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Abstract Relativistic electrons cause internal charging on satellites and are a significant space weather
hazard. In this study we analyze approximately 20 years of data from the US Global Positioning System (GPS)
satellite NS41 to determine the conditions associated with the largest daily averaged fluxes of E = 2.0 MeV
relativistic electrons. The largest flux events at L = 4.5 and L = 6.5 were associated with moderate to strong
CME-driven geomagnetic storms. However, the majority of the 50 largest flux events at L = 4.5 (30 out of 50)
and L = 6.5 (37 out of 50) were associated with high speed solar wind streams from coronal holes. Both solar
drivers are thus very important for relativistic electron flux enhancements in GPS orbit. The 1 in 3 year flux level
was not exceeded following any of the 15 largest geomagnetic storms as monitored by the Dst index, showing
that the largest geomagnetic storms, most often associated with extreme space weather, do not result in
significantly larger relativistic electron flux events in GPS orbit.

Plain Language Summary Very high energy electrons can damage spacecraft and are a potential
risk to humans in space. Here we use approximately 20 years of data from the US Global Positioning System
(GPS) satellite NS41 to determine the conditions associated with the production of the largest numbers of these,
so-called, “killer” electrons. The largest events in the outer radiation belt, a donut-shape zone of very high
energy electrons encircling the Earth, were caused by large explosions from the Sun's outer atmosphere, known
as coronal mass ejections. However, the majority of the 50 largest events were associated high speed streams of
energetic electrons emanating from darker and cooler areas in the Sun's outer atmosphere, known as coronal
holes. The largest events were associated with moderate to strong geomagnetic storms. In contrast, the largest
geomagnetic storms, most often associated with extreme space weather, did not result in significantly larger
high energy electron flux events in GPS orbit.

1. Introduction

Space weather, by definition, directly impacts both technological systems in orbit and those on Earth and is an
important natural hazard risk. For example, during a severe space weather event satellites, GPS signals, high
frequency radio communications, and power grids may all be affected (e.g., Royal Academy of Engineering
Report, 2013). Our ever growing infrastructure is increasingly vulnerable to the potentially damaging effects of
space weather.

The concern at government level in the UK is such that extreme space weather was added to the UK National Risk
Register of Civil Emergencies in 2011 (Cabinet Office, 2012). The impact of a realistic worst case scenario for
extreme space weather was recently raised from moderate to severe, putting it in the same impact/likelihood
category as conventional attacks on infrastructure, low temperatures and snow, outbreak of a new and infectious
diseases and nuclear miscalculation not involving the UK (Cabinet Office, 2023). The percentage chance of a
realistic worst case scenario occurring in the next 5 years is currently estimated to be between 5 and 25% and the
economic cost of such an event is estimated to be of the order of £ billions (Cabinet Office, 2023).

Relativistic electrons (E> 0.5 MeV) are a major source of radiation damage to satellites. These, so called “killer
electrons”, can penetrate satellite surfaces and embed themselves in insulating materials and ungrounded con-
ductors. The charge can accumulate over time resulting in the build up of high electric fields in and between
materials to breakdown levels (Frederickson et al., 1991; Rodgers & Ryden, 2001). The subsequent discharge can
cause phantom commands, logic errors, erroneous data, loss of functionality and, in exceptional cases, serious
harm to a satellite (e.g., Koons & Fennel, 2006).

Relativistic electrons in near Earth space tend to occupy two distinct regions referred to as the inner and outer
radiation belt. The inner radiation belt, which typically occurs at altitudes between 640 and 6,400 km (geocentric
distances between 1.1 and 2.0 Earth radii, Rg) in the Earth's magnetic equatorial plane, is relatively stable with
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significant variations only occurring during the most intense geomagnetic storms (Baker et al., 2007). In contrast,
the outer radiation belt, which typically occurs at altitudes between 13,000 and 45,000 km (geocentric distances
between 3 and 8 Ry), is highly dynamic. In this region the fluxes of relativistic electrons may change by orders of
magnitude on timescales ranging from minutes to weeks (e.g., Baker et al., 1994; Blake et al., 1992). This
variability is controlled by a variety of transport, acceleration and loss mechanisms (e.g., Horne et al., 2005; Li &
Hudson, 2019; Shprits, Elkington, et al., 2008; Shprits, Subbotin, et al., 2008; Thorne, 2010, 2013), all of which
become enhanced during enhanced geomagnetic activity, which is ultimately driven by the Sun.

Satellites, including Earth observation, communication and global navigation satellites are now recognised as
critical infrastructure (e.g., Cabinet Office (2018). This infrastructure extends out to 6.6 Earth radii, including the
regions occupied by the inner radiation belt and the vast majority of the outer radiation belt. As of 1 May 2023
there were over 7,500 operational satellites in Earth orbit including 6,768 in low Earth orbit, 143 in medium Earth
orbit and 590 in geostationary orbit (https://www.ucsusa.org/resources/satellite-database). Most are exposed to
relativistic electrons in the Earth's radiation belts at some or all points in their orbits.

There are two principle solar drivers of geomagnetic storms: coronal mass ejections (CMEs) and coronal holes
(e.g., Gonzalez et al., 1999). CMEs are large explosions on the Sun that hurl vast amounts of magnetized plasma
into space, leading to episodic storms that peak during solar maximum (St. Cyr et al., 2000). They are associated
with a broad range of propagation speeds, ranging from 250 to 950 kms~! (Gopalswamy & Kundu, 1992; Kilpua
etal., 2017). The largest geomagnetic storms, as monitored by the Dst index, are driven by interplanetary coronal
mass ejections, the interplanetary counterpart of CMEs. Such storms typically have minimum Dst indices of less
than —100 nT and are associated with recovery phases of the order of a couple of days.

Coronal holes are large dark areas on the Sun as seen in extreme ultraviolet (EUV) and soft X-ray images
(Cranmer, 2009). They are regions of open magnetic field and cooler plasma, leading to the production of high-
speed solar wind streams (HSSs). A HSS is characterized by an enhancement in the solar wind velocity lasting for
several days. Typically, the speed exceeds 500 kms™' for 2-3 days and may reach a maximum above 800 kms ™"
(e.g., Denton & Borovsky, 2012). Coronal holes are long-lasting features that can persist from one solar rotation
to the next, giving rise to a 27 day periodicity in the arrival of HSSs at Earth. The occurrence rate of coronal holes
peaks during the declining phase of the solar cycle (Burlaga & Lepping, 1977; Gonzalez et al., 1999). HSS-driven
storms are predominantly responsible for weak to moderate geomagnetic storms (e.g., Tsurutani et al., 1995) with
an average minimum Dst index of —40 nT (Richardson et al., 2006). However, they have much more extensive
recovery phases, typically lasting from 5 to 10 days, and, as a result, may deposit more energy in the magne-
tosphere than larger CME-driven storms (Kozyra et al., 2006; Turner et al., 2006).

