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Abstract Relativistic electrons are an important space weather hazard, being a major source of radiation
damage to satellites and posing a risk to humans in space. We use approximately 20 years of data from the
US Global Positioning System (GPS) satellite NS41 to determine the characteristics of the geomagnetic
storms that lead to the largest relativistic electron fluxes in GPS orbit. The largest coronal mass ejection
(CME)‐driven events are associated with the solar wind having negative excursions of the IMF Bz with
minimum values of ∼− 14 nT two hours prior to zero epoch, defined as the time of the minimum in the Dst
index, and strong Dst minima, reaching ∼− 130 nT at zero epoch. In contrast, events driven by high speed
solar wind streams (HSSs) are associated with smaller negative excursions of IMF Bz with minimum values
of ∼− 4 nT one to two hours prior to zero epoch and moderate Dst minima, reaching ∼− 60 nT at zero
epoch. Compared with HSS‐driven events, peak E = 2.0 MeV fluxes associated with CME‐driven events
are larger by factors of 1.3 at L = 4.5 and 2.4 at L = 6.5. Both the CME‐ and HSS‐driven events are
associated with enhancements in the solar wind number density and pressure prior to zero epoch. Following
zero epoch the solar wind number density and pressure become low and substorm activity is enhanced for
several days.

Plain Language Summary The Earth is surrounded by two donut shaped zones of very high energy
electrons. The outermost of these zones is highly variable with the number of energetic particles changing by
factors of 100 or more during enhanced space weather. Understanding the behavior of these so‐called ‘killer
electrons' is important as they can damage satellites and pose a risk to humans in space. In this study we use
approximately 20 years of data from the US Global Positioning System satellite NS41 to determine the
conditions associated with the largest events. Our study reveals that there are many measurable features, both in
space and on the ground, that occur before the peaks in the numbers of energetic electrons are observed. These
findings may be used by satellite operators to help interpret the development of ongoing space weather events
and to assess the likelihood of significant increases in the numbers of energetic electrons before they occur,
enabling them to take appropriate precautionary measures if required.

1. Introduction
Modern society is increasingly dependent on satellites and satellite technology for everyday activities such as
communications, navigation, Earth observation, precision timing, and defense. For example, in 2024, the total
revenue generated by the satellite industry was U.S. $293 billion, an increase of 3% on the previous year (Satellite
Industry Association, 2025). This 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) where its likely
impact was recently upgraded from moderate to severe (Cabinet Office, 2023).

Relativistic electrons (E > 0.5 MeV), often referred to as “killer electrons” (Graham, 1994), are a major source of
radiation damage to satellites (Fennell et al., 2012; Gubby & Evans, 2002; Wrenn et al., 2002). They can penetrate
spacecraft shielding and embed themselves in insulating materials and isolated metal components. Here, the
charge can accumulate over time resulting in the build up of intense electric fields in and between materials to
breakdown levels (Frederickson et al., 1991; Rodgers & Ryden, 2001). This can induce a current “spike” in
electronic components leading to logic errors, erroneous data, phantom commands, loss of functionality and, in
exceptional cases, serious harm to a satellite (e.g., Koons & Fennel, 2006).
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Relativistic electrons in near Earth space normally occupy two distinct zones known as the Earth's inner and outer
radiation belts. The inner radiation belt, which typically occurs at geocentric distances of between 1.1 and 2.0
Earth radii (RE) in the Earth's magnetic equatorial plane, is relatively stable. Here significant variations only
occur during the most intense geomagnetic storms (Baker et al., 2007). Further out, the outer radiation belt, which
typically occurs at geocentric distances between 3 and 8 RE, is highly dynamic (e.g., Li & Hudson, 2019; Ripoll
et al., 2020). 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, Thorne et al., 2013), all of which become
enhanced during geomagnetic storms, which are, themselves, ultimately driven by the Sun.

