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EXPRESS LETTER

An evaluation of space weather conditions 
for FORMOSAT‑3 satellite anomalies
Han‑Wen Shen1  , Jih‑Hong Shue1*  , John Dombeck2   and Tsung‑Ping Lee3 

Abstract 

The variable electromagnetic environment in geospace plays a crucial role in influencing the occurrence probability 
of satellite anomalies. FORMOSAT-3 (FS3) is a Low-Earth-Orbit (LEO) mission, which consists of six identical micros‑
atellites that orbit in the altitude of 700–800 km and with an inclination of 72°. The dependences of the FS3 satellite 
anomalies on space weather conditions have not been investigated in the past. With an exception of a small number 
of extremely high geomagnetic events, we find that the occurrence rate of the FS3 anomalies is negatively correlated 
with the level of geomagnetic activity. Moreover, the relationship between numbers of anomalies and sunspots is also 
anti-correlated. A superposed epoch analysis demonstrates that the intensity of galactic cosmic rays (GCR) is relatively 
high at the times of the anomalies. All these results infer that the FS3 anomalies predominantly occurred under the 
conditions associated with low solar activity. The possible main cause for the FS3 anomalies is high-energy trapped 
protons or GCR. In summary, this paper presents a statistical result that a satellite can be prone to suffer an anomaly 
under low solar or geomagnetic activity.
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Introduction
The instruments mounted on satellites contain a substan-
tial amount of highly sensitive electronics. Many previ-
ous studies have suggested that charged particles can 
seriously influence the operation of satellite electronics in 
the space environment. Love et  al. (2000) reported that 
several failures of the Geostationary-Earth-Orbit (GEO) 
satellites were associated with a highly variable electron 
environment. Baker (2000) pointed out that the failures 
of MARECS-A in February 1986, Telstar 401 in January 
1997, and Galaxy 4 in May 1998 were caused by charged 
particles and subsequent electrostatic discharges. Gubby 
and Evans (2002) suggested that protons with energies 
over 1 MeV or electrons with energies over 0.5 MeV can 
effectively lead to malfunctions on satellite electronics. 
Pilipenko et  al. (2006) proposed that high flux of solar 

energetic protons (> 1 MeV) is the main risk factor that 
causes anomalies during solar maximum and that rela-
tivistic electrons are responsible for the anomalies that 
occurred during the periods between solar minimum 
and solar maximum. Iucci et  al. (2005) investigated the 
satellite anomalies in different orbits during the period 
of 1986–1994. They found that the anomalies recorded 
by the satellites in high-altitude near-polar orbits were 
related to high-energy protons, and the anomalies 
recorded by the satellites in GEO and low-altitude near-
polar orbits were related to high-energy electrons. All 
these studies inferred that satellite anomalies are fre-
quently related to charged particles.

The variations in the flux, energy, and spatial distribu-
tion of charged particles play an imperative role in con-
trolling the occurrence probability of satellite anomalies. 
High solar activity produces Coronal Mass Ejections 
(CMEs) and other special solar wind structures to influ-
ence Earth’s magnetosphere (Liu et al. 2011; Möstl et al. 
2010). The high-speed solar wind, energetic charged 
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particles, and large southward interplanetary magnetic 
fields (IMF) associated with these structures can have 
drastic impacts on the electromagnetic environment of 
Earth, resulting in more solar wind energy going into the 
magnetosphere and enhancing the level of geomagnetic 
activity (Gonzalez et  al. 1994; Kamide 1992). During 
periods of high geomagnetic activity, plasma properties 
would vary and then cause several kinds of influences 
on satellites, such as single event effects, satellite charg-
ing, and total dose effects (Guenzer et  al. 1979; Kola-
sinski et  al. 1979; Anderson et  al. 1994; Bashkirov et  al. 
1999; Ferguson et al. 2011; Loto’aniu et al. 2015). Indeed, 
most previous studies have suggested that many satellite 
anomalies were attributed to high geomagnetic activ-
ity (e.g., Belov et al. 2004; Choi et al. 2011; Farthing et al. 
1982; Fennell et al. 2001; Iucci et al. 2005; Lohmeyer et al. 
2015; Loto’aniu et al. 2015; Nichitiu et al. 2004; O’Brien 
2009; Thomsen et  al. 2013; Vampola 1994; Wilkinson 
1994; Wu et al. 2000).

