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Abstract Satellite charging in Earth's magnetospheric plasma and radiation belts frequently causes
operational anomalies. A recent study of a frequent Space Wire anomaly on GOES linked it to shallow internal
charging by 100-300 keV electrons. Solar wind and magnetospheric conditions during a period spanning solar
minimum (2017-2021) are analyzed to gain further insight into the anomalies. The anomalies are divided into
two groups, with inter-anomaly intervals shorter than 2 days (clustered) and longer (background). The clusters
sometimes exhibit a clear 27-day recurrence. The magnetic local time (MLT) distributions for background
anomalies are statistically uniform, unlike those for clustered anomalies, which peak prior to local noon. The
clustered anomaly distributions with respect to Kp are similar to those for surface charging, indicating enhanced
plasma sheet access to geostationary orbit. The maximum 100-300 keV fluxes during injections are similar to
published extreme fluxes. Through superposed epoch analysis and comparison with published lists of high-
speed streams, clustered anomalies are determined to occur during high-speed streams with elevated solar wind
speed, lower number density, and weakly negative interplanetary magnetic field B,. The MLT and Kp
dependencies of the clustered anomalies may indicate charge accumulating in a thin dielectric with a time
constant less than 1 day. The background anomalies, occurring uniformly in local time and varying slowly
between solar rotation periods, may indicate a distinct charging location with a time constant greater than a solar
rotation.

Plain Language Summary Van Allen Belt electrons that deposit on satellite surfaces or penetrate
inside satellites cause discharges that damage materials or send interfering radio bursts into electronics. Such
damage and interference can cause satellite operational anomalies, for example, the famous case of the Galaxy
15 satellite which was out of control for 8 months following a charging event. Typically, electrons that cause
these discharges have been accelerated through tens of thousands of volts or around a million volts before hitting
the satellite. Electrons that have been accelerated to just over one hundred thousand volts have rarely been
implicated in anomalies, until recently. Such electrons penetrate very thin shielding (about the thickness of a
human hair) and accumulate until they discharge, causing interference in a data link. Clusters of anomalies recur
approximately every 27 days, the rotational period of the Sun. Large increases in the number of electrons are
needed to accumulate enough charge to cause a discharge. These increases can be traced back to periods of high
speed (500 km per second and higher) solar wind that last several days and bring with them a fluctuating
magnetic field that repeatedly transfers energy from the solar wind to the Van Allen Belt electrons.

1. Introduction

While the technological and societal effects of historically extreme solar events such as coronal mass ejections
and energetic particle events rightly command attention because of their global impacts, the impacts of space
weather are not limited to such extremes. There is a continuum of space weather storms between the extremes of
benign (“breezes”) and catastrophic (‘“hurricanes”), and it is important to improve our understanding of the middle
ground of non-extreme geoeffective events and our ability to forecast and mitigate them (Schrijver, 2015). In
aggregate, such non-extreme events form an important and underappreciated contribution to the overall social and
economic effects of space weather. Satellite costs are increased through engineering, design and operations efforts
to mitigate space weather effects and by loss of service due to anomalies (Green et al., 2017). Extreme solar events
and large geomagnetic storms are not necessary for the occurrence of satellite anomalies. For example, an
anomaly that caused a satellite to drift out of control while continuing to transmit, interfering with the operation of
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other satellites in geostationary orbit, was associated with a locally extreme yet short-lived geomagnetic
disturbance and plasma injection that took place during non-extreme solar activity and global geomagnetic
disturbance levels (Loto'aniu et al., 2015). In general, satellite anomalies due to space weather are categorized as
the effects of surface charging, internal charging, single-event effects, or total ionizing and displacement damage
dose (O’Brien, 2009). This paper reports on the investigation of solar wind and magnetospheric conditions for a
frequent non-destructive satellite anomaly attributed to internal spacecraft charging by electron fluxes at lower
energies than are commonly associated with the phenomenon.

Surface charging results from the balance of currents from incident hot plasma electrons and ions, secondary
electron and photoelectron emissions, and backscattered electrons (DeForest, 1972; Garrett, 1981). Surface
charging in geosynchronous or geostationary orbit (GEO) is commonly caused by <50 keV electrons injected
from the plasma sheet near midnight (DeForest, 1972; Matéo-Vélez et al., 2018; Mullen et al., 1986;
NASA, 2017; Spence et al., 1993). The energy above which incident electron fluxes are not balanced by back-
scattered and secondary electron emission and therefore contribute to surface charging depends on spacecraft
surface materials and configuration. Values of this lower energy have been observed in the range of 10 (Matéo-
Vélez et al., 2018; Thomsen et al., 2013) to 30 keV (Mullen et al., 1986). The magnetic local time (MLT) dis-
tribution of anomalies or discharges due to surface charging in GEO is peaked between 21 and 6 MLT (Farthing
et al., 1982; Koons et al., 2000; Wilkinson, 1994). The probabilities of observing a spacecraft frame potential
<—100 V (Denton & Borovsky, 2012; Krause et al., 2000; Mullen et al., 1986; Thomsen et al., 2013) and dif-
ferential charging levels <—100 V (Ozkul et al., 2001; O’Brien, 2009) in GEO follow a similar local time dis-
tribution. This local time distribution of surface charging and its effects closely follows the local time distribution
of <50 keV electrons, which is determined by access of the plasmasheet to GEO near midnight, followed by
eastward drift and rapid precipitation loss to the ionosphere, resulting in diffuse aurora in the morning sector
(Korth etal., 1999; Thomsen et al., 1998). The occurrence of surface charging and associated anomalies in GEO is
also correlated with the Kp index and reaches a peak at Kp = 4 to Kp = 5- or higher (Farthing et al., 1982;
Garrett, 1981; Mullen et al., 1986; O’Brien, 2009; Spence et al., 1993; Thomsen et al., 2013).

