard
spacecraft structural material due to its favorable mechanical
and electrical properties. Secondary electron emission is mod-
eled using the Katz formulation. The intermediate insulating
layer is characterized by a relative permittivity of 8, a thick-
ness of 0.001 m, and an electrical conductivity of 1071% S/m,
representing typical spacecraft dielectric properties used in
multilayer insulation systems. It should be noted that the de-
tailed engineering specifications of the Garuda-1 satellite are
not publicly available; several material and geometric parame-
ters were selected based on representative spacecraft charging
studies and commonly adopted SPENVIS reference configura-
tions for GSO spacecraft environments. The simulations aim
to give first-order estimates of charging susceptibility rather
than an exact replication of spacecraft charging conditions.

The overall analytical framework adopted in this study is
summarized in Figure 1. The investigation begins with a time-
series analysis in Coordinated Universal Time (UTC) to iden-
tify the temporal relationships among interplanetary conditions,
geomagnetic disturbances, and energetic particle enhancements
associated with the anomaly period. After the disturbance inter-
val is identified, the Garuda-1 satellite position is transformed
into MLT coordinates to examine the occurrence of enhanced
electron fluxes and geomagnetic activity relative to the MLT
sector occupied by the satellite, while charging simulations are
performed to evaluate surface and internal charging conditions
under the observed space environment. The observational
and modeling results are subsequently integrated to assess the
likelihood that spacecraft charging contributed to the reported
Garuda-1 power loss event.
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Space Weather Observation
(Solar Wind, SYM-H, AE Index,
Particle Flux, X-Ray Flux)

UTC Time Series Analysis

Disturbance Period Identification

MLT Analysis
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SPENVIS Modeling
(EQUIPOT, DICTAT)

> Charging Assesment

F

Garuda-1 Power Failure
Interpretation

Figure 1. Workflow Combining Space Weather Observations, Energetic Particle Measurements, MLT Transformation, and
SPENVIS Charging Simulations (EQUIPOT and DICTAT) for Analysis of the Reported Garuda-1 Anomaly

3. RESULTS AND DISCUSSIONS

8.1 Space Environment Conditions During the Garuda-1
Anomaly
The GOES-12 satellite measurements, which provide a rep-
resentation of the space environment at GSO altitude where
Garuda-1 operated, are shown in Figure 2. The upper panel
shows fluctuations in X-ray flux, the red curve representing
short-wavelength X-ray flux (XS) and the black curve repre-
senting long-wavelength X-ray flux (XL). X-ray flux fluctua-
tions reflect the level of solar activity, particularly flare events.
These events may be followed by solar proton events (SPEs),
in which high-energy protons are accelerated and emitted into
space (Waterfall et al., 2023). These particles can reach Earth’s
orbit, including geostationary orbit, and increase radiation risks
that affect the performance and reliability of satellite systems
(Normand, 1994; Tranquille, 1994; Ahmad et al., 2018).
The lower panel of Figure 2 represents the flux of high-

© 2026 The Authors.

energy particles. The red and black curves represent electron
flux variations in the >0.6 MeV and >2 MeV energy channels,
respectively, while the blue curve represents proton flux in
the 9-15 MeV energy range. The electron flux reflects the
dynamics of the outer radiation belt, which generally increases
during geomagnetic storms as a result of particle injection
from the magnetosphere and acceleration processes through
wave—plasma interactions (Horne et al., 2005; Kim et al., 2015;
Larsen and Nichofl, 2013). On the other hand, fluctuations
in proton flux in the 9-15 MeV energy range may originate
from contributions of particles in both the inner radiation belt
and solar energetic particles (SEPs) produced during enhanced
solar activity. To complement the diagnosis of magnetospheric
conditions, Figure 8 shows several key parameters. The pan-
els in the figure, from top to bottom, show fluctuations in the
interplanetary magnetic field component (Bz) and solar wind
speed (V), the global geomagnetic index Kp with a 8-hour reso-
lution, the SYM-H index as an indicator of geomagnetic storm
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Figure 2. Electron Fluxes (E > 0.6 MeV and E > 2 MeV), Proton Flux (9 < E < 15 MeV), and X-Ray Fluxes (XS and XL) from 2-8

April 2005

intensity, and the AE index, which represents auroral electrojet
current activity.