Most previous studies associated with satellite anoma-
lies focused on the satellites in GEO. In fact, under high 
geomagnetic activity, more high-energy particles can be 
injected from the magnetotail and then precipitate into 
the ionosphere (Lyons 1997), possibly causing satellite 
anomalies in Low Earth Orbit (LEO). Ahmad et al. (2018) 
examined twenty anomalies recorded by the satellites in 
LEO and reported that these anomalies have a high posi-
tive correlation with higher geomagnetic activity. Lee 
et al. (2014) analyzed a significant number of anomalies 
recorded by two satellite missions in LEO, FORMO-
SAT-2 (FS2), and FORMOSAT-3/COSMIC (FS3). Their 
results demonstrated that the FS2 anomalies predomi-
nantly occurred in the polar region, and most of the FS3 
anomalies were distributed in the South Atlantic Anom-
aly (SAA) region. However, that study did not include an 
analysis of dependences on space weather conditions, 
such as solar activity, geomagnetic activity, solar wind 
variations, etc.

The FS3 mission consists of six LEO microsatellites, 
and each of them has an identical structure. The FS3 
satellites were launched on 15 April 2006, and their 
orbital altitudes and inclinations are 700–800  km and 
72°, respectively. The major goal of the FS3 mission is to 
utilize an occultation technique for deriving the pres-
sure and humidity of the atmosphere and the electron 
density of the ionosphere (Fong et al. 2009; Rocken et al. 
2000). Since the FS3 mission is combined with multi-
ple GPS satellites to establish a global atmospheric and 
ionospheric observing system, the FS3 mission is also 
called Constellation Observing System for Meteorology, 
Ionosphere and Climate (COSMIC). The present study 
endeavored to explore the characteristics of space param-
eters for the anomalies recorded by FS3, and particularly 

examined whether these anomalies were related to high 
geomagnetic activity. The results derived from this study 
can help clarify the main causes in the aspect of space 
weather for the FS3 anomalies.

FORMOSAT‑3 anomalies
Many causes can give rise to a computer of the FS3 
microsatellites resetting automatically, including ground-
controlled errors, noisy transmission process, mechanical 
or circuit issues, software interrupts, insufficient power, 
larger yaw angle, abnormal attitude, etc. These common 
causes are divided into five categories: human-made, 
transmission, mechanical, circuit, and software factors. 
However, in addition to the factors mentioned above, 
the variations in space weather can cause a satellite com-
puter to operate abnormally and auto-reset subsequently. 
To further understand the causes of the FS3 anomalies, 
computer auto-reset anomalies were classified into either 
space weather and non-space weather categories before 
analyzing them. When an auto-reset anomaly occurred in 
an FS3 microsatellite, the NSPO (National SPace Organi-
zation, Taiwan) staff would determine the possible cause 
for this anomaly and record it. If this anomaly is not 
made by any of the five common categories of anomaly 
factors, it will be classified into the category of anomalies 
caused by space weather effects.

Owing to the same structures and orbital parameters 
of all the six FS3 microsatellites, this study analyzed 
anomalies of these six microsatellites without differentia-
tion. After non-space weather anomalies were removed, 
626 anomalies were left for further analysis on aspects 
of space weather. These 626 anomalies occurred during 
the period from 5 May 2006 to 29 June 2016. This period 
is longer than that of the FS3 anomalies reported in Lee 
et  al. (2014). Figure  1 displays the global distribution 
of our FS3 anomalies. It is shown that many anomalies 
occurred in the SAA region, as bounded in the red trap-
ezoid. This distribution is consistent with that of the FS3 
anomalies reported by Lee et al. (2014).

Methodology and results
In the subsections below, we exhibit the results of statis-
tical examinations for the FS3 anomalies in association 
with different global space parameters. These results lead 
out our discussion that derives new understandings and 
relative importance of the relationships between the FS3 
anomalies and these space weather parameters in the 
section “Discussion”.

Solar wind conditions
We examined the dependences of the FS3 anomalies on 
solar wind conditions. To derive the relationship between 
the FS3 anomalies and each of the solar wind speed, 
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dynamic pressure, and the z component of the IMF, 
superposed epoch analysis was applied to these three 
solar wind parameters, as shown in Fig.  2. However, no 
significant variations in these three parameters are found 
before, after, or at the times of the anomalies. This indi-
cates that high solar wind driving is not a primary cause 
or prerequisite of the space weather condition inducing 
the FS3 anomalies.