Internal charging results from 100 to 3000 keV electrons penetrating shielding and accumulating in dielectrics or
floating (ungrounded) conductors and poses a risk of a disruptive electrostatic discharge (ESD) if charge is
deposited near vulnerable components (NASA, 2017; Spence et al., 1993). Unlike anomalies attributed to surface
charging, those attributed to internal charging occur at all local times, sometimes with a fairly uniform distribution
in MLT (Romero & Levy, 1993; Vampola, 1987). The accumulated charge depends on the internal charging
current density, which depends on the incident flux and the shielding thickness, and on the electrical time constant
of the charged material, which in vacuum can range from hours to as long as 2.8 years (Bodeau, 2010; Romero &
Levy, 1993). Charge accumulation from penetrating electrons tends to reduce MLT dependence and to delay or
reduce correlations with elevated geomagnetic disturbances (Lohmeyer & Cahoy, 2013). Following geomagnetic
storms that result in their growth, elevated MeV electron fluxes can remain steady for up to 1 week under
geomagnetically quiet conditions (Onsager et al., 2002). A correlation with multi-day fluences (or average fluxes)
indicates that disruptive discharges follow days-long accumulation of charge. An occurrence of phantom com-
mands attributed to internal charging based on a correlation with daily fluence of >2 MeV electrons observed by
GOES-7 (Wrenn & Smith, 1996) led to the creation of a real-time alert issued by NOAA when GOES >2 MeV
electron fluxes exceed a threshold. Balcewicz et al. (2000) found that certain anomalies on GEO communications
satellites were well-correlated with high 7-day averages of >2 MeV electron fluxes. Failures of solid-state power
amplifiers (SSPAs) in GEO attributed to internal charging occurred in all local time sectors, were independent of
Kp, and were highly correlated with 14- and 21-day fluences of penetrating >2 MeV electron fluxes (Lohmeyer &
Cahoy, 2013; Lohmeyer et al., 2015). In contrast, as observed on the Spacecraft Charging At High Altitude
(SCATHA) satellite in a near-geosynchronous equatorial orbit, the MLT distribution of ESD pulses attributed to
discharges from internal charging had a peak near noon (Fennell et al., 2001; Koons et al., 2000; Koons &
Gorney, 1991) and was more likely to occur for Kp>4 (Koons & Gorney, 1991). These discharges were
associated with an increase in the flux of 288 keV electrons (Koons & Gorney, 1991). Cable charging was
suggested as the source of SCATHA ESD pulses observed on the dayside following moderate substorms, when
>300 and >1400 keV fluxes were highly elevated (Koons, 1983; Koons et al., 2000). These examples illustrate
how the effects of internal charging can exhibit a range of correlations with environmental fluxes, local time and
geomagnetic activity.
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The existence of the NOAA >2 MeV electron alert has led to extensive work on the prediction of >2 MeV fluxes
and their correlation with anomalies. The prominence of this alert has tended to obscure the importance to internal
charging of the full electron energy spectrum and the actual shielding thickness (NASA, 2017), despite the public
availability of GOES electron fluxes at more than one energy, starting with GOES-8 in 1995 (Onsager et al., 1996;
Wrenn & Smith, 1996). Ferguson et al. (2011) determined that the Galaxy-15 anomaly was associated with a peak
in 200-350 keV electron fluxes that were 4-5 times greater than the SCATHA “worst-case” electron flux
spectrum (Fennell et al., 2001; Koons et al., 1988). Also, the >200 keV fluence over the 48 min prior to the
anomaly exceeded the NASA (2017) threshold for internal discharging and could have affected thinly shielded,
possibly ungrounded cables (Ferguson et al., 2011). However, surface charging could also have led to the Galaxy-
15 anomaly (Ferguson et al., 2011; Loto'aniu et al., 2015). The ambiguous attribution was due in part to a lack of
any radiation or charge monitors on Galaxy-15 and any electron measurements below 600 keV on the nearby
GOES-11 spacecraft. Recently, using the full range (0.03-3,000 keV) of electron flux measurements from GOES-
16 and -17 (Dichter et al., 2015), Kress et al. (2024) established that a frequent anomaly in a Space Wire command
and telemetry channel on these satellites was most well associated with enhancements in 100 — 300 keV electron
fluxes, and attributed this anomaly to shallow charging, to distinguish it from surface and internal charging. This
anomaly, though occurring at all local times (LTs), was more likely to occur in the 6-12 LT sector on GOES-16,
with a peak centered on 11 LT. The peak of this LT distribution was several hours later than the distribution of
anomalies typically associated with surface charging reported in prior studies (Farthing et al., 1982; Koons
et al., 2000; O’Brien, 2009; Wilkinson, 1994). The delay between the LT peak in 100 — 300 keV electron fluxes
and the LT peak in the anomaly occurrence rate may have resulted from a charging/discharging time of 30 min to
several hours, and/or local time dependence of conditions more favorable for ESDs. This evidence pointed to
shallow internal charging, a term introduced by D. Pitchford to describe charge accumulation within thin non-
conducting layers on satellite exteriors (D. Pitchford, private communication, 2019; Minow et al., 2024).

The present paper extends the work of Kress et al. (2024) to determine the variation in the anomaly occurrence
rate over the study period (2017-2021) and its relationship to solar wind and magnetospheric conditions. Through
superposed epoch analysis and by comparison with published lists of solar wind drivers, the dominant drivers of
these anomalies are identified as high-speed streams from coronal holes. The fastest interplanetary coronal mass
ejection (ICME) during the study period was much less effective in producing the anomalies than the preceding
and following high-speed streams. This is likely due to the lack of quasi-periodic Alfvénic magnetic field var-
iations (Belcher & Davis, 1971) in this ICME. The anomaly variations in local time and across multiple solar
rotations provide evidence for two charging locations with different charge accumulation time constants. The
association of the anomalies with injections established by Kress et al. (2024) is extended here by a correlation
with Kp, a proxy for geomagnetic disturbance and enhanced plasma sheet access to GEO. The maximum 100—
300 keV fluxes in these injections are shown to be consistent with published extreme fluxes.

2. Data

The radiation belt electron fluxes analyzed here are from the Magnetospheric Particle Sensor—High Energy
(MPS-HI) flown on the GOES satellites that experienced the anomalies. During the study period, GOES-16
collected MPS-HI data at 89.5°W during 5 January—30 November 2017, then at 75.2°W starting 14 December
2017, while GOES-17 collected MPS-HI data at 89.5°W during 24 April-24 October 2018, then at 137.2°W
starting 15 November 2018. Each MPS-HI consists of five electron telescopes and five proton telescopes arranged
in a north-to-south fan, with the telescopes separated by 35° (Dichter et al., 2015). Each electron telescope records
fluxes in 10 differential energy channels from 50 keV to 4 MeV (Boudouridis et al., 2020), covering the range of
electron energies associated with internal charging. The GOES-16 and GOES-17 EXS_SPW anomaly data
consist of lists of occurrence times (NOAA, 2024a). For a description of the anomaly, please see Kress
et al. (2024). The GOES magnetic local times (MLTs) were accessed using the NASA Goddard Space Flight
Center (GSFC) Satellite Situation Center Web (SSCWeb) service. These MLTs are calculated in the geomagnetic
coordinate system (Russell, 1971) using the International Geomagnetic Reference Field (Alken et al., 2021),
interpolated or extrapolated (after 2020) using day of year (T. Kovalick, private communication, 2024).