From the upper-panel of Figure 2, it can be seen that during
the time interval suspected to be associated with the power loss
of the Garuda-1 satellite (4-6 April), the X-ray flux remains
below the 10”7 W/m? level. This condition indicates that solar
activity was relatively low and that no significant flares occurred.
Accordingly, no significant flare-associated SEP enhancement
was identified in the near-Earth environment. Meanwhile, the
lower panel of Figure 2 shows relatively large fluctuations in
electron flux, while proton flux does not exhibit significant
variations over the observation period. These electron flux
fluctuations are then followed by an increase in electron flux
reaching nearly 109 electrons em™ s°! sr'! at 20:00 UTC on 5
April. Given that solar activity was in a quiet state, the electron
flux fluctuations can be primarily attributed to magnetospheric
dynamics driven by the interaction between the solar wind and
Earth’s magnetosphere, such as particle injection and accelera-
tion processes in the radiation belts (Millan and Thorne, 2007;
Thorne, 2010; Rodger et al., 2021). The observed relativistic
electron enhancement, approaching a rate of ~10° electrons
sr'!, is comparable to the flux levels preciously as-
sociated with elevated internal charging risk in geostationary
satellites, as reported in previous studies (Baker et al., 1998;
Fennell et al., 2001; O’Brien, 2009). Flux levels of this magni-
tude are consistent with conditions favorable for deep dielectric

Cm'2 s

charging through the penetration of MeV electrons into space-
craft shielding materials and internal dielectric components.

© 2026 The Authors.

The observed conditions are consistent with those expected
during an enhanced magnetospheric activity event, specifically
a moderate geomagnetic storm that began at 12:00 UTC on
4 April. The storm reached its maximum intensity when the
SYM-H index reached a minimum value of approximately
-70 nT and remained at this level for about 4 hours during
the 05:00-08:00 UT period on 5 April. The storm intensity
began to weaken and eventually returned to pre-storm normal
conditions by 10 April after the analyzed interval. During the
initial and main phases of the geomagnetic storm, the electrojet
current increased in intensity and expanded, with multiple
peaks reaching approximately 1300 nT from around 14:00
UT on 4 April to 12:00 UTC on 5 April. The substorm lasted
for a relatively long period of time. Global magnetospheric
conditions were highly active during this period, with the Kp
index reaching a value of 7 in the third panel of Figure 3.
Elevated AE electrojet activity further supports the occurrence
of intense auroral activity, indicating that substorm processes
were dominant during this period.

Substorms can trigger the acceleration and outflow of elec-
trons from the polar ionosphere during enhanced auroral elec-
trojet activity, contributing to fluctuations in high-energy elec-
tron flux (Clark and Anger, 1967; Chen et al., 2008; Bland
et al., 2022; Wang et al., 2026). The Bz component of the
interplanetary magnetic field (IMF Bz) exhibits significant fluc-
tuations during the initial to main phases of the geomagnetic
storm, reaching values of approximately -15 nT and main-
taining a southward orientation throughout the substorm pe-
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Figure 3. Time Series of the Bz Component of the Interplanetary Magnetic Field (a), Solar Wind Speed (b), Kp Index (c),

SYM-H Index (d), and AE Index (e) during 2-8 April 2005

riod. The solar wind bulk velocity exhibits an increasing trend
over the same time period. Fluctuations in the southward Bz
component and an increase in solar wind speed can modulate
ULF waves in the magnetosphere, which then influence wave-
particle interactions and contribute to high-energy electron flux
dynamics in the radiation belts (Mann et al., 2004; Kilowasid
et al., 2014; Baker et al., 2018; Borovsky and Valdivia, 2018;
[ara et al., 2025). Strong variations in the 0.6 and 2 MeV
electron fluxes coincide with this, suggesting a possible link
to energetic particle dynamics in the near-Earth environment

© 2026 The Authors.

(Reeves et al., 2003; Hands et al., 2018). The exact time of
the power loss on Garuda-1 is uncertain. The available reports
only mention that the event was identified on 5 April 2005.
The magnetospheric conditions at GSO altitude during the
4-5 April period have been described, and the analysis is further
extended by investigating the dependence of energetic electron
enhancements and geomagnetic activity on MLT. The left
panel of Figure 4 displays the polar representation of electron
flux in spacecraft MLT-UT coordinates, whereas the right
panel shows the corresponding AE index distribution. In both
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Figure 4. Polar Representation of Energetic Electron flux and AE Index in Spacecraft Magnetic Local Time (MLT) Coordinates
during 4-5 April 2005. (a) Electron Flux Distribution. (b) AE Index Distribution

panels, the circular arcs signify MLT, and the radius of the
circle denotes time in UT over a 48-hour period. The center
of the circle corresponds to 00:00 UT on 4 April, whereas the
outer boundary of the circle corresponds to 00:00 UT on 6
April. The MLT is calculated for the Garuda-1 satellite at a
position of 0° latitude and 123° longitude.