Relationship to geomagnetic activity
Many previous studies suggested that satellite anomalies 
are typically associated with high geomagnetic activity. 
To verify whether the FS3 anomalies are consistent with 
this finding, the Kp index (https://​www.​gfz-​potsd​am.​de/​
en/​kp-​index/) was used to evaluate the state of geomag-
netic activity (Allen 1982; Mayaud 1980). Since the flux of 
charged particles can accumulate during periods of high 
Kp values and persists in space environment even after 
the Kp value decreases, the possible influence of high 
geomagnetic activity by delay time was considered in this 
study. The daily maximum Kp value was chosen to indi-
cate geomagnetic state, and the number of the FS3 anom-
alies that occurred under the condition of each Kp value 
was counted, as displayed in Fig. 3a. It is found that most 
anomalies occurred with Kp less than 4, which is gener-
ally considered as low geomagnetic activity. This result 

demonstrates that most of the FS3 anomalies occurred 
under low geomagnetic activity, but does not in itself 
indicate that FS3 was more likely to experience an anom-
aly when geomagnetic activity was low.

It is possible that the days during the mission period 
have more counts under low geomagnetic activity than 
under high geomagnetic activity. For this reason, the 
number of the anomalies needs to be normalized by 
the relative amount of time for each Kp value to deter-
mine the occurrence rate of the FS3 anomalies. Since 
our method used the maximum daily Kp value, this was 
also used for the normalization. Figure  3b shows that 
the occurrence rate decreases with increasing Kp value 
for low Kp values and then increases at a turning point 
near Kp = 6. The occurrence rate and the Kp value were 
therefore fitted after splitting into two intervals of Kp ≥ 6 
and Kp ≤ 6. A linear fitting by the least-squares method 
for these two intervals was performed. The relationship 
illustrates a positive correlation for Kp ≥ 6 and a nega-
tive correlation for Kp ≤ 6. However, in the case that an 
anomaly occurred at the beginning of a particular day, 
the Kp value for this case was probably chosen from a 
3-h interval after the anomaly. The chosen value could 
be highly variable, so the accuracy of the statistics will be 
affected. To improve the accuracy, we used a 2-day win-
dow to recalculate the anomaly occurrence rates. The 
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representative Kp value for a day is the maximum Kp 
value in the 2 days that includes the day and the previous 
day. Figure 3c shows the occurrence rate of the anomalies 
in terms of Kp for the 2-day window. Its trend is similar 
to that for the 1-day window (Fig. 3b). It should be noted 
that the amounts of mission days with Kp ≥ 7 are only 
0.6% and 1.1% for the 1-day and 2-day windows, respec-
tively. Therefore, if we only consider most cases of the 
FS3 anomalies and geomagnetic conditions (Kp ≤ 6), the 
occurrence rate of the FS3 anomalies is anti-correlated 
with the level of geomagnetic activity.

Relationship to solar activity
As described in the section “Introduction”, under 
high solar activity, CMEs and other special solar wind 

structures can frequently occur and produce more high 
energetic particles via shock acceleration, leading to 
high-speed solar wind, strong southward IMFs, and high 
geomagnetic activity. Most previous studies inferred 
these space weather conditions are more likely to spark 
off satellite anomalies. The number of satellite anomalies 
then would be expected to be higher during solar maxi-
mum than during solar minimum. However, our initial 
analysis did not obtain such results, in some cases obtain-
ing the opposite results. To resolve this discrepancy, the 
relationship between the solar cycle and the FS3 anoma-
lies was reexamined. The daily sunspot numbers (SSN) 
were averaged for individual years to determine solar 
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cycle variations, and then compared to the annual num-
bers of the FS3 anomalies. As illustrated in Fig.  4a, the 
number of the FS3 anomalies is the highest during solar 
minimum and the lowest during solar maximum. The 
number increases in the trailing edge of the solar cycle 
and decreases in the leading edge of the solar cycle. This 
feature illustrates an anti-correlation between the num-
ber of the FS3 anomalies and SSN.