Both high-resolution and hourly averages of solar wind parameters are used in this work. The hourly solar wind
parameters are from the OMNI hourly data set (King & Papitashvili, 2005; Papitashvili & King, 2020b). Solar
wind data and geomagnetic indices used in superposed epoch analysis are taken from the OMNI 1-min data set
(Papitashvili & King, 2020a). High-resolution solar wind data for individual cases are from the Wind Magnetic
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Field Investigation (MFI) (Koval et al., 2021; Lepping et al., 1995) and the Solar Wind Experiment (SWE) non-
linear fits (Kasper et al., 2006; Ogilvie et al., 2021). The high-speed stream (HSS) catalog by Maris Muntean et al.
(n.d.); Besliu-Ionescu et al. (2022) and the list of near-earth interplanetary coronal mass ejections (ICMEs)
compiled by Richardson and Cane (2010); Richardson and Cane (2024) are used to compare anomaly occurrence
with the occurrence of these solar wind structures. The Bartels 27-day solar rotation periods (Bartels, 1934) are
provided by the ACE Science Center (ASC, 2023). The 3-hr planetary Kp index (Matzka, Bronkalla, et al., 2021;
Matzka, Stolle, et al., 2021) is analyzed for its association with the occurrence of the EXS_SPW anomaly.

3. Analysis
3.1. Anomaly Clusters

In order to identify common patterns in the EXS_SPW anomalies, associated radiation belt fluxes, and possible
solar wind drivers, we plotted the GOES-16 EXS_SPW anomalies, MPS-HI 131 keV electron fluxes, and solar
wind speed over 5 years (1 January 2017 to 31 December 2021) (Figure 1). We chose solar wind speed as a
possible driver based on the pioneering correlation by Paulikas and Blake (1979) of enhancements in 0.14—
3.9 MeV geosynchronous radiation belt fluxes with high-speed streams (HSS). In order to view individual
anomalies clearly on this scale, they are dispersed vertically by plotting the inter-anomaly interval as the
dependent variable on a logarithmic scale. The inter-anomaly interval is, for each anomaly, the interval from the
previous anomaly. Remarkably, when plotted this way, the anomalies exhibit “clusters” in time with inter-
anomaly intervals ranging over 3—4 orders of magnitude. These clusters sometimes exhibit clear 27-day peri-
odicities, though their phasing with respect to the Bartels 27-day solar rotation periods (BRs) varies with time.
This plot also reveals a fairly uniform background of anomalies occurring between the clusters that is charac-
terized by inter-anomaly intervals longer than 1 day. The GOES-17 EXS_SPW anomalies and fluxes exhibited
similar long-term behavior (not shown).

An example of one such anomaly “cluster” is shown in Figure 2. The inter-anomaly intervals of the EXS_SPW
anomalies from GOES-16 and -17 are plotted over a period of 2 weeks (25 August—7 September 2020), along with
0.08-2.9 MeV electron fluxes observed by both satellites and the interplanetary magnetic field (IMF) and solar
wind proton speed from Wind. The solar wind speed increases on 28 August to nearly 500 km/s, with a step
change on 31 August to nearly 600 km/s. The IMF exhibits frequent quasi-periodic variations in B, characteristic
of Alfvén waves in high-speed streams (Belcher & Davis, 1971; Tsurutani et al., 2006). Particle injections (a
signature of plasma sheet access to GEO (Korth et al., 1999; Nagai et al., 2019)) are frequent in the lowest energy
channels and are absent only when IMF B, is northward for a prolonged period (as on 3 September). The MeV
fluxes grow substantially after the injections on 29 August and yet again after injections on 1 September. This
growth could result from the acceleration to MeV energies of the injected seed population of 30-300 keV
electrons by resonant interactions with chorus waves (e.g., Jaynes et al. (2015)) or slower (in comparison with
injection time scale) radial diffusion in the presence of ULF waves (e.g., Loto'aniu et al. (2010)). Clusters of
anomalies with inter-anomaly intervals less than 2 days are observed on GOES-16 and -17 on 31 August, with
different anomaly times on the two spacecraft. A larger cluster of anomalies is observed on GOES-17 on 1
September with a large number of inter-anomaly intervals less than 1 hr. While it may be tempting to associate
these anomalies with the growth in MeV electron fluxes, the high rate of anomalies does not continue beyond
September 1 despite the persistence of high levels of MeV electron fluxes for several days, which is common
radiation belt behavior in GEO after passage of a high-speed stream (Onsager et al., 2002).

3.2. MLT Distributions of Anomalies

The plot of inter-anomaly intervals shows a fairly uniform background of anomalies between anomaly clusters
(Figure 1). This background is characterized by inter-anomaly intervals longer than an order of 1 day. In order to
understand this behavior better, it is necessary to separate the local time distribution of this anomaly background
from that of the anomaly clusters. Kress et al. (2024) showed that the local time distribution of GOES-16
EXS_SPW anomalies exhibited a peak before local noon and a minimum 2-4 hr before local midnight at
which there was nonetheless a large number of anomalies.

Based on this observed behavior, we set a criterion of a 2-day inter-anomaly interval to distinguish background
from clustered anomalies. This criterion will tend to group anomalies on consecutive days (Figure 2) within one
cluster, which is a physically reasonable grouping, considering that geomagnetically disturbed periods can last
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longer than 1 day. However, it is still somewhat arbitrary and can result in ambiguities. For example, in Figure 2,
the first GOES-17 anomaly (on 30 August 2020) follows an inter-anomaly interval of multiple days and is fol-
lowed less than 1 day later by the next anomaly. Intuitively, the first anomaly appears to be part of the cluster.
However, it is not part of the cluster if one applies the 2-day criterion to the preceding inter-anomaly interval only.
On the other hand, if one applies the rule that an anomaly is part of a cluster if it is preceded or followed by an
inter-anomaly period less than 2 days, then the anomaly on 30 August 2020 is included in the cluster. The
combination of this rule and its logical inverse includes all anomalies. The inverse rule is that, if the inter-anomaly
periods preceding and following an anomaly are greater than or equal to 2 days, then the anomaly is categorized as
a background anomaly. The implications of this choice are interpreted in the Discussion section. We also note that
the selection criterion is a free parameter which, chosen appropriately, should demonstrate a clear difference in
the statistical characteristics of two anomaly populations.