Global Navigation Satellite System (GNSS) satellites such as the US GPS satellites and the European Galileo
navigation system operate in Medium Earth Orbit (MEO) at altitudes between 19,000 and 24,000 km. GNSS
enabled devices are used all over the world for navigation, positioning, tracking, mapping and timing. It is,
therefore, important to have a comprehensive understanding of the environment encountered by satellites in
GNSS-type orbits and, in particular, knowledge of the conditions associated with extremes of this environment.
For example, Gabrielse et al. (2022) built a model of radiation belt fluxes (RB-Daily-E) to visualize the fluences at
GPS satellites from 2012 to 2019, finding fluences spiked during years of increased geomagnetic storms, and that
fluence rate of change corresponded with the satellite's solar array voltage degradation rate of change.

The largest relativistic electron fluxes encountered between December 2000 and July 2020 in GPS orbit occurred
during the moderate geomagnetic storm, of 6 April 2010. This storm was driven by a modest CME at the leading
edge of a magnetized high-speed stream, with a minimum Ds? index of —81 nT (Meredith et al., 2023). In contrast,
one of the largest storms in the last 25 years, the so-called Halloween storm in 2003, was not associated with large
fluxes of relativistic electrons either at L = 4.5 or at L = 6.5 on field lines mapping to geosynchronous orbit
(Meredith et al., 2023). Indeed, during this great storm, according to the classification scheme proposed by Loewe
and Prolls (1997), a new radiation belt formed at low L, peaking in the slot region (Baker et al., 2004).

These results have led to suggestions that satellites in GPS and geosynchronous orbit could be more at risk during
a milder solar storm than from an extreme storm (Meredith et al., 2023; Pultarova, 2023). This is an interesting
suggestion, but it is only based on two events. In this study we use approximately 20 years of data from the US
GPS satellite NS41 to conduct a survey of the 50 largest relativistic electron flux events. In particular, we examine
the data at L = 4.5 near the heart of the outer radiation belt and at L = 6.5, on field lies that map to geosynchronous
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orbit respectively, to investigate the type and strength of the geomagnetic storms responsible for significant
relativistic electron flux enhancements in these two important regions. The instrumentation and data analysis are
first described in Section 2. Case studies showing two different responses are shown in Section 3 and the results of
the full survey are presented in Section 4. Finally, the results are discussed and the conclusions presented in
Sections 5 and 6 respectively.

2. Instrumentation and Data Analysis
2.1. Instrumentation

The data used in this study were collected by the Burst Detector Dosimeter IIR (BDD-IIR) on board the US GPS
satellite NS41. NS41 was launched on 10 November 2000 and operated in a circular orbit at an altitude of
20,200 km with an inclination of 55° and a period of 12 hr. It crossed the magnetic equator around L = 4.2 and
sampled higher L shells at higher magnetic latitudes. For this study we use data from the entire mission, extending
from 10 December 2000-25 July 2020.

BDD-IIR is a multi purpose silicon detector system. It features eight individual channels of a “shield/filter/
sensor” design that permits the detector to sample roughly half the celestial sphere while at the same time
shielding the silicon sensor elements from most of the incident particle flux. Absorbers in front of the sensors
determine the energy thresholds for measuring the incident particle fluxes. The aperture dimensions were chosen
in an attempt to achieve equal counting rates in all channels. During on-orbit operation none of the BDD-IIR's
channels appeared to saturate. Background counting rates were found to be well behaved. For each week of data,
mean values of the counting rates of the 8 channels were compiled from accumulations reported from L values
larger than 20. Here L is the Mcllwain L value calculated using the IGRF internal field and the Olson-Pfitzer
quiet-time external field (Olson & Pfitzer, 1977). Except for weeks with one or more solar energetic particle
(SEP) events, the weekly mean values were used for the background counting rates for each of the 2520 individual
records. During SEPs, the background estimation followed the evolution of the SEP and were time dependent.

The deposited energy thresholds were calibrated carefully (Cayton et al., 1998). Electron response functions for
the channels were determined by detailed modeling of the instrument by Monte Carlo methods (Tuszewski
et al., 2002). The electron response functions are most sensitive to the highest energy incident electrons. Any
electron spectrum covering the energy range from 0.1 to 10 MeV can be folded with the response functions to
predict counting rates in all eight channels due to that spectrum. Adding background counting rates to these yields
a set of model counting rate that may be compared directly with the measured rates (corrected for the measured
6 ms dead-time). Best-fitting relativistic-Maxwellian spectra were determined by minimizing the sum of squared
differences of a set of model counting rates (background plus ones due the spectrum of electrons) and the set of
dead-time corrected measured counting rates. Each of the best-fitting spectra covers the energy range 0.1—
10 MeV. Commonly observed spectral features (i.e., remarkably exponential shapes) of relativistic electrons in
the outer radiation belt (Cayton et al., 1989; Pierrard & Lemaire, 1996; Reagan et al., 1981) provided guidance for
the selection of the relativistic Maxwellian as the functional form for these model spectra.

For incident energies above 0.5 MeV, electron fluxes evaluated from a single Maxwellian component well
represent observed fluxes; however, below 0.5 MeV, the single-component model systematically underestimates
the actual flux, because an additional lower-energy component dominates at the lower energies. We focus on
relativistic electrons with energies of 2.0 MeV, well above the 0.5 MeV threshold below which the single
component fits do not perform so well. We note that on the lowest L-shells visited by GPS orbit, electron spectra
during periods of decay exhibit characteristic non-equilibrium leakage features (Duderstadt & Hamilton, 1976).
These particular features, however, are not associated with electron enhancements that follow large magnetic
storms, and, thus, are not expected to significantly affect our results.

Data from BDD-IIR have been extensively used in the DREAM model (Koller et al., 2007; Reeves et al., 2012), to
calculate expected solar array degradation (Messenger et al., 2011) to characterize relativistic electron flux rise
times (Varotsou et al., 2008) and to estimate the worst case relativistic electron spectra in GPS orbit (Meredith
et al., 2023).

For additional details regarding the BDD-IIR instrument, its calibration, numerical modeling, and limitations, see
Cayton et al. (2004), and Meredith et al. (2023).
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2.2. Data Analysis

The NS41 BDD-IIR data used in this study were downloaded from the United States Department of Commerce's
National Oceanic and Atmospheric Administration (NOAA) website. Each normal file includes 2520 records of
duration 240 s, corresponding to one GPS-week of data. Each weekly file was examined, and excess records
(almost always containing only “fill” values) were eliminated. Of the total of 1024 GPS-weeks during the lifetime
of the mission, 31 were missing entirely, 3 included data for one day and 1 included data for two days. We used the
data from the remaining 989 full weekly files in this study.

Electron differential fluxes at 10 energies (0.6, 0.8, 1.0, 1.6, 2.0, 3.0, 4.0, 5.0, 6.0 and 8.0 MeV) were written into
separate files for each crossing of 12 equally spaced L-shells between L = 4.25 and L = 7.00 (Meredith
etal., 2023). NS41 crosses each of the specified L-shells as many as 8§ times each day. The differential fluxes were
then plotted as a function of time for each energy and L value to verify the absence of outliers and other anomalies
in the data. Daily averaged fluxes were then compiled for each of the specified L-shells. For additional details
regarding the data processing for BDD-IIR, see Meredith et al. (2023).

3. Case Studies
3.1. Largest Event

The largest daily average fluxes of E = 2.0 MeV electrons encountered during the entire mission were observed
during the 6 April 2010 geomagnetic storm. This was a moderate geomagnetic storm with a minimum Ds? index
of —81 nT on 6 April.