To further investigate the relationship between the FS3 
anomalies and solar activity in a shorter time scale, the 
occurrence rates of the FS3 anomalies in terms of SSN 
were calculated using the same time resolution (1 day) as 
the analysis of “Relationship to geomagnetic activity”. The 
result is displayed in Fig. 4b. Considering a time delay for 
the influences of solar activity on Earth, here, SSN of each 
day is represented by the maximum value of the day and 
the previous day. It is found that the relationship between 

the occurrence rate and SSN shows a negative correlation 
for SSN < 120 and a positive correlation for SSN > 120. 
However, note that counts of SSN greater than 120 only 
account for a small percentage during the mission period 
of FS3, and most of the FS3 anomalies were accompanied 
with SSN lower than 120. For most cases, the occurrence 
rate of the FS3 anomalies is anti-correlated with the level 
of solar activity.

Relationship to galactic cosmic rays
The results presented in the previous section indicate 
that an FS3 anomaly did not favorably occur under high 
solar or geomagnetic activity, except for a small number 
of extreme conditions. When solar activity is high, the 
Sun releases more magnetic clouds into the interplan-
etary space. These magnetic clouds would accumulate 
at the heliopause and the termination shock of the solar 
wind, effectively blocking interstellar matter and Galac-
tic Cosmic Rays (GCR) from entering the solar system. 
Therefore, the intensity of GCR observed is opposite to 
the level of solar activity (Zhang 2003; Schwadron et al. 
2014). Moreover, Likar et  al. (2012) reported that GCR 
can also create an anomaly on a satellite. According to the 
relationship between the solar cycle and the FS3 anoma-
lies derived from the present study, it may be speculated 
that the GCR intensity was relatively high near the times 
when the FS3 anomalies occurred.

To examine the intensity of GCR at the times of the 
FS3 anomalies, the data of eight neutron monitors were 
used to conduct a superposed epoch analysis. Although 
the magnitudes of GCR measured at different latitudes 
have a larger difference during high Kp than during low 
Kp (Okpala 2015), they show a similar trend over time. 
As shown in Fig. 5a, the neutron counts detected by dif-
ferent monitors are in different scale ranges, and thus, we 
adopted their relative variations instead of their actual 
values for subsequent analysis. The relative variations 
of neutron count for each monitor can be calculated by 
(C −  < C >)/ < C > , where C represents neutron count and 
< > means the average for whole interval. However, some 
of these monitors have data gaps at different times, and 
these gaps needed to be filled before we calculate relative 
variations of neutron count.

Figure  5b exhibits a schematic diagram for explain-
ing how data gaps were filled. In this diagram, there are 
four neutron monitors for the demonstration, i.e., mon-
itors 1–4. A data gap of monitor 1 is centered at TA. To 
fill this gap, four parameters are used: TB, A, B, and C. 
TB represents the times that all monitors have values. A 
is the average of the values detected at TB by monitor 
1; and B (C) is the average of the values detected at TB 
(TA) by the monitors (i.e., monitors 2–4) that have val-
ues at TA. The missing value at TA for monitor 1 is then 
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calculated by C × A/B. This approach was applied to 
the data of eight monitors used in this study. After data 
gaps of a monitor were filled, the relative variations of 
neutron count detected by this monitor can then be 
calculated. We averaged the relative variations of all 
the eight monitors at each time to produce an average 

curve, which was used as the relative variations of the 
GCR intensity.

A superposed epoch analysis on the relative variations 
of the GCR intensity in reference to the times of the FS3 
anomalies is displayed in Fig. 5c. A peak is found during 
the period between 3 h before and 1 h after zero epoch 
time, indicating that the GCR intensity was relatively 
high at the times of the FS3 anomalies. This result dem-
onstrates that one of the main causes for these anomalies 
was likely due to GCR.

Discussion
The present study examined the FS3 anomalies in com-
bination with several space parameters. We find that 
the occurrence rate of these anomalies is anti-correlated 
with the level of solar or geomagnetic activity, except for 
extremely high conditions. Previous studies reported that 
high geomagnetic activity or solar activity indeed can 
cause satellite anomalies. Therefore, it is not surprising 
for those FS3 anomalies which occurred under high solar 
or geomagnetic activity. The intuitive effects of high solar 
activity and geomagnetic activity on FS3 are possibly 
true, but they are only for very extreme conditions and 
not the predominant causes of the FS3 anomalies. While 
it stands to reason that a satellite is more likely to expe-
rience an anomaly during high solar activity than during 
low solar activity, GCR could be a main source for creat-
ing a satellite anomaly during low solar activity, as shown 
in Figs. 4 and 5.