To evaluate the null hypothesis that an observed distribution is drawn from a distribution that is uniform in
magnetic local time (MLT), we calculate the chi-square probability function Q()(2 |v) . The chi-square statistic for
the anomaly MLT distributions is given by (Press et al., 1988)

a2
)(2 — Z (Nl nAnl) (1)

where, in the ith MLT bin, N, is the number of observed anomalies and 7; is the expected number of anomalies for
a uniform distribution. The sum of {n;} is set equal to the sum of {N;}. This reduction in the degrees of freedom
reduces v by one from the number of MLT bins (e.g., from 12 to 11). Q()(2|u), a regularized upper incomplete
gamma function, is the probability that the sum of the squares of v random variables is greater than y? (Press
et al., 1988). The larger the value of Q, the more likely the null hypothesis is true and the observed distribution is
drawn from a uniform distribution. Q is 1 at y> = 0 and 0 at large y* and is a steep function of ?/v in the vicinity
of /v = 1.

The resulting MLT distributions are shown in Figure 3 for both satellites. A pre-noon peak is evident in the
GOES-16 and -17 clustered distributions (as is the case for all anomalies (Kress et al., 2024)). The background
distributions are statistically much more uniform in MLT than the clustered anomalies: for the clustered distri-
butions, Q was of order 107!° for GOES-16 and 10~!> for GOES-17, while for the background distributions, Q is
0.67 for GOES-16 and 0.094 for GOES-17. This result shows that the separation of the anomalies into clustered
and background groups using a criterion based on the inter-anomaly interval provides a useful framework for
gaining further insight into their behavior and possible causes.

3.3. Kp Distributions of Anomalies

Surface charging is commonly correlated with the 3-hr Kp index (Farthing et al., 1982; Garrett, 1981;
O’Brien, 2009; Spence et al., 1993; Thomsen et al., 2013), and internal charging is occasionally (Koons &
Gorney, 1991) though not always (Lohmeyer & Cahoy, 2013) correlated with Kp. Therefore, the association of
the EXS_SPW anomalies with Kp is of interest. The distributions of Kp at the times of GOES-16 and -17
EXS_SPW anomalies from the first day of MPS-HI data through December 2021 are shown in Figure 4,
normalized to the total occurrence of each 3-hr Kp index value during this period, and separated into the dis-
tributions for the clustered and background anomalies. Multiple anomalies within the same 3-hr period contribute
to the histograms. This reflects the fact that the EXS_SPW anomalies sometimes occur in rapid succession (On
GOES-17, there were 7 clustered anomalies in the single 3-hr period for which Kp was equal to 8-; the histogram
is clipped to 1 anomaly per index period.) The probability of the occurrence of the EXS_SPW clustered anomalies
clearly increases with Kp, up to Kp = 6- for GOES-16 (10 occurrences) and 5+ for GOES-17 (11 occurrences),
above which the statistics are poor during the study period. In contrast, the probability of the occurrence of the
EXS_SPW background anomalies is uniform (The spike in the GOES-16 distribution at Kp = 6+ represents a
single anomaly.) The Kp index is sensitive to the strength of the magnetospheric convection electric field, which
affects the location of the inner edge of the plasma sheet and the access of plasma sheet populations to GEO
(Korth et al., 1999; Thomsen, 2004). Therefore, this correlation with Kp indicates that the EXS_SPW clustered
anomalies are associated with recent (perhaps within 3 hr) access of plasma sheet populations to GEO.
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Figure 3. Magnetic local time (MLT) distributions of the GOES-16 and -17 EXS_SPW anomalies, separated into clustered (upper row) and background (lower row)
anomalies. The inter-anomaly interval criterion for separating background and clustered anomalies is 2 days. On each plot are the values for y2, ¥>/v, and Q resulting
from the null hypothesis that the distributions are drawn from a uniform distribution in MLT.

3.4. Anomalies by Solar Rotation Period

To quantify the time variation of the EXS_SPW anomalies over several years (the study period), we plot the total
number of anomalies by Bartels solar rotation period (BR), separating them into clustered and background
anomalies as determined in Section 3.2. The results are shown in Figure 5 for both satellites. The number of
anomalies with inter-anomaly intervals longer than 2 days varies slowly about the mean of 1.3 anomalies per BR.
In contrast, the number of anomalies with shorter inter-anomaly intervals varies greatly from BR to BR, from zero
to a maximum of 25 for GOES-16 and 36 for GOES-17. The inter-anomaly intervals depend at a minimum on the
internal charging current density and the electrical time constant of the charged material. Short intervals suggest
high charging currents and a short time constant causing the breakdown potential to be reached rapidly. Thus the
clustered anomalies may be traced to a susceptibility to a high-flux (100-300 ke V) population that varies from one
BR to the next—a susceptibility that may have a short time constant. In contrast, the population driving the
background anomalies is fairly constant from one BR to the next and less intense than that driving the clustered
anomalies, or the time constant of the susceptibility has a time constant longer than a BR.

3.5. Superposed Epoch Analysis of Solar Wind Drivers and Geomagnetic Indices

Figure 1 showed that EXS_SPW anomaly clusters were sometimes clearly associated with peaks in solar wind
speed. In this section, superposed epoch analysis (SEA) is used to determine the range of several solar wind
drivers and geomagnetic indices associated with these anomalies and to identify any changes at the times of the
anomalies. Like Kress et al. (2024), who performed SEA on 30 eV-2 MeV electron fluxes observed by GOES-16,
each epoch comprises 12 hr prior to and 12 hr following each anomaly. The SEA is performed separately for the
clustered and background anomalies. The quantities analyzed include the IMF field components in geocentric
solar magnetospheric (GSM) coordinates, solar wind speed v,,, and number density n,,, and the 1-min SYM-H
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Figure 4. Kp distributions of the GOES-16 and -17 EXS_SPW anomalies, separated into clustered (upper row) and background (lower row) anomalies. The inter-
anomaly interval criterion for separating background and clustered anomalies is 2 days. Each bin contains the average number of EXS_SPW anomalies per 3-hr Kp
index during the study period, for GOES-16 and -17. The statistics are poor (fewer than 10 samples) above Kp = 6- (GOES-16) and 5+ (GOES-17) for the clustered
anomalies, and above Kp = 2- (GOES-16) and 1+ (GOES-17) for the background anomalies.

and auroral electrojet (AE) family of geomagnetic indices. The source of these data is the 1-min OMNI data
(Papitashvili & King, 2020a). The SYM-H and the AE indices are measures, respectively, of the geomagnetic
storm strength and the global auroral electrojet activity associated with these anomalies (Baumjohann, 1986). For
reference, the GOES-16 131 keV electron fluxes, the energy most enhanced in association with the anomalies
(Kress et al., 2024), are also analyzed. The analysis is restricted to 2017-2019 since the AE indices were not
available beyond December 2019 when the analysis was performed. However, the results of the SEA of the other
quantities for the longer period (2017-2021) are similar.