Figure 1 shows the flux of £ = 2.0 MeV electrons as a function of time for selected values of L in April 2010.
Individual measurements are coded blue and the daily averages, used in the analysis, are coded black. To put the
data into context the figure also shows relevant geophysical indices and solar wind parameters. Figure 1 shows (a—
f) the E = 2.0 MeV electron flux at L = 7.0, 6.5, 6.0, 5.5, 5.0, and 4.5, respectively; (g) the solar wind speed (red
trace) and the Interplanetary Magnetic Field (IMF) Bz (black trace); (h) the Dst index (color coded) and solar wind
pressure (black trace); and (i) the Kp (color coded) and AE (black trace) indices. The dotted line in each of the
panels a—f denotes the daily average flux value which is exceeded in 1% of the daily averaged flux values at each
L, taken over the entire mission. Henceforth, we refer to this value as the 1% exceedance level.

The 1% exceedance level is surpassed for several days at each L value, with the peak values of E = 2.0 MeV
electrons being the largest fluxes at that L value observed during the entire mission (Table 1). The table also
includes the theoretical 1 in 10 and 1 in 100 year flux levels as determined from an extreme value analysis of the
NS41 BDD-IIR data (Meredith et al., 2023). The highest fluxes were observed at L = 4.5 and 5.0 on 8 April 2010
and are very close to the theoretical 1 in 100 year fluxes. Further out, in the region 5.5 < L < 7.0 the largest fluxes
were seen two days later on 10 April 2010 and also approach the 1 in 100 year flux levels.

These large fluxes are associated with several days of enhanced geomagnetic activity followed by a moderate
geomagnetic storm that began on 5 April 2010.

3.2. Largest Geomagnetic Storm

The largest geomagnetic storm of the entire mission, with a minimum Dst index of —422 nT, occurred on 20
November 2003. The measured fluxes and daily average fluxes for this month are plotted in Figure 2, in the same
format as Figure 1. This storm was not associated with the production of large fluxes of relativistic electrons in
GPS orbit. In fact, the daily average fluxes of E =2.0 MeV electrons remained below the 1% exceedance level at
all L shells in the region 4.5 < L < 7. Interestingly, the post-storm fluxes were less than the pre-storm fluxes in the
region 4.5 <L < 6.5.

At L = 4.5 the fluxes peaked at 2.41 X 10° cm~2s~'sr"'MeV ™!, 6 days after the Dst minimum, a factor of 8.2 less
than the largest flux associated with the 6 April 2010 storm in this region. Further out, at L = 6.5, the fluxes
peaked at 1.26 x 10* cm™2s~'sr"'MeV ™', 7 days after the Dst minimum, a factor of 6.6 less than the largest flux
associated with the 6 April 2010 storm.

These results suggests that modest storms may pose more of a risk to satellites in GPS orbit than the largest storms
that are more typically associated with extreme space weather.
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Figure 1. Summary plot of the NS41 Burst Detector Dosimeter IIR E = 2.0 MeV electron flux for April 2010 (a—f) at L = 7.0, 6.5, 6.0, 5.5, 5.0, and 4.5, respectively;
(g) the solar wind speed (red trace) and Interplanetary Magnetic Field Bz (black trace); (h) the Dst index (color coded) and solar wind pressure (black trace); and (i) the
Kp (color coded) and AFE (black trace) indices. The dotted lines in panels a—f represent the 1% exceedance level at each value of L.
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Table 1

Largest Daily Averaged Fluxes of E = 2.0 MeV Electrons Observed in GPS Orbit Between 10 December 2000 and 25 July 2020 as a Function of L and the
Corresponding 1 in 10 and 1 in 100 Year Flux Levels

L Date Largest flux (cm™2s~'sr'MeV ™) 1 in 10 year flux (cm™2s~'sr™'MeV ™) 1 in 100 year flux (cm™>s~'sr™'MeV~")
4.5 8 April 2010 1.98 x 10° 1.77 x 10° 2.04 x 10°
5.0 8 April 2010 9.77 x 10° 7.60 x 10° 9.88 x 10°
5.5 10 April 2010 431 x 10° 3.31 x 10° 479 x 10°
6.0 10 April 2010 2.50 x 10° 1.69 x 10° 2.73 x 10°
6.5 10 April 2010 1.45 x 10° 9.18 x 10* 1.63 x 10°
7.0 10 April 2010 8.26 x 10* 4.97 x 10* 1.12 x 10°

To examine this finding in more detail we looked at the storm strengths and solar drivers associated with the 50
largest E = 2.0 MeV flux events at L = 4.5 and 6.5. We then compared the results with the peak E = 2.0 MeV
fluxes associated with the 15 strongest geomagnetic storms.

4. Geomagnetic Storm Study

For our geomagnetic storm study, we first identified the 50 largest, independent, E = 2.0 MeV relativistic electron
flux events throughout the mission at L = 4.5 and L = 6.5. For each event we examined the behavior of the
relativistic electron fluxes, the geomagnetic indices and the solar wind parameters over the preceeding 10 days to
identify the driver and strength of the associated geomagnetic storm. We noted the minimum in the Dst index and
the storm type. CME-driven storms were confirmed using the Richardson and Cain list of near-Earth inter-
planetary coronal mass ejections (Richardson & Cane, 2024) and high speed streams confirmed using the SIR/
HSS event catalog presented in Grandin et al. (2019).

For each event, we classified the storm strength by the minimum value of the Dst index associated with the storm,
as defined by Loewe and Prolls (1997) and tabulated in Table 2. Here, and elsewhere, we use the five italicized
terms weak, moderate, strong, severe, and great to signify the storm categories as defined in Table 2.

We also determined the characteristic width of each event, which we estimated by computing the full width at half
maximum (FWHM), defined, for each event as the time during which the daily averaged flux remained greater
than half of the maximum flux associated with the event. On three occasions, marked by asterisks in Table A1, the
flux remained larger than the half maximum value but did undergo a local minimum. For these three cases we
used the local minimum to define the characteristic width.

41. L =45

The 50 largest E = 2.0 MeV electron flux events at L = 4.5 are shown as a function of storm strength, as monitored
by the minimum in the Dst index, in Figure 3 and tabulated in Table Al. Events associated with CMEs are coded
red and those associated with high speed solar wind streams are coded orange. The 1in 2, 1 in 10 and 1 in 100 year
fluxes of E = 2.0 MeV electrons at L = 4.5 are denoted by the dashed, dot-dashed, and solid purple lines
respectively.

The majority of the largest E = 2.0 MeV electron flux events at L = 4.5, near the usual position of the heart of the
outer radiation belt, were associated with either moderate (33 out of 50) or strong (11 out of 50) geomagnetic
storms. Of the remainder, three were associated with weak storms, two with severe storms and one with a great
storm.