Significant fluctuations in electron flux started to occur from
21:00 UT on 4 April and continued until 07:00 UT on 5
April. The Garuda-1 satellite is located within the 0.4-10.3
MLT sector during this interval, covering the pre-dawn to
early-morning regions. Geomagnetic activity reached a high
level during the same period, with the Kp index peaking at 7,
indicating intense geomagnetic storm conditions. This sector
thus becomes a key region for electron acceleration processes
in the outer radiation belt. A seed electron population can be
supplied by particle injections from the plasma sheet associated
with previous substorm activity during the pre-dawn phase
(approximately 0.4-6 MLT). Electrons then drift eastward due
to magnetic field gradient and curvature effects. The intensity
of whistler-mode chorus waves typically reaches its maximum
in this sector during the same period, making wave-particle
interactions highly eflicient in accelerating electrons from keV
energies to relativistic energies via resonance mechanisms. This
results in a significant increase in high-energy electron flux at
GSO altitudes.

3.2 Simulation Results of the Radiation Environment

The SPENVIS model was used as a physics-based simulation
tool to investigate spacecraft charging effects on Garuda-1 dur-
ing periods of enhanced substorm activity, and is widely applied
in satellite anomaly studies (Heynderickx et al., 2004; Hands

et al., 2018). The analysis employs the EQUIPOT and DIC-

© 2026 The Authors.

TAT modules to evaluate surface potential and internal electric
field responses under exposure to high-energy electron precip-
itation at GSO altitudes. Representative material properties of
aluminum structures and dielectric components were included
to assess susceptibility to surface charging, ESD, and inter-
nal dielectric breakdown. The simulations provide first-order
estimates based on simplified spacecraft geometry, homoge-
neous material properties, quasi-static plasma conditions, and
prescribed energetic electron spectra, and therefore should be
interpreted as relative indicators of charging risk rather than
exact on-orbit voltage or field predictions.

500 |-
-1000 |-

-1500

-2000

Electric Potential (V)

2500 F

-3000

-3500 F

PR PR ST S [T ST WA SR T ST ST R
00 05 10 15 20

Time (ms)

Figure 5. Simulated Spacecraft Surface Potential Obtained
from the EQUIPOT Module under Disturbed Geomagnetic
Conditions during 4-5 April 2005

The EQUIPOT results (Figure 5) show that the surface
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potential decrease reaching approximately -3390 V at ~23
ms, indicating enhanced surface charging under disturbed elec-
tron precipitation conditions. In parallel, the DICTAT results
(Figure 6) show that the maximum internal electric field in di-
electric materials exceeds the assumed breakdown threshold (x
1.0 x 107 mV/m), indicating increased susceptibility to internal
charging and ESD processes.

Together, these results suggest that the event conditions
were favorable for both surface and internal charging processes,
with internal charging representing an important potential risk
due to energetic electron penetration into dielectric materials.
Severe differential charging conditions in GSO are commonly
associated with surface potentials of several kilovolts (Garrett
and Whittlesey, 2012), consistent with the magnitude obtained
in the EQUIPOT simulation. The presence of enhanced rel-
ativistic electron fluxes during the anomaly period provides a
plausible environmental driver associated with the simulated
charging response, as storm-time magnetospheric dynamics
and substorm processes increase spacecraft exposure to ener-
getic particle populations, thereby enhancing both surface and
internal charging risk in GSO environments.

x107
[ —@— Emax ~12781x 107
12 [ Breakdown Electric Field ~ 1.0 x 107
1.0+~
E
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s L
K L
w L
o L
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= L
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Figure 6. Maximum Internal Electric Field Estimated by the
DICTAT Module for Dielectric Materials Exposed to
Electrons in the 0.6-3.8 MeV Energy Range

The evolution of electron flux with MLT reflects the chang-
ing radiation environment encountered by Garuda-1 from
the post-midnight to morning sector. During this interval,
enhanced energetic electron populations are associated with
increased exposure to charging-related conditions. Variations
in plasma density and relativistic electron flux across the dawn-
to-morning sector likely contributed to spatial and temporal
differences in charging susceptibility. These conditions are in-
dicative of enhanced susceptibility to both surface and internal
charging processes.