The results of the SEA of IMF B_, solar wind speed and density, SYM-H, AL, and the GOES-16 131 keV electron
fluxes are shown in Figure 6. The mean B, was slightly negative (>—1 nT) prior to the clustered anomalies and
approached zero thereafter. The mean values of IMF B, and B, (not shown) were close to zero throughout the
epochs. For the clustered anomalies, vy, was elevated (~550 km/s) and decreasing slightly, while for the
background anomalies it was much lower (~400 km/s). In contrast, ny, was somewhat greater for the background
(~6 — 7 cm™3) than for the clustered anomalies (~5 cm™, decreasing slightly throughout the epoch). SYM-H
varied little, with the mean being ~ — 19 nT for the clustered anomalies and ~ —7 nT for the background
anomalies. A drop in the magnitude of the lower quartile of SYM-H at the time of the clustered anomalies is
evident. The AL index (and the AE and AU indices, not shown) exhibit a marked decrease in magnitude starting
~ 1 hr before the time of the clustered anomalies (~ 50 nT in 2 hr in the mean). No such decrease is observed at the
time of the background anomalies. The electrojet indices are also more elevated in the mean for the clustered
anomalies (~200 nT) than for the background anomalies. The peak in the mean 131 keV fluxes shown here for the
clustered anomalies is similar to that derived by Kress et al. (2024) for all anomalies, and a similar peak is evident
in the upper quartile. In contrast, there is no peak in the upper quartile of the fluxes associated with the background
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Figure 5. Number of GOES-16 (top) and —17 (bottom) EXS_SPW anomalies per Bartels solar rotation period (BR). The GOES-16 time series corresponds to the top
panel of Figure 1. The anomalies are separated into those with inter-anomaly intervals (relative to the previous anomaly) less than 2 days (clustered) and greater than
2 days (backgrounds). The dotted line indicates the mean of the number of background anomalies per BR, which is approximately 1.3.

anomalies, and a weak peak in the mean just prior to the zero epoch is comparable to one observed 4 hr after the
anomaly.

Under the conditions of Alfvénic fluctuations in high-speed streams, the IMF needs a significant southward offset
to result in the largest flux enhancements in GEO (Miyoshi & Kataoka, 2008). However, the change in B, around
the time of the injections suggests that a negatively biased B, is not always a sufficient condition for the injections.
Northward turnings of B,, known to trigger substorms (Hsu & McPherron, 2003; Lee et al., 2006), could be
influencing the statistics here. The elevated v,,, associated with clustered anomalies is consistent with their
occurrence during HSS, as is the lower (but not extremely low) n,,, which drops upstream of a stream interface
(Burlaga, 1974). The value of B, is similar for clustered and background anomalies. However, the slight increase
(approach to zero) starting ~2 hr before the anomaly is more clear for the clustered anomalies. It is seen in the
mean as well as the median and upper and lower quartiles.

Stream interaction regions and resulting outer belt electron flux increases are known to be associated with weak
geomagnetic activity levels (Miyoshi & Kataoka, 2008; Tsurutani et al., 2006). The SYM-H results show that
greater mid-latitude geomagnetic activity (though still weak) is associated more with the clustered anomalies than
the background anomalies. AL and AU are sensitive to the strength of the westward and eastward electrojets,
respectively, and AE is their difference. The results indicate that the strengths of the westward electrojet and of the
eastward electrojet increase starting about 3 hr before the anomaly (observed as a dip in AL), then decrease
starting about an hour prior to the clustered anomalies (but not the background anomalies). There is no such dip in
SYM-H at the 25th percentile, but it does increase at the same time as AL, consistent with the fact that the mid-
latitude geomagnetic disturbance indices are affected by field-aligned currents and electrojets (Baumjo-
hann, 1986; Weygand & McPherron, 2006). Similar changes in the electrojet indices are observed in SEA based
on the GOES-17 anomaly times (not shown). Though not entirely independent assessments, the similar behavior
of the electrojet indices associated with the GOES-16 and -17 anomalies indicates that the observed change is not
a quirk of the specific anomaly times used, since they differ between the two spacecraft (e.g., Figure 2). The
observed changes in the indices, which run counter to the expected increase in magnitude at substorm onset
(McPherron & Manka, 1985), may originate from large field-aligned currents which in these cases on average
partially cancel the fields from the horizontal electrojet (Baumjohann, 1986). Interestingly, the AL dip preceding
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Figure 6. Superposed epoch analysis of OMNI 1-min solar wind quantities (B, GSM, vy, n,), geomagnetic indices
(SYM-H, AL), and GOES-16 131 keV electron fluxes, 2017-2019, for (left) clustered anomalies and (right) background
anomalies. Results are represented by the mean (dotted line), median and upper and lower quartiles (Denton & Borovsky, 2012).

the anomaly lasts ~ 3 hr, a typical substorm duration time. A close look reveals a delay between substorm
expansion (minimum in AL) and the peak of 131 keV fluxes at GEO, and a subsequent delay between the peak
flux and the anomaly time, both ~30 min, also noted by Kress et al. (2024). We leave the analysis of these fine-
structured details for future studies. However, it is noteworthy that the minima in AL at the time of worst-case
electron spectra for surface charging (Ganushkina et al., 2021) are much sharper than the AL minimum
observed ~30 min before the peak flux and ~60 min before the anomaly in Figure 6. The minima exhibited by
IMF B, ~1-1.5 hr prior to the occurrence of these severe spectra (Ganushkina et al., 2021) are also much deeper
than those evident in Figure 6 at a similar time prior to the EXS_SPW anomaly. These comparisons show that
solar wind and magnetospheric conditions associated with worst-case electron spectra for surface charging are
distinct from those associated with the EXS_SPW anomaly.
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Table 1

Statistics of HSS and EXS_SPW Anomaly Occurrence

Statistic GOES-16 GOES-17
Number of HSS during MPS-HI observations through 2019 117 67
Number of anomalies through 2019 617 374
Fraction HSS with clustered anomalies 0.63 0.67
Fraction HSS with background anomalies 0.27 0.22
Fraction clustered anomalies during HSS 0.83 0.91
Fraction background anomalies during HSS 0.58 0.44
Fraction total period during HSS 0.54 0.54
Median HSS peak velocity with anomalies (km/s) 590 550
Median HSS peak velocity w/o anomalies (km/s) 475 472
Median HSS max. velocity change with anomalies (km/s) 251 216
Median HSS max. velocity change w/o anomalies (km/s) 133 121

3.6. Statistical Association With HSS

The SEA results show that, at the mean, median and upper quartile, the clustered anomalies are associated with
solar wind velocities characteristic of high-speed streams (HSS), but this is not necessarily the case at the lower
quartile. Therefore, in order to determine a clearer statistical association between the anomalies and HSS, we use
the catalog of HSS during solar cycle 24 derived by Marig Muntean et al. (n.d.) using the method of Besliu-
Ionescu et al. (2022). This list ends in 2019 and thus covers only a 3-year portion of the study period (2017—
2019). Nonetheless, there were 117 HSS during the GOES-16 observations and 67 during the GOES-17 ob-
servations through December 2019, permitting adequate statistics. For this catalog, a HSS is defined as a solar
wind flow having a 1-day jump in speed of >100 km/s (between the minimum 3-hr average on 1 day and the
maximum 3-hr average on the following day) (Besliu-Ionescu et al., 2022; Lindblad & Lundstedt, 1981). The start
of the event is identified as the start of this jump, and the end of the event is identified when the speed returns to
the value at the start of the initial jump. A subsequent >100 km/s increase during an ongoing HSS is identified as
the start of a new HSS and the end of the ongoing HSS. Only HSS associated with coronal holes are included in
the catalog. For more details please see Besliu-Ionescu et al. (2022).