The majority of the larger storms associated with the 50 largest events were driven by CMEs. For example, all but
three of the storms (19 out of 22) with a Dst minimum less than —80 nT were driven by CMEs, consistent with
previous surveys which have found that CME's are more effective at producing larger storms than high speed
streams (e.g., Yermolaev and Yermolaev (2002); Denton et al. (2006)). In sharp contrast, the majority of the
smaller storms were driven by high speed streams, with all bar one of the storms (27 out of 28) with a Dst
minimum greater than —80 nT being driven by high speed streams.
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Figure 2. Summary plot of the NS41 Burst Detector Dosimeter IIR E = 2.0 MeV electron flux for November 2003 (a—f) at L = 7.0, 6.5, 6.0, 5.5, 5.0, and 4.5,
respectively; (g) the solar wind speed (red trace) and Interplanetary Magnetic Field Bz (black trace); (h) the Dst index (color coded) and solar wind pressure (black
trace); and (i) the Kp (color coded) and AE (black trace) indices. The dotted lines in panels a—f represent the 1% exceedance level at each value of L.
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Table 2 Looking at the largest fluxes observed during the entire mission, the 1 in

Storm Categories

2 year daily average flux of E = 2.0 MeV electrons was exceeded on seven

Storm strength

T occasions. These flux enhancements were mostly associated with moderate
st range

weak
moderate
strong
severe

great

(4) and strong (2) storms, five being associated with CMEs and one being
=30 > Dstyin > =50 nT associated with a high speed solar wind stream, showing the largest flux
—50 > Dsty, > —100 nT enhancements at L = 4.5 tend to be associated with moderate or strong CME-
—100 > Dst,,;, > —200 nT  driven storms. One of these events was associated with a severe storm driven
—200 > Dst i > —350 nT by a CME, showing that severe storms can cause significant enhancements at

Dst.. < —350 nT L = 4.5 but are not a requirement for a significant flux enhancement in this

region. Looking at the more extreme events, the 1 in 10 year daily average
flux of E =2.0 MeV electrons was exceeded on three occasions. These events
were associated with moderate or strong CME-driven storms.

The peak daily average E = 2.0 MeV electron fluxes associated with the strongest 15 storms as monitored by the
Dst index are plotted in Figure 4 and tabulated in Table C1. As in Figure 3, the 1 in 2, 1 in 10 and 1 in 100 year
fluxes of E = 2.0 MeV electrons are denoted by the dashed, dot-dashed, and solid purple lines respectively.
However, the y-axis scale is different, being logarithmic rather than linear, due to the much larger range of the
peak fluxes associated with the largest storms. This storm subset includes 6 strong storms, 5 severe storms and 4
great storms. Three of these events resulted in fluxes of £ = 2.0 MeV near the 1 in 2 year level, with the largest
event having a flux of 1.45 X 10° cm~2s~'sr™'MeV ™!, equating to a 1 in 2.6 year event. The peak fluxes
associated with the remaining 12 storms were all a factor of four or more less than the 1 in 2 year flux. None
approached the 1 in 10 or 1 in 100 year level. In particular, the largest flux associated with a great storm,
1.25 x 10° ecm™2s~'sr~'MeV ™!, equates to a 1 in 1.5 year event; the peak fluxes associated with the other 3 great
storms being smaller by factors of 3.44, 5.19, and 5.36.

The 50 largest E = 2.0 MeV electron flux events are shown as a function of time in Figure 5a, together with the
sunspot number in Figure 5b. The 1in 2, 1 in 10 and 1 in 100 year fluxes of £ =2.0 MeV electrons are denoted by
the dashed, dot-dashed, and solid purple lines respectively. There are two clear data clusters, with 24 of the events
occurring between 2003 and 2007 inclusive, during the declining phase of solar cycle 23 (Sawadogo et al., 2024),
and 19 events occurring between 2015 and 2018 inclusive, during the declining phase of solar cycle 24
(Sawadogo et al., 2024). The largest observed flux of E = 2.0 MeV electrons during the entire mission occurred
shortly after solar minimum. Six other events exceeded the 1 in 2 year level and these were all observed during the
declining phase of solar cycle 23. None of the events during the declining phase of solar cycle 24 exceeded the 1 in
2 year level.

A histogram showing the distribution of the characteristic widths of the 50 largest E = 2.0 MeV flux events is
displayed as the red trace in Figure 6. The FWHM, on the x axis, is measured in days, and the number of events in

The Fifty Largest E = 2.0 MeV Electron Flux Events atL = 4.5
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2.0x10%F : : : I
‘TA 1in 10 year flux
o pmmemi
(]
2 H H H H H
I 1.5x10°%F + P ] —
o + ¥ Storm Strength
I H B H FE
N + i P T £ Weak
| H H H F
3 H L : . Moderate
~ 1.0x10°%F + .
E e | Strong
- : it D Severe
+ o+ Great
soxio’ ... 0
-400 -300 -200 -100 0
Dst_in (nT)

Figure 3. The 50 largest E = 2.0 MeV daily average electron flux events as a function of storm strength as monitored bye the
Dst index. CME-driven storms are coded red and high speed stream driven storms are coded orange. The dashed, dot-dashed,
and solid purple lines represent the 1 in 2, 1 in 10 and 1 in 100 year flux levels respectively.

MEREDITH ET AL.

8 of 19

85UB017 SUOLUWIOD 3A1IR.0 3(cedl|dde au Ag peusenob afe Sajoie O ‘8sn JO Sa|nJ 1oy Akeiq 18Ul U0 A8|IA UO (SUOHIPUOD-PUR-SULLBYWI0D" AB|IMAleIq 1 [Bul [UO//SANY) SUORIPUOD pUe Se | 8Ly 88S " [1202/2T/60] U ARiq18ulluo A8 1M ‘AeAins onoeiuy ushiig AQ Zy0r00MSYZ02/620T 0T/10p/w0d Ao |mAreiq puljuo'sgndnBe//sdny wouy pepeojumod ‘ZT ‘v20Z ‘06€L2vST



V od |
AGU

ADVANCING EARTH
AND SPACE SCIENCES

Space Weather 10.1029/2024SW004042

Peak E = 2.0 MeV Electron Fluxes Associated
with the Largest Fifteen Storms atL = 4.5
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Figure 4. The maximum E = 2.0 MeV daily average electron fluxes at L = 4.5 associated with the largest 15 storms as
monitored by the Dst index. The dashed, dot-dashed, and solid purple lines represent the 1in 2, 1in 10 and 1 in 100 year flux
levels respectively.

each category are plotted on the y axis. The characteristic widths associated with the top fifty £ = 2.0 MeV events
at L = 4.5 range from 2.8 to 15.3 days with a mean characteristic width of 7.9 + 2.5 days.

42. L =6.5

The 50 largest E = 2.0 MeV electron flux events at L = 6.5, on field lines that map to the vicinity of geosyn-
chronous orbit, are shown as a function of storm strength in Figure 7, in the same format as Figure 3, and tabulated
in Table B1.