The response of the outer radiation belt to any individual geomagnetic storm is highly variable. For example, in a
study of 276moderate and intense geomagnetic stormsReeves et al. (2003) found that, while approximately half of
the storms resulted in an increase in the flux of relativistic electrons, a quarter produced little or no change and a
quarter resulted in a decrease. Recent statistical studies usingVanAllen Probes observations also demonstrated that
there is no strong dependence of the storm‐time maximum electron fluxes on the storm intensity (Hua, Bortnik, &
Ma, 2022; Zhang et al., 2021). Large relativistic electron flux enhancements following geomagnetic storms tend to
be associated with high solar wind velocities and prolonged southward IMF Bz, sustained substorm activity,
enhanced ULF and chorus wave power and enhanced fluxes of source and seed electrons (e.g., Blake et al., 1997;
Hua & Bortnik, 2024; Iles et al., 2002; Jaynes et al., 2015; Li et al., 2015; Ma et al., 2024; Meredith et al., 2003;
Miyoshi&Kataoka, 2008; O’Brien et al., 2001; Pinto et al., 2018). In contrast, periods of predominantly northward
IMF Bz during the recovery phase do not result in significant relativistic electron flux enhancements (e.g., Iles
et al., 2002; Jaynes et al., 2015; Li et al., 2015; Miyoshi & Kataoka, 2008; Pinto et al., 2018). Our current study
focuses on the 50 largest events at L= 4.5 and 6.5 in GPS orbit and thus does not include geomagnetic storms that
are associated with little or no changes or reductions in the fluxes of relativistic electrons.

There are two principle solar drivers of geomagnetic storms: coronal mass ejections (CMEs) (e.g., Schwenn
et al., 2005; Webb et al., 2000) and coronal holes (e.g., Krieger et al., 1973; Nolte et al., 1976). The largest
geomagnetic storms are driven by interplanetary coronal mass ejections, the interplanetary counterpart of coronal
mass ejections (e.g., Burlaga et al., 1982). These disturbances tend to track the solar cycle and have been found to
peak at solar maximum (Webb & Howard, 1994) and up to 6 months to 1 year later (Robbrecht et al., 2009),
depending on solar cycle. They typically have minimumDst indices of less than − 100 nT and are associated with
recovery phases of the order of a couple of days.

Coronal holes are long‐lasting dark areas on the Sun as observed in extreme ultraviolet and 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). HSSs are characterized by enhancements in the speed of the solar wind, with the
speed typically exceeding 500 km s− 1 for 2–3 days and often maximizing above 800 km s− 1 (e.g., Denton &
Borovsky, 2012). They may persist from one solar rotation to the next giving rise to a 27‐day periodicity as
viewed from the Earth. HSS‐driven storms are most prevalent during the declining phase of the solar cycle
(Burlaga & Lepping, 1977; Gonzalez et al., 1999) and usually result in 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 often have long recovery phases, typically lasting from 5 to 10 days, and, as a result, may deposit more
energy, cumulatively, in the magnetosphere than larger CME‐driven storms (Kozyra et al., 2006; Turner
et al., 2006).

The enhancement of outer radiation belt fluxes during geomagnetic storms is driver dependent (Shen et al., 2017;
Turner et al., 2019). At low L (L = 3) relativistic electron acceleration events are driven solely by CME‐driven
storms, HSS‐driven storms being ineffective in this region (Shen et al., 2017). Further out, at L = 5, CME and
HSS driven storms are, on average, roughly equally effective at relativistic energies (Shen et al., 2017). In a later
study, covering a wider range of L shells, Turner et al. (2019) showed that, statistically, CME‐driven storms are
most effective at driving multi‐MeV electron enhancements at lower L (L < ∼ 5) while HSS‐driven storms are
most effective at higher L (L > ∼4.5).

Global Navigation Satellite System (GNSS) satellites such as the US Global Positioning System, the European
Galileo navigation system, the Russian GLONASS system, and the Chinese Beidou system operate in Medium
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Earth Orbit (MEO) at altitudes between 19,000 and 24,000 km. They spend a large fraction of their orbit in the
Earth's highly‐variable outer radiation belt, typically crossing the magnetic equator near L = 4.2 and sampling
higher L shells at higher latitudes.

GNSS enabled devices are used all over the world for a wide variety of applications, including navigation,
positioning, tracking, mapping and timing. For example, in 2023 there were 5.6 billion GNSS devices in use and
this is expected to rise to almost 9 billion by 2033 (EUSPA EO and GNSS Market Report, 2024). In 2023 the
global downstream market revenue from both GNSS‐enabled devices and services was 260 billion Euros and this
is expected to grow to 580 billion Euros by 2033, largely fueled by expected revenues from added value services
(EUSPA EO and GNSSMarket Report, 2024). It is therefore important to have a comprehensive understanding of
the environment encountered by satellites in GNSS‐type orbits, including its extremes and the conditions leading
to and associated with these extremes, to be able to better protect space assets operating in this region.