The anomalies used to derive the results described in 
the section “Methodology and results” were not spe-
cifically classified according to the anomalies within or 
outside the SAA region. Since Fig.  1 exhibits a higher 
probability of the FS3 anomalies that occurred in the 
SAA region, a separate analysis on the SAA and non-SAA 
anomalies was also conducted (not shown). The indi-
vidual results for these two categories of anomalies were 
the same as those for all of the FS3 anomalies denoted 
in Fig.  1, inferring that GCR is a main source for the 
anomalies both within and outside the SAA region. How-
ever, one should be noted that the anomalies in the SAA 
region were also possibly caused by high-energy trapped 
protons of the inner radiation belt.

Since the magnetic fields in the inner magnetosphere 
do not present a perfectly symmetrical dipole, the inner 
radiation belt gets closer to Earth over the SAA region. 
Most of the FS3 anomalies occurring in this region 
should be related to the variations in the particle environ-
ment of the inner radiation belt. The Cosmic Ray Albedo 
Neutron Decay (CRAND) process is deemed to be a main 
source of the high-energy protons in the inner radiation 
belt (Albert et al. 1998; Singer 1958). During solar mini-
mum, more GCR interacts with the atmospheric nuclei, 
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which increases the CRAND process and then leads to 
the enhancement of proton flux in the inner radiation 
belt. Moreover, Earth’s upper atmosphere can expand to 
higher altitudes when it is heated by the solar extreme 
ultraviolet radiation. A higher neutral atmospheric den-
sity in the SAA region would cause a higher frequency of 
Coulomb collision between trapped protons and atmos-
pheric particles, so the flux of high-energy protons in this 
region is lower during high solar activity than during low 
solar activity (Farley and Walt 1971; Miyoshi et al. 2000; 
Qin et al. 2014). Zou et al. (2015) found that the flux of 
high-energy trapped protons in the SAA region reduces 
during geomagnetic storms, and attributed the reduc-
tion to the enhancement of neutral atmospheric density 
(Sutton et  al. 2005). As a result, the flux of high-energy 
trapped protons in the SAA region is anti-correlated with 
the trend of the solar cycle and levels of solar activity and 
geomagnetic activity, which is consistent with the rela-
tionship found in the FS3 anomalies that occurred mostly 
in the SAA region.

To our knowledge, compared with other satellites such 
as FS2, FS3 adopted relatively poor space specifications 
in the selection of the EEE (electrical, electronic, and 
electromechanical) parts, and the technology of radia-
tion hardening used in FS3 was less likely to shield high 
energetic radiation such as GCR or high-energy trapped 
protons of the inner radiation belt (Fong et al. 2009; Lee 
et  al. 2014). Additionally, FS2 was shielded well with 
Aluminum, whereas FS3 was not. The difference in the 
shielding, structure, and satellite design among FS3 and 
other satellites could create a difference in the depend-
ences of anomaly occurrence rate on space weather con-
ditions, which is worthy of a further investigation in the 
future.

Summary
This paper presents a statistical analysis on the depend-
ences of the FS3 anomalies on sunspot numbers, solar 
wind parameters, geomagnetic activity, and the GCR 
intensity. It is found that most of the FS3 anomalies 
occurred under low geomagnetic activity, and that the 
occurrence rate of these anomalies is anti-correlated 
with the level of geomagnetic activity with an exception 
of a small number of extremely high geomagnetic activity 
(Kp ≥ 7). Also, the number of the FS3 anomalies per year 
is found to be anti-correlated with the sunspot activity 
of the solar cycle. The results stated above are opposite 
to our current perception that most satellites experience 
more anomalies under the conditions associated with 
high solar activity. Furthermore, a superposed epoch 
analysis on the GCR intensity shows a peak value at 
the times when the FS3 anomalies occurred. This infers 
that GCR is a possible main cause for these anomalies 

possibly both directly and through causing increases in 
the flux of high-energy protons in the inner radiation 
belt. In summary, this paper presents a statistical result 
that a satellite can possibly have a high anomaly occur-
rence probability under low solar or geomagnetic activity.
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