We note that the flux near the magnetic equator at L = 6.5 could be higher if the equatorial pitch angle distribution is
peaked near 90° as electrons mirroring near the equator are not sampled at higher magnetic latitudes. Specifically,
NS41 typically crossed L = 6.5 at magnetic latitudes between 35-38°. Here, assuming a dipole field, mirroring

The Fifty Largest E = 2.0 MeV Electron Flux Events at L = 4.5
and Sunspot Number as a Function of Time
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Figure 5. (a) The 50 largest £ = 2.0 MeV daily average electron flux events at L = 4.5 as a function of time. The dashed, dot-
dashed, and solid purple lines represent the 1 in 2, 1 in 10 and 1 in 100 year flux levels respectively; (b) the 27 days average
sunspot number as a function of time.
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Histograms of the Distributions of the Characteristic Widths
of the Fifty Largest Flux Enhancements atL=4.5and L=6.5
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Figure 6. The distribution of the full width half maxima (FWHM) for the 50
largest flux events at L = 4.5 (red trace) and L = 6.5 (blue trace). The

FWHM, on the x axis, is measured in days and the number of events are plotted

on the y axis.

electrons would have equatorial pitch angles between 24 and 28°. Larger pitch
angles would not be sampled. Shi et al. (2016) recently reported relatively flat
relativistic electron pitch angle distributions in the outer radiation belt, both
during quiet and active conditions, typically being represented by sin”(«a)
distribution with # less than 1. This implies that the pitch angle distributions
will be relatively flat and that the omnidirectional flux measured at the equator
could be similar to or a factor of 2 or 3 larger than those measured in GPS orbit,
depending on the anisotropy. However, since we do not know the anisotropy
for the specific events, we do not attempt a flux conversion and, in this section,
focus on the results at L = 6.5 in GPS orbit.

The majority of the largest flux events at L = 6.5 were associated with either
weak (12 out of 50) or moderate (30 out of 50) storms. Of the remainder, five
were associated with strong storms, one was associated with a severe storm,
one was associated with a great storm and one fell into a category below the
definition of a weak storm.

Looking at the solar drivers, the majority of the largest flux events at L = 6.5
(37 out of 50) were associated with high speed streams and the remainder (13
out of 50) with CMEs. There is strong tendency for the larger storms to be
associated with CMEs and the weaker storms to be associated with high speed
streams with 12 out of 15 storms with a Dst minimum less than or equal to
—80 nT being driven by CMEs and 34 out of 35 storms with a Dst minimum
greater than —80 nT being driven by high speed streams.

Looking at the largest fluxes observed during the entire mission, the 1 in 2 year daily average flux of E = 2.0 MeV

electrons was exceeded on seven occasions. These flux enhancements were associated with moderate (5) and

strong (2) storms, four being associated with high speed streams and three being associated with CMEs. None of

these events were associated with severe or great storms. Looking at the more extreme events, the 1 in 10 year
daily average flux of E = 2.0 MeV electrons was exceeded on two occasions, one associated with a moderate and
the other with a strong CME-driven storm.

The peak daily average E = 2.0 MeV electron fluxes associated with the strongest 15 storms as monitored by the

Dst index are plotted in Figure 8 and tabulated in Table C1. Three of these events resulted in fluxes of
E = 2.0 MeV near the 1 in 2 year level, with the largest event having a flux of 6.02 x 10* cm™2s~!sr™'MeV~!,
equating to a 1 in 2.5 year event. The peak fluxes associated with the remaining 12 storms were all a factor of 3 or

Flux (cm_zs_1sr_ Tmev™! )

The Fifty Largest E = 2.0 MeV Electron Flux Events atL = 6.5
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Figure 7. The 50 largest E = 2.0 MeV daily average electron flux events at L = 6.5 as a function of storm strength as
monitored by the Dst index. CME-driven storms are coded red and high speed stream driven storms are coded orange. The
dashed, dot-dashed, and solid purple lines represent the 1 in 2, 1 in 10 and 1 in 100 year flux levels respectively.
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Peak E = 2.0 MeV Electron Fluxes Associated
with the Largest Fifteen Storms atL = 6.5
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Figure 8. The maximum E = 2.0 MeV daily average electron fluxes at L = 6.5 associated with the largest 15 storms as
monitored by the Dst index. The dashed, dot-dashed, and solid purple lines represent the 1in 2, 1in 10 and 1 in 100 year flux

levels respectively.

more less than the 1 in 2 year flux. None approached the 1 in 10 or 1 in 100 year level. In particular, the largest flux

associated with a great storm, 5.53 x 10* cm™2

associated with the other 3 great storms being smaller by factors of 4.39, 11.9, and 1,730.

s~'sr™'MeV~! equates to a 1 in 2 year event; the peak fluxes

The 50 largest E = 2.0 MeV electron flux events are shown as a function of time in Figure 9a, together with the
sunspot number in Figure 9b. Again, there are two clear data clusters, with 27 of the events occurring during the

declining phase of solar cycle 23 and 12 events occurring during the declining phase of solar cycle 24. The largest

observed flux of E = 2.0 MeV electrons during the entire mission occurred shortly after solar minimum. Six other
events exceeded the 1 in 2 year level, two during the declining phase of solar cycle 23, one during the solar

minimum and three during the declining phase of solar cycle

24.

The Fifty Largest E = 2.0 MeV Electron Flux Events at L = 6.5
and Sunspot Number as a Function of Time
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Figure 9. (a) The 50 largest £ = 2.0 MeV daily average electron flux events at L = 6.5 as a function of time. The dashed, dot-
dashed, and solid purple lines represent the 1 in 2, 1 in 10 and 1 in 100 year flux levels respectively; (b) the 27 days average

sunspot number as a function of time.
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A histogram showing the distribution of the characteristic widths of these events is displayed as the blue trace in
Figure 6. The characteristic widths of the flux enhancements associated with the top fifty £ = 2.0 MeV events at
L = 6.5 range from 1.6 to 6.5 days with a mean characteristic width of 2.8 + 1.0 days.

5. Discussion

The largest E = 2.0 MeV electron fluxes observed during the mission occurred following the 6 April 2010
geomagnetic storm. This was a somewhat remarkable event in that it occurred close to solar minimum, following
the so-called “electron desert” when the fluxes of E = 2.0 MeV electrons at L = 4.5 remained a factor of 100
below the 1% exceedance level for over 16 months. It also came as a surprise to satellite operators, engineers and
insurers, who, based on the recent data, would not have been expecting such a large relativistic electron flux event.

The 6 April 2010 geomagnetic storm, associated with the largest fluxes of E = 2.0 MeV electron fluxes observed
during the mission, was a relatively modest CME-driven storm with a minimum Dst index of —81 nT. However,
the solar wind speed was high, remaining over 500 kms~"' from 5 to 9 April and the IMF Bz was predominantly
southward. These solar wind conditions drove some extended and enhanced geomagnetic activity as monitored by
the AE and Kp indices. Such periods are known to be associated with prolonged substorm activity, enhanced
levels of seed electrons and chorus wave activity (Li et al., 2009; Meredith et al., 2001, 2020) and the gradual
acceleration of electrons to relativistic energies (e.g., Jaynes et al., 2015; Meredith et al., 2003).

The largest fluxes of E = 2.0 MeV electrons in GPS orbit tend to be observed during the declining phase of the
solar cycle. Interestingly, this is true for both the CME and HSS driven events. This result is unexpected for CME-
driven storms, which peak during solar maximum (St Cyr et al., 2000), suggesting that there might be something
about the declining phase that enables CME-driven storms to produce higher fluxes of relativistic electrons. The
strength of the solar cycle is also important and the responses can be different from one cycle to the next. For
example, at L = 4.5, the 1 in 2 year flux of E = 2.0 MeV electrons was exceeded six times during the declining
phase of solar cycle 23 but was not exceeded at all during the declining phase of the weaker solar cycle 24.