The coincidence of strong electron flux fluctuations with
enhanced electrojet activity during the storm’s main phase is
consistent with a charging-related scenario that includes in-
creased energetic electron fluxes and disturbed geomagnetic

© 2026 The Authors.
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conditions throughout the event period. The interaction be-
tween substorm-driven injections, storm-time magnetospheric
dynamics, and increased wave activity reflects conditions con-
ducive to spacecraft charging. Several GSO communication
satellites have experienced similar charging-related anoma-
lies under disturbed space weather conditions. An enhanced
relativistic electron flux may have contributed to conditions
conducive to deep dielectric charging in the Anik E1 anomaly,
whereas Telstar 401 and Galaxy 15 experienced operational
failures during a major geomagnetic storm with intense MeV
electron enhancements, attributed to internal charging and
electrostatic discharge processes (Reeves et al., 1998; Saiz
etal., 2018). The reported Garuda-1 anomaly occurred un-
der environmental conditions characterized by heightened rel-
ativistic electron fluxes, increased geomagnetic activity, and
enhanced charging susceptibility indicated by SPENVIS simu-
lations, which are consistent with previously documented space
weather conditions associated with charging-related GSO satel-
lite anomalies.

This study has several acknowledged limitations. The exact
timing of the Garuda-1 anomaly is not precisely known, and
detailed spacecraft engineering characteristics are not publicly
available, which limits direct comparison between environmen-
tal conditions and spacecraft subsystem responses. No onboard
telemetry or diagnostic data were available to verify the specific
failure mechanism. The SPENVIS simulations use simpli-
fied spacecraft geometry and generalized material parameters
because detailed spacecraft engineering specifications are not
available. The simulation results should therefore be regarded
as first-order estimates of spacecraft charging susceptibility
rather than precise reconstructions of the anomaly process. De-
spite these limitations, this study enhances understanding of
the relationship between geomagnetic disturbances, energetic
electron dynamics, and spacecraft charging processes in the
geostationary environment by integrating observational analy-
sis and physics-based charging simulations for an Indonesian
satellite case study.

4. CONCLUSIONS

The reported Garuda-1 anomaly is most consistent with a space
weather—driven spacecraft charging scenario dominated by en-
hanced energetic electron fluxes, while the observed proton
flux levels suggest a limited contribution to direct spacecraft
effects. Disturbed geomagnetic conditions characterized by
strong southward IMF Bz, elevated solar wind speed, and en-
hanced geomagnetic activity provided favorable conditions
for the injection and accumulation of high-energy electrons
in GSO. Simulation results indicate that both surface and in-
ternal charging processes could have contributed to the re-
ported anomaly, with internal charging representing a poten-
tially important mechanism due to the penetration of energetic
electrons into spacecraft dielectric materials under storm-time
conditions. The MLT dependence analysis further indicates
enhanced charging susceptibility along the spacecraft orbit,
with the highest exposure occurring in the nightside to early-
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morning sector, where energetic electron enhancements as-
sociated with substorm activity are typically strongest. The
results suggest that the reported anomaly is consistent with a
multi-factor space weather-driven charging scenario, highlight-
ing the importance of integrating energetic electron dynam-
ics, geomagnetic disturbance conditions, charging simulations,
and local time effects into a unified framework for spacecraft
anomaly diagnosis and risk assessment in GSO.

5. ACKNOWLEDGEMENT

The authors gratefully acknowledge the Research Organiza-
tion for Aeronautics and Space (ORPA) for funding support,
which facilitated the establishment of a topical working team
on this subject. The authors also sincerely thank SPENVIS
for providing the modeling tools used in this study, as well
as OMNIWeb, NOAA/GOES satellite data, and the World
Data Center (WDC) for Geomagnetism, Kyoto, for making
their space weather and geomagnetic datasets publicly available
online, which were essential for the completion of this research.