We compared this catalog of HSS with the list of GOES-16 and -17 EXS_SPW anomalies to determine the
following statistics: the fraction of the anomalies that occurred during HSS, the fraction of HSS during which
anomalies occurred, and the difference in the statistics between the clustered and background groups of anom-
alies. The results are summarized in Table 1. The similarity of the results between the two spacecraft indicates
similar susceptibilities to the environment. The salient result is that the fraction of clustered anomalies during
HSS was much greater (0.83 for GOES-16, 0.91 for GOES-17) than the fraction of time occupied by HSS (0.54),
which indicates that HSS strongly drive the clustered anomalies. The fraction of background anomalies during
HSS (0.44-0.58) bracketed the fraction of time occupied by HSS (0.54), which suggests the lack of a significant
association between HSS and background anomalies. The converse statistic showed that not all HSS were
associated with anomalies (0.63-0.67 were associated with clustered anomalies, 0.22—-0.27 were associated with
background anomalies). HSS associated with anomalies had greater median peak speeds and greater median
increases in speed from the onset to the peak of the HSS.

3.7. Relative Effectiveness of HSSs and ICMEs

In the Richardson and Cane (2024) catalog of interplanetary coronal mass ejections (ICMEs) (Richardson &
Cane, 2010), only 24 ICMEs occurred during 2017-2019. Furthermore, comparison with the HSS catalog of
Maris Muntean et al. (n.d.) determines that 12 of these ICMEs overlapped with HSS originating in coronal holes,
making their effects difficult to disentangle. Such a low number of ICMEs, expected at the end of a solar cycle,
precludes a statistical comparison of the effectiveness of HSS and ICME:s in driving the particle injections which
lead to the EXS_SPW anomalies. However, an evaluation of the effectiveness of the ICME associated with the
greatest solar wind speed v,,, observed during the study period is instructive.

RODRIGUEZ ET AL.

12 of 20



V od |
AGU

ADVANCING EARTH
AND SPACE SCIENCES

Space Weather 10.1029/2024SW004112

From the nonlinear fits to the Wind/SWE observations (Ogilvie et al., 2021), the highest v,,, was 847 km/s at 0737
UT on 8 September 2017, during BR2511, a period of highly geoeffective space weather (Redmon et al., 2018). In
addition to four X-class flares and two large solar energetic particle events, which we do not discuss further, there
were two HSS and three ICMEs during this BR (Figure 7). We adapt the nomenclature of Redmon et al. (2018) for
the HSS and ICMEs observed during this period. The highest v, and the largest negative IMF B, values were
observed during ICME1. However, only three anomalies were observed during ICMESs, one during ICME1 on 8
September and two during ICME2 on 13 September. In contrast, two anomaly clusters were observed during
HSSO (30 August—4 September) and HSS1 (15-20 September) comprising 20 anomalies. The behavior of the
IMF during ICMET1 is key to understanding the difference. A large southward turning of B, shortly before 12 UT
on 8 September resulted in a large injection observed by GOES-16, followed by several drift echoes (and one
EXS_SPW anomaly). However, after the southward turning, the IMF vector rotated rather rapidly such that by 00
UT on 9 September, B, was near zero and the IMF was radial (B, dominant). The resulting reduction in convection
cut off plasma sheet access to GEO, and with only loss processes operating, fluxes below 300 keV decayed for the
rest of ICMEI. Such radial IMFs are observed in the trailing region of approximately one-fifth of ICMEs
(Neugebauer et al., 1997). Therefore, while not unusual, this behavior in ICME magnetic fields is not dominant. In
contrast, both HSSs were characterized by continual fluctuations in the B, component, resulting in multiple in-
jections, as is commonly observed during HSS (Lee et al., 2006). This comparison shows that the fluctuating, low-
amplitude IMF during HSS can be more effective in driving the injections that cause the EXS_SPW anomalies
than the dramatic, large IMF in shocks and CME:s.

4. Discussion

Thomsen et al. (2013) identified three characteristics of a spacecraft anomaly that can be used to identify a
probable environmental cause: “(1) statistically significant association with the presence of a particular popu-
lation...; (2) statistically significant association with elevated magnetospheric activity, typically Kp...; and (3) a
nonuniform occurrence distribution in local time...” The EXS_SPW anomaly has been characterized in these
three ways by Kress et al. (2024) and in the present paper. Using three statistical methods, Kress et al. (2024)
determined the first characteristic, namely that 100-300 keV fluxes were most elevated in association with this
anomaly. Thomsen et al. (2013) pointed out that (1) may be difficult to determine in the case of internal charging
if the accumulation period is long. While this is commonly the case with internal charging, it does not present a
problem in the present case since the electrical time constant of the charged dielectric appears to be short (<1 day).
Regarding (2), the anomaly was shown to be associated with elevated Kp in Section 3.3 of this paper. This in-
dicates a magnetospheric origin for the causative population but is otherwise ambiguous (Thomsen et al., 2013);
indeed, surface charging is well known to be associated with elevated Kp. This ambiguity and the shallow
penetration depth of this population (0.0076 cm in aluminum for 131 keV electrons, which is 78 times the
penetration depth for 10 keV electrons (Tabata et al., 1972)) might lead to the conclusion that this is still surface
charging, if other characteristics of the anomaly are not considered.