It is interesting to compare the daily average fluxes of £ = 2.0 MeV electrons at L = 4.5 presented in this study
with the upper limit of the £ = 2.0 MeV electron flux determined from the spin-averaged electron flux data from
the Energetic Particle Composition and Thermal Plasma suite aboard the Van Allen probes. On first inspection,
the upper limit of the Van Allen probe spin-averaged E = 2.0 MeV electron flux at L = 4.5 (Hua et al., 2022)
compares favorably with the associated 1 in 100 year event flux level (Meredith et al., 2023), but our observations
(Figure 5) show that the 1 in 100 year flux level was not approached during the period 2013-2018. This highlights
the difficulty when trying to accurately compare the omni-directional fluxes from BDD-IIR with the spin-
averaged fluxes from the Van Allen probes with differences being expected primarily due to the different na-
ture of the data products and the different averaging times. However, our observations can be used to put the Van
Allen probe measurements into the larger context. For example, the largest daily average flux of E = 2.0 MeV
electrons at L = 4.5 observed by BDD-IIR on NS41 during 2013-2018 was 1.29 x 10® cm™2s~!sr™! on 10
October 2015 (Table 1). This flux level was surpassed during 8 relativistic electron flux events between 2003 and
2011 (Table 1 and Figure 5), showing that the upper limit of the £ = 2.0 MeV electron fluxes at L = 4.5,
determined from the spin-averaged flux data from the Van Allen probe measurements, can be exceeded when a
longer time interval is considered. We can use our observations and extreme value analysis (Meredith et al., 2023)
to estimate the limiting flux of the spin-averaged observations. The limiting daily average flux of 2.0 MeV
electrons at L = 4.5 is 2.2 X 10° cm~2s~'sr~! (Meredith et al., 2023), which is a factor of 1.7 larger than the
maximum daily average flux of E = 2.0 MeV electrons at L = 4.5 observed by BDD-IIR during the period 2013—
2018. The maximum flux spin-averaged E = 2.0 MeV electron flux determined from the Van Allen probe data
was ~2.0 x 10% cm™
maximum flux observed by the Van Allen probes, suggests that the limiting spin-averaged flux would be of the
order 3.4 x 10% cm™2s~'sr7!.

s~lsr™! (Hua et al., 2022). Assuming a similar ratio between the limiting flux and the

The largest geomagnetic storm in recorded history was the so-called Carrington storm of 1859, named after one of
the first witnesses to observe and document the storm (Carrington, 1859). The magnitude of this storm has been
estimated to be between —850 nT (Siscoe et al., 2006) and —1,760 nT (Tsurutani et al., 2003), corresponding to a
factor of between 2.2 and 4.6 times larger than the Halloween storm. Simulations suggest that such a storm would
result in a new belt at low L, in the inner belt, and have little effect on the fluxes in GPS orbit (Shprits et al., 2011).
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Modeling work shows that satellites at geosynchronous orbit are likely to be more at risk from a fast solar wind
stream event lasting more than 5 days than they are from a Carrington type event (Horne et al., 2018). The research
here shows that high speed solar wind streams can produce large fluxes of relativistic electrons in GPS orbit,
causing 30 and 37 of the largest fifty E = 2.0 MeV electron flux events at L = 4.5 and 6.5 respectively, primarily
during the declining phase of the solar cycle. These observations are consistent with earlier studies showing that
high fluxes of relativistic electrons are predominantly associated with high speed solar wind streams (e.g., Blake
et al., 1997; Borovsky & Denton, 2006; Iles et al., 2002; Paulikas and Blake, 1976), and that they mostly occur
during the declining phase of the solar cycle, when coronal holes and their associated high speed streams are most
prevalent (Burlaga & Lepping, 1977; Gonzalez et al., 1999; Mursula & Zieger, 1996; Richardson et al., 2001).
However, the largest fluxes in both locations were observed following moderate to strong CMEs.

The great geomagnetic storm of 10 May 2024 had a minimum Dst index of —412 nT, making it just slightly smaller
than the largest storm in our study (Figure 2). Consistent with our findings, this event was not associated with a
strong relativistic electron response at GEO or MEO. For example, the fluxes of E> 2.0 MeV electrons observed by
GOES 16 were very low before the storm and remained low following the storm. In the seven day period following
the storm, the highest flux of E> 2.0 MeV electrons observed by GOES 16 was of the order of 1,000 cm™2s™!sr™!
(https://lasp.colorado.edu/space-weather-portal/goes-electron-flux) a factor of more than 50 below the 1 in 10 year
daily average flux of E >2 MeV electrons at GOES East (Meredith et al., 2015). Furthermore, the quick look HEP-
H instrument on board Arase (https://ergsc.isee.nagoya-u.ac.jp/data_info/erg.shtml.en) that the flux of ~2.0 MeV
electrons peaked well inside MEO and was not significantly enhanced at MEO.

The E=2.0 MeV fluxes at L = 4.5 presented in this paper are close to the knee in the electron spectra at L* = 4.25
presented in Olifer et al. (2022). This knee separates the lower energy measurements which tend to energy
dependent flux limits as defined by Kennel and Petscheck theory (Kennel & Petschek, 1966), with those at higher
energies which lie below the Kennel and Petschek limit. Extreme value analysis (Meredith et al., 2023) reveals a
similar structure with a knee in the energy spectra at L = 4.5 which occurs at energies between 2.0 and 3.0 MeV.
Furthermore, the analysis showed that the daily averaged E = 2.0 MeV electron fluxes in the range 0.6-2.0 MeV
at L = 4.5 tended to a limiting value while the higher energies were potentially unbounded. This is consistent with
the analysis presented in Olifer et al. (2022) who show, using Kennel and Petschek theory applied to the Van
Allen probe measurements, that there is an energy dependent flux limit for energies below 2.6 MeV.

The characteristic widths of the largest flux events are location dependent being longer at lower L, with a mean of
7.9 2.5 days and 2.8 £+ 1.0 days at L = 4.5 and 6.5 respectively. This is probably due to a combination of factors
including shorter loss timescales at higher L (e.g., Claudepierre et al., 2020) and more variability at higher L due to
more frequent losses to the magnetopause. This finding is relevant to satellite operators as it demonstrates that
once the fluxes become elevated they are likely to remain elevated for longer near the heart of the outer radiation
belt at MEO compared to GEO.

6. Conclusions

We have analyzed approximately 20 years of data from the US GPS satellite NS41 to determine the strength and
type of the geomagnetic storms associated with the 50 largest E = 2.0 MeV electron events at L =4.5 and L = 6.5.
Our principle results are as follows.

e The 1 in 10 year flux levels were exceeded 3 times at L = 4.5 and 2 times at L = 6.5. These events were
associated with moderate or strong CME-driven storms.

o Although the largest flux events were associated with moderate or strong CME-driven storms, the majority
of the 50 largest flux events at L = 4.5 (30 out of 50) and L = 6.5 (37 out of 50) were associated with high
speed streams.

e Both CME and HSS-driven storms are very important for relativistic electron flux enhancements in GPS
orbit.

e The 1 in 3 year flux level was not exceeded following any of the top 15 geomagnetic storms as monitored
by the Dst index.