REFERENCES

Ahmad, N., Darsono, 1. R. Febrianto, Neflia, E. Fitrianingsih,
E. N. Nasser, A. Wahidin, F. Rohmah, P. Budiantoro, and
D. a. Suhendar (2026a). Revisiting the Midori-II Satellite
Anomaly: Evidence of Electrostatic Discharge from SPEN-
VIS Simulations. Advances in Space Research, 77(4); 5354—
5363

Ahmad, N., L. M. M. Kilowasid, H. Fakhrurroja, Neflia,
A. Rachman, A. Husin, and H. Fathoni (2025). How Ge-
omagnetic Storms Affect the Loss of Starlink Satellites in
February 2022? Earth, Planets and Space, 77; 2

Ahmad, N., H. Usui, and Y. Miyake (2018). Particle in Cell
Simulation to Study the Charging and Evolution of Wake
Structure of LEO Spacecraft. Journal of Advanced Simulation
in Science and Engineering, 6(1); 21-31

Ahmad, N., H. Usui, Y. Miyake, S. Supriadi, H. Fakhrurroja,
H. S. Alam, and H. Bangkit (2026b). Case Studies of Ion
Focusing in the Downstream Region of a Modeled Low
Earth Orbit Spacecraft. Earth and Planetary Physics, 10(1);
136-143

Baker, D. N. (2000). The Occurrence of Operational Anoma-
lies in Spacecraft and Their Relationship to Space Weather.
IEEE Transactions on Plasma Science, 28(6); 2007-2016

Baker, D. N. (2001). Satellite Anomalies Due to Space Storms.
In I. A. Daglis, editor, Space Storms and Space Weather Hazards,
volume 38 of NATO Science Series. Springer, pages 285-311

Baker, D. N., J. H. Allen, S. G. Kanekal, and G. D. Reeves
(1998). Disturbed Space Environment May Have Been
Related to Pager Satellite Failure. Eos, Transactions American
Geophysical Union, 79(40); 477-483

Baker, D. N., P. ]. Erickson, J. F. Fennell, J. C. Foster, A. N.
Jaynes, and P. T. Verronen (2018). Space Weather Effects
in the Earth’s Radiation Belts. Space Science Reviews, 214;
17

© 2026 The Authors.

Science and Technology Indonesia, 11 (2026) 1705-1714

Belov, A., L. Dorman, N. lucci, O. Kryakunova, and N. Ptit-
syna (2004). The Relation of High- and Low-Orbit Satellite
Anomalies to Different Geophysical Parameters. In 1. A.
Daglis, editor, Effects of Space Weather on Technology Infras-
tructure, volume 176 of NATO Science Series II: Mathematics,
Physics and Chemistry. Springer, Dordrecht, pages 147-163

Benz, A. O. (2008). Flare Observations. Living Reviews in
Solar Physics, 5; 1

Bland, E., T. Bozdki, and N. Partamies (2022). Spatial Extent
of the Energetic Electron Precipitation Region During Sub-
storms. Frontiers in Astronomy and Space Sciences, 9; 978371

Bornmann, P. L., D. Speich, J. Hirman, L. Matheson,
R. Grubb, H. A. Garcia, and R. Viereck (1996). GOES
X-Ray Sensor and Its Use in Predicting Solar-Terrestrial
Disturbances. In Proceedings of SPIE: GOES-8 and Beyond,
volume 2812. pages 291-298

Borovsky, J. E. and J. A. Valdivia (2018). The Earth’s Mag-
netosphere: A Systems Science Overview and Assessment.
Surveys in Geophysics, 39; 817-859

Chen, G.-X., W.-Y. Xu, Z.-G. Wei, B. H. Ahn, and Y. Kamide
(2008). Auroral Electrojet Oval. Earth, Planets and Space,
55; 255-261

Choi, H. S.,]. Lee, K. S. Cho, Y. S. Kwak, I. H. Cho, Y. D. Park,
Y. Kim, D. Baker, G. Reeves, and L. DK (2011). Analysis of
GEO Spacecraft Anomalies: Space Weather Relationship.
Space Weather, 9

Clark, T. A. and C. D. Anger (1967). Morphology of Electron
Precipitation During Auroral Substorms. Planetary and Space
Science, 15(8); 1287-1301

Dorman, L. 1., A. V. Belov, E. A. Eroshenko, L. I. Gromova,
N. Tucci, A. E. Levitin, and G. Villoresi (2005). Different
Space Weather Effects in Anomalies of the High and Low
Orbital Satellites. Advances in Space Research, 36; 2530-2536