Thomsen et al. (2013) considered (3) to be more definitive since different populations have different local time
(LT) distributions. Kress et al. (2024) showed that this anomaly occurred at all LTs and was still more likely to
occur in the 6-12 LT sector, where fluxes above 100 keV have their maximum in LT (Ganushkina et al., 2019;
Kress et al., 2024), with a peak centered on 11 LT, about 4 hr later than the 131 keV flux peak (Kress et al., 2024).
The LT peak and significant uniform background of the EXS_SPW anomaly are quite distinct from the LT
distribution of surface charging, which reflects that of 10-50 keV electrons above some flux threshold. Further
analysis in Section 3.2 of this paper shows that the EXS_SPW anomalies can be separated into clustered and
background groups, which have, respectively, distributions that are peaked pre-noon and uniform in LT. Taken
together, these three statistical characteristics clearly indicate an anomaly caused by magnetospheric populations
that are distinct from the 10 to 50 keV electrons associated with surface charging. This phenomenon deserves a
distinct name; we have used “shallow internal charging.”

4.1. Implications for Charging Mechanism

The periods during HSS when the clustered anomalies are observed are characterized by numerous electron
injections from the plasma sheet into geostationary orbit (Figures 2 and 7). This is consistent with a Kp correlation
similar to that previously reported for surface charging that indicates improved access of plasma sheet populations
to GEO due to enhanced magnetospheric convection (Farthing et al., 1982; Garrett, 1981; O’Brien, 2009; Spence
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et al., 1993; Thomsen et al., 2013). As with the overall anomaly distribution (Kress et al., 2024), the magnetic
local time (MLT) distributions of clustered anomalies have prominent pre-noon peaks, while the MLT distri-
butions of background anomalies are statistically uniform (Figure 3). The number of clustered anomalies varies
much more between Bartels solar rotation periods (BR) than the number of background anomalies. The MLT and
BR variations of the clustered anomalies suggest that the internal charge accumulation (Bodeau, 2010; Romero &
Levy, 1993) leading to the clustered anomalies has a time constant that is shorter than a day. The more uniform
MLT distribution of the background anomalies and the comparative persistence of their rate between BRs
(Figure 5) suggest that the charge accumulation leading to the background anomalies has a time constant of order
one BR or longer. That is, there may be two distinct charging susceptibilities contributing to the observed
EXS_SPW anomaly time series, involving different electrical time constants and possibly different energies. At
131 keV, the range of electrons in aluminum is 0.0076 cm or 3.0 mil (Tabata et al., 1972). This is much thinner
than the shielding thickness capable of adequately reducing charge deposition by MeV electrons in GEO
(NASA, 2017) (the range of 1 MeV electrons in aluminum is 0.15 cm or 58 mil (Tabata et al., 1972)). One
possible scenario is that the 100-300 keV electrons are accumulating in a thinly shielded dielectric with a short
(<1 day) electrical time constant, while MeV electrons are penetrating thicker shielding elsewhere and accu-
mulating in a dielectric with an electrical time constant of order of the 27-day solar rotation period. The discharges
due to both susceptibilities are coupling to the same cable and causing the same type of anomaly.

Even longer electrical time constants are realistic in contemporary spacecraft materials (Bodeau, 2010), and
anomalies correlated with multi-day fluences of >2 MeV electrons have resulted from charge accumulation in
such materials (Balcewicz et al., 2000; Bodeau, 2010; Lohmeyer et al., 2015). In contrast, the SCATHA
anomalies attributed to internal charging, possibly of cables, had a local time (LT) distribution peaked near noon,
which followed the local-time distribution of >300 keV electron fluxes in a near-geosynchronous orbit (Fennell
etal., 2001; Koons, 1983; Koons et al., 2000; Koons & Gorney, 1991). They were also more likely to occur when
Kp was greater than 4 (Koons & Gorney, 1991). These sensitivities to LT and Kp may indicate a short electrical
time constant in the component being charged.

4.2. Distinguishing Clustered and Background Anomalies

As described in Section 3.2, an anomaly was identified as part of a cluster if it was preceded by or followed by an
inter-anomaly interval shorter than 2 days. The complementary set constituted the background anomalies. The use
of this criterion to automatically distinguish clustered and background anomalies resulted in distinct distributions
for the two groups. The distributions for the clustered anomalies were peaked prior to noon and increased with Kp,
while the distributions for the background anomalies were uniform in MLT and independent of Kp. Also, the
number of clustered anomalies was greater than the number of background anomalies by a factor of ~8. The
simpler criterion, of using just the inter-anomaly interval preceding each anomaly to distinguish the two groups,
resulted in more than twice the number of “background” anomalies, which exhibited a peak in the MLT distri-
bution prior to noon (though statistically much more uniform than the clustered anomalies) and a Kp dependence.
This sensitivity to the criterion used is a consequence of the ambiguity identified earlier. If in fact there are two
charging mechanisms at work, then neither criterion is able to perfectly distinguish the two categories. Either
choice causes contamination of one category. The criterion that uses only the preceding inter-anomaly intervals
includes some “clustered” anomalies in the “background” category. Since the “clustered” distribution is much
larger, the contamination level in the “background” category is large. This makes a truly uniform “background”
distribution look non-uniform in MLT and Kp. The criterion using both the preceding and following inter-
anomaly intervals (used in Section 3.2) includes some “background” anomalies in the “clustered” category.
The contamination level is small, and the distribution of the “clustered” distribution is not altered qualitatively by
the addition of a small, uniform distribution. In this way, the criterion used in Section 3.2 results in a better
qualitative representation of the clustered and background distributions, although the background anomaly rate is
probably underestimated. This ambiguity highlights the importance of having observations of radio bursts from
ESD to help distinguish different ESD types, as on SCATHA (Koons et al., 2000; Koons & Gorney, 1991).

4.3. Are the Fluxes Associated With Anomaly Clusters Extreme?

Kress et al. (2024) found that the distributions of fluxes associated with the anomalies were significantly elevated
with respect to the full distributions, according to three statistical measures. To quote one of these measures, the
energies at which the median of the anomaly associated distribution was greater than the 75th percentile of the full
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distribution in the near-equatorial look direction ranged from 18.3 to 860 keV, with the 100-300 keV fluxes being
most elevated. The medians of the 131 keV distributions were the 85th and 87th percentiles of the full GOES-16
and -17 distributions, respectively. Some of the inter-anomaly intervals are quite short, suggesting intense internal
charging current densities. An important question is how these elevated fluxes compare to historical extremes.