Our results show that the largest flux enhancements in GPS-orbit are associated with moderate to strong CME-
driven storms. In contrast, the largest geomagnetic storms, most often associated with extreme space weather, do
not lead to significantly larger relativistic electron flux events in GPS orbit.
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Appendix A: The Fifty Largest Events at L = 4.50
The fifty largest E = 2.0 MeV relativistic electron flux events at L = 4.5 are tabulated in Table A1. For each event,
the table includes the position of the event in the top fifty, the date of the event, the Dst minimum and the date of
the Dst minimum of the associated geomagnetic storm, the flux, the full width half maximum of the duration of
the event and the solar driver.
Table A1
No. Date Dstyin(nT) Flux (cm~2s~!sr'MeV™") FWHM (days) Driver
1 08 Apr 2010 —81 nT on 06 Apr 1.98 x 10° 5.50 CME
2 14 Sep 2005 —139 nT on 11 Sep 1.93 x 10° 4.89 CME
3 20 Jan 2005 —103 nT on 18 Jan 1.87 x 10° 2.79 CME
4 21 Sep 2003 —65 nT on 17 Sep 1.72 x 10° 5.97 HSS
5 24 Jul 2004 —99 nT on 23 Jul 1.51 x 10° 8.74 CME
6 19 May 2005 —247 nT on 15 May 1.45 x 10° 3.54 CME
7 18 Apr 2006 —98 nT on 14 Apr 1.45 x 10° 7.55 CME
8 18 Nov 2003 —62 nT on 11 Nov 1.32 x 10° 8.18 HSS
9 10 Oct 2015 —130 nT on 07 Oct 1.29 x 10° 9.02 HSS
10 18 Jul 2012 —139 nT on 15 Jul 1.28 x 10° 6.19 CME
11 11 Nov 2004 —374 nT on 08 Nov 1.25 x 10° 8.91 CME
12 25 Apr 2017 —51 nT on 22 Apr 1.25 x 10° 13.95 HSS
13 04 Aug 2003 —57 nT on 27 Jul 1.24 x 10° 5.87 HSS
14 28 Oct 2016 —65 nT on 25 Oct 1.24 x 10° 5.81 HSS
15 17 Dec 2006 —162 nT on 15 Dec 1.24 x 10° 10.54 CME
16 30 Sep 2016 —65 nT on 29 Sep 1.23 x 10° 9.00 HSS
17 24 Aug 2003 —60 nT on 22 Aug 1.18 x 10° 7.97 HSS
18 18 Oct 2003 =77 nT on 15 Oct 1.12 x 10° 8.30 HSS
19 11 May 2016 —95 nT on 08 May 1.08 x 10° 6.23 HSS
20 16 Dec 2003 —53 nT on 09 Dec 1.08 x 10° 10.08 HSS
21 05 Sep 2016 —59 nT on 02 Sep 1.04 x 10° 10.09 HSS
22 12 Nov 2015 —56 nT on 10 Nov 1.03 x 10° 10.25 HSS
23 21 Mar 2015 —234 nT on 17 Mar 1.03 x 10° 7.45 CME
24 16 Oct 2017 —53 nT on 14 Oct 1.02 x 10° 6.59 HSS
25 01 Apr 2003 —78 nT on 31 Mar 9.95 x 10° 7.18 HSS
26 14 Jun 2005 —106 nT on 13 Jun 9.95 x 10° 3.96 CME
27 03 Sep 2019 —52 nT on 01 Sep 9.93 x 10° 7.49 HSS
28 18 Aug 2015 —98 nT on 16 Aug 9.19 x 10° 6.17 CME
29 11 Mar 2005 —54 nT on 07 Mar 9.09 x 10° 6.39 HSS
30 16 May 2003 —84 nT on 10 May 8.90 x 10° 10.00* CME
31 20 Jul 2017 —72 nT on 16 Jul 8.85 x 10° 5.14 CME
32 13 Mar 2004 —78 nT on 11 Mar 8.62 X 10° 9.58 HSS
33 13 Jul 2005 —92 nT on 10 Jul 8.61 x 10° 5.70 CME
34 15 Oct 2012 —109 nT on 13 Oct 8.47 x 10° 11.66 CME
35 19 Sep 2017 —33 nT on 14 Sep 8.28 x 10° 10.90 HSS
36 02 Apr 2017 —70 nT on 27 Mar 8.08 x 10° 6.71 HSS
37 27 Apr 2012 —120 nT on 24 Apr 8.01 x 10° 7.65 CME
38 19 Mar 2003 —60 nT on 16 Mar 7.97 x 10° 9.60 HSS
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Table A1
Continued
No. Date Dstin(nT) Flux (cm 2s~!sr!MeV™") FWHM (days) Driver
39 06 Oct 2002 —176 nT on 01 Oct 7.94 x 10° 9.16 CME
40 12 Nov 2017 —73 nT on 08 Nov 7.88 x 10° 6.94 HSS
41 09 May 2003 —39 nT on 07 May 7.43 x 10° 4.00* HSS
42 25 Aug 2017 —35nT on 19 Aug 7.03 x 10° 9.36 HSS
43 26 Apr 2003 —52 nT on 24 Apr 6.88 x 10° 6.00* HSS
44 16 Feb 2004 —93 nT on 11 Feb 6.77 x 10° 8.47 HSS
45 21 Feb 2016 —65 nT on 16 Feb 6.68 x 10° 10.35 HSS
46 01 Oct 2017 —56 nT on 28 Sep 6.57 x 10° 10.07 HSS
47 26 Jan 2004 —130 nT on 22 Jan 6.42 x 10° 8.55 CME
48 07 Mar 2017 —61 nT on 01 Mar 6.38 x 10° 15.27 HSS
49 10 Sep 2015 —105 nT on 09 Sep 6.36 x 10° 8.48 CME
50 03 Apr 2008 —56 nT on 27 Mar 6.33 x 10° 7.72 HSS
Appendix B: The Fifty Largest Events at L = 6.50
The fifty largest E = 2.0 MeV relativistic electron flux events at L = 6.5 are tabulated in Table B1. For each event,
the table includes the position of the event in the top fifty, the date of the event, the Dst minimum and the date of
the Dst minimum of the associated geomagnetic storm, the flux, the full width half maximum of the duration of
the event, and the solar driver.
Table B1
No. Date Dst, (nT) Flux (cm 2s~!sr!MeV™") FWHM (days) Driver
1 10 Apr 2010 —81 nT on 06 Apr 1.45 x 10° 1.92 CME
2 30 Jul 2004 —170 nT on 27 Jul 1.21 x 10° 2.13 CME
3 03 Apr 2008 —56 nT on 27 Mar 7.20 x 10* 4.79 HSS
4 05 Aug 2003 —57 nT on 27 Jul 6.73 x 10* 1.70 HSS
5 18 Oct 2017 —53 nT on 14 Oct 6.48 x 10* 2.44 HSS
6 12 May 2016 —95 nT on 08 May 6.43 x 10* 1.90 HSS
7 30 Aug 2018 —175 nT on 26 Aug 6.02 x 10* 3.38 CME
8 18 Dec 2003 —54 nT on 08 Dec 5.61 x 10* 2.88 HSS
9 09 Apr 2005 —70 nT on 05 Apr 5.57 x 10* 2.12 HSS
10 15 Nov 2004 —374 nT on 08 Nov 5.54 x 10* 1.60 CME
11 19 Apr 2006 —98 nT on 14 Apr 5.47 x 10* 4.35 CME
12 21 Sep 2005 —80 nT on 11 Sep 5.39 x 10* 4.01 CME
13 31 May 2007 —58 nT on 23 May 5.36 x 10* 3.68 HSS
14 12 Mar 2005 —54 nT on 07 Mar 5.01 x 10* 2.50 HSS
15 21 Oct 2016 —109 nT on 13 Oct 4.87 x 10* 3.06 CME
16 19 Jul 2012 —139 nT on 15 Jul 4.84 x 10* 1.74 CME
17 08 Apr 2007 —63 nT on 01 Apr 4.79 x 10* 3.56 HSS
18 28 Sep 2003 —59 nT on 24 Sep 4.71 x 10* 2.72 HSS
19 19 May 2005 —247 nT on 15 May 4.60 x 10* 1.57 CME
20 27 Dec 2006 —51 nT on 20 Dec 421 % 10* 5.25 HSS
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Table B1
Continued
No. Date Dstyin(nT) Flux (cm~2s~!sr!MeV™") FWHM (days) Driver
21 27 Apr 2017 —51 nT on 22 Apr 4.20 x 10* 3.18 HSS
22 24 Mar 2006 —48 nT on 19 Mar 4.16 x 10* 1.75 HSS
23 17 Dec 2006 —162 nT on 15 Dec 4.04 x 10* 2.53 CME
24 17 Apr 2005 —62 nT on 12 Apr 3.99 x 10* 1.72 HSS
25 04 Mar 2008 —52 nT on 28 Feb 3.91 x 10* 2.50 HSS
26 13 Feb 2005 —57 nT on 07 Feb 3.89 x 10* 1.96 HSS
27 03 Apr 2017 —70 nT on 27 Mar 3.74 x 10* 2.49 HSS
28 04 Sep 2019 —52 nT on 01 Sep 3.62 x 10* 2.36 HSS
29 19 Oct 2006 —55nT on 13 Oct 3.60 x 10* 3.08 HSS
30 13 Nov 2017 —73 nT on 08 Nov 3.56 x 10* 2.15 HSS
31 18 Feb 2004 —93 nT on 11 Feb 3.52 x 10* 247 HSS
32 13 Jun 2006 —42 nT on 06 Jun 3.45 x 10* 3.70 HSS
33 20 Oct 2012 —90 nT on 13 Oct 3.43 x 10* 6.50 CME
34 21 Mar 2012 —88 nT on 15 Mar 3.42 x 10* 3.08 CME
35 21 Feb 2016 —65 nT on 16 Feb 3.36 x 10* 1.92 HSS
36 25 Mar 2003 —60 nT on 16 Mar 3.31 x 10* 2.00 HSS
37 17 Oct 2004 —49 nT on 13 Oct 3.27 x 10* 2.55 HSS
38 21 Sep 2017 —33 nT on 14 Sep 3.20 x 10* 3.58 HSS
39 15 Apr 2008 —33 nT on 06 Apr 3.14 x 10* 2.57 HSS
40 22 Sep 2006 —34 nT on 18 Sep 3.09 x 10* 2.70 HSS
41 13 Nov 2015 —56 nT on 10 Nov 3.02 x 10* 2.49 HSS
42 04 Jun 2011 —35 nT on 02 Jun 3.01 x 10* 2.88 HSS
43 25 Jan 2007 —31 nT on 15 Jan 2.99 x 10* 4.86 HSS
44 19 Jul 2017 —72 nT on 16 Jul 2.99 x 10* 2.31 CME
45 02 Oct 2007 —40 nT on 29 Sep 2.85 x 10* 2.31 HSS
46 16 May 2006 —28 nT on 12 May 2.84 x 10* 2.63 HSS
47 10 Jun 2012 —49 nT on 3 Jun 2.81 x 10* 241 HSS
48 26 May 2017 —39 nT on 20 May 2.81 x 10* 3.50 HSS
49 06 Mar 2011 —88 nT on 01 Mar 2.80 x 10* 1.83 HSS
50 06 May 2005 —40 nT on 30 Apr 2.79 x 10 1.70 HSS
Appendix C: The Fifteen Largest Storms
The peak E = 2.0 MeV relativistic electron fluxes at L = 4.5 and L = 6.5 associated with the fifteen largest
geomagnetic storms are tabulated in Table C1. For each storm, the table includes the position of the storm in the
top fifteen, the date of the storm, the associated Dst minimum, the date of the associated peak flux and the peak
flux at L = 4.5 and the date of the associated peak flux and the peak flux at L = 6.5.
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Table C1