Fennell, J. F., H. C. Koons, J. L. Roeder, and J. B. Blake
(2001). Spacecraft Charging: Observations and Relationship
to Satellite Anomalies. Technical report

Fletcher, L., B. R. Dennis, H. S. Hudson, S. Krucker,
K. Phillips, A. Veronig, L. Bone, A. Caspi, Q. Chen, P. Gal-
lagher, P. Grigis, H. Ji, W. Liu, R. Milligan, and M. Temmer
(2011). An Observational Overview of Solar Flares. Space
Science Reviews, 159; 19

Garrett, H. B. and A. C. Whittlesey (2012). Guide to Miti-
gating Spacecraft Charging Effects. ]Jet Propulsion Laboratory,
California Institute of Technology and John Wiley & Sons

Gubby, R. and J. Evans (2002). Space Environment Effects and
Satellite Design. Journal of Atmospheric and Solar-Terrestrial
Physics, 64(16); 1723-1733

Hands, A. D. P., K. A. Ryden, N. P. Meredith, S. A. Glauert,
and R. B. Horne (2018). Radiation Effects on Satellites Dur-
ing Extreme Space Weather Events. Journal of Atmospheric
and Solar-Terrestrial Physics, 169; 1216-1226

Hanslmeier, A. (2010). The Sun and Space Weather. In
Heliophysical Processes. Springer, pages 233-249

Heynderickx, D., B. Quaghebeur, J. Wera, E. ]J. Daly, and
H. D. R. Evans (2004). New Radiation Environment and

Page 1713 of 1714



Kilowasid et al.

Effects Models in the European Space Agency’s Space En-
vironment Information System (SPENVIS). Space Weather,
2(10); S10S03

Horne, R. B., R. M. Thorne, Y. Y. Shprits, N. P. Meredith,
S. A. Glauert, A. J. Smith, et al. (2005). Wave Acceleration
of Electrons in the Van Allen Radiation Belts. Nature, 437;
227-230

Hua, M., J. Bortnik, H. E. Spence, and G. D. Reeves (2023).
Testing the Key Processes That Accelerate Outer Radia-
tion Belt Relativistic Electrons During Geomagnetic Storms.
Frontiers in Astronomy and Space Sciences, 10; 1-12

Tucci, N., A. E. Levitin, A. V. Belov, E. A. Eroshenko, N. G.
Ptitsyna, G. Villoresi, et al. (2005). Space Weather Condi-
tion and Spacecraft Anomalies in Different Orbits. Space
Weather, 3; S01001

Kilowasid, L.. M. M., Triyanta, W. Sugitomo, A. Yoshikawa,
and T. Uozumi (2014). Pc5 Magnetic Pulsations During
the Outer Electron Radiation Belt. International Journal of
Technology, 5(3); 269-276

Kim, H.-]., L. Lyons, V. Pinto, C.-P. Wang, and K.-C. Kim
(2015). Revisit of Relationship between Geosynchronous
Relativistic Electron Enhancements and Magnetic Storms.
Geophysical Research Letters, 42(15); 6155-6161

Kirov, B., K. Georgieva, and S. Asenovski (2024). Satellite
Anomalies and Their Causes. Sun and Geosphere, 16(1);
10-18

Lai, T. S. (2011). Fundamentals of Spacecrafi Charging: Spacecraft
Interactions with Space Plasmas. Princeton University Press

Lara, C., V. A. Pinto, ]. Silva, B. Zenteno-Quinteros, and P. S.
Moya (2025). On the Relationship Between ULF Wave
Power and Changes of Relativistic Electron Fluxes in the
Outer Radiation Belt. Universe, 11(5); 151

Larsen, B. A. and J. T. Niehof (2018). Electron Accelera-
tion in the Heart of the Van Allen Radiation Belts. Science,
341(6149); 991-994

Li, X., D. N. Baker, M. Temerin, G. Reeves, and R. Friedel
(2005). Energetic Electrons, 50 keV to 6 MeV, at Geosyn-
chronous Orbit: Their Responses to Solar Wind. Space
Weather, 8; S04001

Mann, 1. R., T. P. O’Brien, and D. K. Milling (2004). Corre-
lations Between ULF Wave Power, Solar Wind Speed, and
Relativistic Electron Flux in the Magnetosphere: Solar Cy-
cle Dependence. Journal of Atmospheric and Solar-Terrestrial
Physics, 66(2); 187-198