The SCATHA 24 April 1979 “worst-case” electron spectrum associated with severe spacecraft frame charging in
sunlight (Gussenhoven & Mullen, 1983; Mullen et al., 1986) was “the most severe charging event encountered by
the SCATHA satellite prior to September 22, 1982,” when the largest discharges and the largest differential
potentials since launch were observed (Koons et al., 1988). The “worst-case” electron spectrum of 22 September
1982 (Fennell et al., 2001; Koons et al., 1988; Roeder, 1994) exceeded the earlier spectrum (Gussenhoven &
Mullen, 1983; Matéo-Vélez et al., 2018) below 6 keV and above 40 keV. In three high-level charging events,
including the 24 April 1979 case, the 30-75 keV electron flux was most highly correlated with frame potential,
while the correlation of >100 keV fluxes with frame potential ranged from anticorrelated to uncorrelated to highly
correlated (Mullen et al., 1986). This result suggests that >100 keV fluxes are not reliably associated with frame
potential. In contrast, these two “worst-case” spectra bracket electron flux increases at 288 keV associated with
internal discharges on SCATHA (Koons & Gorney, 1991). Most of the fluxes associated with these internal
discharges were bounded by the values of the two “worst-case” spectra at 288 keV (3.6 x 103 to 1.8 x 10*
e/cm?-s-sr-keV) (Matéo-Vélez et al., 2018; Roeder, 1994).

These spectra were identified as “worst-case” based on their charging effects on SCATHA, not in terms of their
differential flux values. It is noteworthy, however, that the maximum 131, 179 and 272 keV electron fluxes
observed during the study period approach the greater of these two “worst-case” spectra, from 22 September 1982
(Figure 8). Keeping in mind that SCATHA and GOES-16 and -17 have not been cross-calibrated, these com-
parisons show that the 22 September 1982 SCATHA “worst-case” fluxes in the 100-300 keV range are similar to
the greatest flux levels in GEO associated with shallow internal charging on GOES-16 and -17. An important
question is whether these flux levels represent true extremes, that is, natural limits to 100-300 keV fluxes in
geostationary orbit. Through extreme value analysis of Los Alamos observations in GEO, O’Brien et al. (2007)
determined that 270 keV electron fluxes have an upper limit of 1.5t0 2.6 X 10* e/cm?-s-sr-keV (95% confidence
interval), in good agreement with the “worst-case” SCATHA values and the greatest MPS-HI fluxes at this
energy. The GOES 131 and 179 keV fluxes should be analyzed similarly, keeping in mind that several more years
of data are needed to have a full solar cycle of MPS-HI fluxes.

5. Summary

In extending the work of Kress et al. (2024), this paper has determined the variation in the EXS_SPW anomaly
occurrence rate over the study period (2017-2021), has identified the solar wind drivers with which the anomalies
are associated, and from this has derived further insight into the nature of the anomalies themselves. The
anomalies come in clusters, sometimes with clear 27-day periodicities, that have inter-anomaly intervals between
<1 min and 2 days, in the presence of a background of anomalies that have longer inter-anomaly intervals.
Anomaly clusters generally appear at both GOES-16 and GOES-17, although the actual anomaly times are
different. The EXS_SPW anomalies are more likely to occur during high-speed solar wind streams (HSS) than
not. In a superposed epoch analysis, during the 12 hr prior to clustered anomalies, the solar wind speed is greater
and the number density is lower on average than prior to background anomalies. These periods are characterized
by Alfvénic fluctuations in interplanetary magnetic field (IMF) B_, and B, is on average weakly negative in the
12 hr prior to these anomalies. The solar wind of the declining phase of a solar cycle and through solar minimum is
characterized by such HSS originating in coronal holes, often recurring.

The study period, which spanned solar minimum, did not permit a comprehensive study of the effectiveness of
interplanetary coronal mass ejections (ICMEs) in causing these anomalies. The fastest ICME during this period
was relatively ineffective owing to its IMF rotating rapidly from a southward to a radial orientation. However, the
time variation of the magnetic field in ICMEs varies markedly from event to event (Richardson & Cane, 2010). A
continuation of this study through solar maximum would permit a study of the occurrence of these anomalies
during a large number of ICMESs. Regardless, comparisons with published spectra (Gussenhoven & Mullen, 1983;
O’Brien et al., 2007; Roeder, 1994) show that the extremes of 100-300 keV electron fluxes at GEO observed
during the cycle 24/25 solar minimum, following the mildest cycle during the last 100 years, are comparable to
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Figure 8. Plot of GOES-16 5-min-averaged radiation belt electron fluxes near 90° pitch angle, January 2017 — December 2021, along with levels from the SCATHA
“worst case” electron spectra from 24 April 1979 (Gussenhoven & Mullen, 1983), using the three-Maxwellian fit by Matéo-Vélez et al. (2018), and from 22 September
1982 (Fennell et al., 2001; Koons et al., 1988; Roeder, 1994). (a) 131 keV, (b) 179 keV, (c) 272 keV.

“worst-case” spectra observed by SCATHA near the peak and during the declining phase of the intense solar cycle
21 and to an extreme value derived from observations during the intense cycles 22 and 23.

The shallow internal charging energy range studied here (100-300 keV) should be investigated further to un-
derstand the materials and configurations that are susceptible to such elevated electron spectra and whether
existing design guidelines need to be revised in order to protect better against the charging effects of such spectra.
Three-dimensional modeling and testing of the Space Wire cable are needed, guided by an assessment of the full
electron spectra associated with these GOES anomalies, including the plasma below 50 keV (Kress et al., 2024).
The shallow charging energy range coincides with the transition region between convection-dominated and radial
diffusion-dominated transport, currently an area of active research (Ganushkina et al., 2015). Finally, this work
and that of Kress et al. (2024) demonstrate the importance of having comprehensive spacecraft anomaly data
available for studies in which good statistics can support accurate attribution of specific anomalies to the space
environment and the development of anomaly models (Mazur & O’Brien, 2012; Thomsen et al., 2013).

Data Availability Statement

The GOES-16 and -17 MPS-HI radiation belt electron fluxes are available from the NOAA National Centers for
Environmental Information (NCEI) (NOAA, 2024b). The GOES-16 and GOES-17 EXS_SPW anomaly lists for
this study period (Kress et al., 2024) are available from NCEI (NOAA, 2024a). The Kp indices were downloaded
from the Deutsches GeoForschungsZentrum GFZ (Matzka, Bronkalla, et al., 2021). We acknowledge use of
NASA/GSFC's Space Physics Data Facility's OMNIWeb service, and OMNI data (Papitashvili & King, 2020a,
2020b). The Wind MFI data (WI_HO_MFI (Koval et al., 2021)) and SWE non-linear fit data (WI_H1_SWE
(Ogilvie et al., 2021),) are from CDAWeb. The satellite magnetic local times were accessed from the NASA/
GSFC Satellite Situation Center Web (SSCWeb) service (https://sscweb.gsfc.nasa.gov). The list of Bartels solar
rotation numbers and periods was accessed at the ACE Science Center (ASC, 2023). This work utilises the HSS
catalog issued by Maris Muntean et al. (n.d.), managed by the Institute of Geodynamics of the Romanian
Academy, and the list of near-earth ICMEs created by Richardson and Cane (2024).
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