No. Storm date  Dst,;,(nT) Date Peak flux (cm_zs_lsr_lMeV_l) Date  Peak flux (cm_zs_'sr‘lMeV_l)

1 20 Nov 2003 —422 26 Nov 241 x 10° 27 Nov 1.26 x 10*
2 31 Mar2001  —387 04 Apr 233 x 10° 02 Apr 3.20 x 10!
3 30 Oct 2003 —383 03 Nov 3.63 x 10° 03 Nov 465 x 10°
4 08Nov2004 —374 11 Nov 1.25 x 10° 15 Nov 553 x 10*
5 06Nov2001  —292 12 Nov 1.25 x 10° 13 Nov 2.40 x 10°
6 11 Apr 2001 —271 17 Apr 2.05 % 10° 15 Apr 3.20 x 10°
7 15May 2005  —247 19 May 1.45 x 10° 19 May 4.60 x 10*
8  17Mar2015  —234 21 Mar 1.03 x 10° 22 Mar 1.28 x 10*
9  24Nov2001  —221 02 Dec 7.23 x 10° 30 Nov 3.60 x 10!
10 23 Jun 2015 —198 25 Jun 4.79 x 10° 03 Jul 245 x 10*
11 21 Oct 2001 —187 27 Oct 2.11 x 10* 25 Oct 1.19 x 10?
12 08Sep2002  —181 14 Sep 3.11 x 10° 15 Sep 453 % 10°
13 01 Oct 2002 —176 06 Oct 7.94 x 10° 06 Oct 1.63 x 10°
14 26 Aug2018  —175 28 Aug 6.31 X 10° 30 Aug 6.02 x 10*
15 20 Dec 2015 —166 22 Dec 3.81 x 10° 26 Dec 3.33 x 10°

Data Availability Statement

The data used in this study is publicly available from http://www.ngdc.noaa.gov/stp/space-weather/satellite-data/
satellite-systems/gps/data/ns41. The solar wind data, geomagnetic activity indices and sunspot numbers are
available from the NASA GSFC OMNI website (https://omniweb.gsfc.nasa.gov/). The results and data shown in
this study can be downloaded from the UK Polar Data Centre at Meredith et al. (2024).
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