Millan, R. M. and R. M. Thorne (2007). Review of Radiation
Belt Relativistic Electron Losses. Journal of Atmospheric and
Solar-Terrestrial Physics, 69(3); 362-377

Normand, E. (1994). A Comparison of Two Different Types of
Geosynchronous Satellite Measurements During the 1989
Solar Proton Events. Advances in Space Research, 14(10);
695-699

O’Brien, T. P. (2009). SEAES-GEO: A Spacecraft Environ-
mental Anomalies Expert System for Geosynchronous Orbit.
Space Weather, 7(9); S09003

Pilipenko, V., N. Yagova, N. Romanova, and J. Allen (2006).

© 2026 The Authors.

Science and Technology Indonesia, 11 (2026) 1705-1714

Statistical Relationships Between Satellite Anomalies at Geo-
stationary Orbit and High-Energy Particles. Advances in
Space Research, 837(6); 1192-1205

Pratiwi, N., D. Herdiwijaya, N. Ahmad, T. Hidayat, M. I.
Ikhsan, D. F. Dina, et al. (2025). The Effects of May 2024
Solar and Geomagnetic Storms on an Indonesian GEO Satel-
lite’s Orbital Parameters. Advances in Space Research, 76(12);
7261-7271

Rachman, A. and D. Herdiwijaya (2014). Identifying Solar
Wind Structures Related to Garuda 1 Satellite Anomaly
by Analyzing Solar Wind and IMF Parameters. In AIP
Conference Proceedings, volume 1589. pages 22-25

Reeves, G., R. Friedel, R. Belian, M. M. Meier, M. G. Hender-
son, T. Onsager, et al. (1998). The Relativistic Electron Re-
sponse at Geosynchronous Orbit During the January 1997
Magnetic Storm. Journal of Geophysical Research, 103(A8);
17559-17570

Reeves, G. D., K. L. McAdams, R. H. W. Friedel, and T. P.
O’Brien (2003). Acceleration and Loss of Relativistic Elec-
trons During Geomagnetic Storms. Geophysical Research
Letters, 30(10); 1529

Rodger, C. J., A. T. Hendry, M. A. Clilverd, C. Forsyth, and
S. K. Morley (2021). Examination of Radiation Belt Dy-
namics During Substorm Clusters: Activity Drivers and De-
pendencies of Trapped Flux Enhancements. Journal of Geo-
physical Research: Space Physics, 127(1); e2021JA030003

Saiz, E., C. Cid, and A. Guerrero (2018). Environmental
Conditions During the Reported Charging Anomalies of the
Two Geosynchronous Satellites: Telstar 401 and Galaxy 15.
Space Weather, 16(11); 1784-1796

Surkov, V. V. and K. S. Mozgov (2021). Electrification of
Dielectric Satellites Under the Influence of Electron Flows
of the Earth’s Radiation Belts. Geomagnetism and Aeronomy,
61(4); 551-558

Thomsen, M. F., M. G. Henderson, and V. K. Jordanova
(2013). Statistical Properties of Surface Charging Envi-
ronment at Geosynchronous Orbit. Space Weather, 11(5);
237-244

Thorne, R. M. (2010). Radiation Belt Dynamics: The Im-
portance of Wave-Particle Interactions. Geophysical Research
Letters, 37(22); L.22107

Tranquille, C. (1994). Solar Proton Events and Their Effect
on Space Systems. Radiation Physics and Chemisiry, 43(1-2);
135-151

Wang, T., L. Dai, C. P. Escoubet, W. Gonzalez, Y. Ren,
M. Zhu, et al. (2026). Substorm Expansion Embedded
in a Global Cycle of Field-Aligned Currents and Auroral
Electrojets. Nature Communications, 17; 2970

Waterfall, C. O. G., S. Dalla, O. Raukunen, D. Heynderickx,
P. Jiggens, and R. Vainio (2028). High Energy Solar Particle
Events and Their Relationship to Associated Flare, CME and
GLE Parameters. Space Weather, 21(3); e2022SW003334

Page 1714 of 1714



	INTRODUCTION
	EXPERIMENTAL SECTION
	Materials
	Methods and Simulations

	RESULTS AND DISCUSSIONS
	Space Environment Conditions During the Garuda-1 Anomaly
	Simulation Results of the Radiation Environment

	CONCLUSIONS
	ACKNOWLEDGEMENT