Meredith et al. (2023) determined the 1 in 10 and 1 in 100 year space weather events in GPS orbit as a function of
location and electron energy. In a follow on study, they found that while the largest flux enhancements were caused
bymoderate to strong CME‐driven geomagnetic storms, themajority of the events were caused by high speed solar
wind streams, showing that both solar drivers are important for the most significant relativistic electron flux events
(Meredith et al., 2024). In this paper we look at the specific characteristics of the CME‐ andHSS‐driven storms that
lead to the most significant electron flux enhancements in GPS orbit. We look at the solar wind and geophysical
conditions and the characteristic responses of theMeVelectrons atL= 4.5 in the heart of the outer radiation belt and
at L = 6.5 on field lines that map to geosynchronous orbit. The paper is outlined as follows. In Section 2 we
introduce the instrumentation and initial data analysis. In Section 3 we describe the results of the superposed epoch
analysis before discussing the results and presenting the conclusions in Sections 4 and 5 respectively.

2. Instrumentation and Data Analysis
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 to 25 July 2020.

BDD‐IIR is a multi purpose silicon detector system (Cayton et al., 1998). 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 frommost 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 McIlwain 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.

Any electron spectrum covering the energy range from 0.1 to 10MeV 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 ofmodel counting rates thatmay be compared directly with themeasured rates (corrected for themeasured 6ms
dead‐time). Best‐fitting relativistic‐Maxwellian spectra were determined by minimizing the sum of squared dif-
ferences 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.

2.1. 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 2,520 records
each of duration 240 s, corresponding to one GPS‐week of data. Each weekly file was examined, and excess
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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
et al., 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).

For our geomagnetic storm study, we first identified the 50 largest relativistic electron flux events throughout the
entire mission at L = 4.5 and L = 6.5, as determined from the measured values of the E = 2.0 MeV relativistic
electron fluxes at L = 4.5 and L = 6.5 respectively. When compiling each list, we used the largest E = 2.0 MeV
electron flux associated with any given storm, thereby excluding the possibility of including the data from any
given storm more than once. 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 as described in Meredith et al. (2024). 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).

3. Superposed Epoch Analysis
To compare and contrast the electron responses and solar wind and geophysical conditions during the top 50
CME‐ and HSS‐driven events at L = 4.5 and L = 6.5 respectively, we conducted independent superposed epoch
analyses for each event type and location. We used the individual measurements of the electron differential
number fluxes, and hourly‐averages of the solar wind parameters and geophysical indices from the NASA GSFC
OMNI website (https://omniweb.gsfc.nasa.gov/). To investigate the potential cause of any observed relativistic
electron dropouts as being due to magnetopause shadowing we also analyzed the position of the last closed drift
shell (LCDS). This parameter was determined using the TS04 magnetic field model (Tsyganenko & Sitnov, 2005)
and was calculated for equatorially mirroring particles, using a modification of the method given in Albert
et al. (2018), explained in detail in Daggitt (2024).

We set the zero epoch at the Dst minimum of each storm. Although there are a number of different ways that a
zero epoch could be defined, it is a clearly identifiable feature that lends itself to superposition. Prior to the Dst
minimum the initial and main phases of the storm can last for a few hours to a few days (e.g., Mishra et al., 2024).
We subsequently conducted the superposed epoch analysis as a function of the time relative to zero epoch going
from − 5 to +10 days in steps of 3 hr for the GPS data and steps of 1 hr for all the other parameters. Due to
differences in the time intervals between individual L shell crossings we include all data points sampled within
±3 hr of the center of each 3 hr time step in our analyses. This ensures that, on average, there are two L shell
crossings for each individual event contributing to the superposed epoch analyses for each time stamp.

3.1. L = 4.5

3.1.1. CME‐Driven Events

Twenty of the top fifty E = 2.0 MeV electron flux enhancements at L= 4.5 were associated with storms driven by
coronal mass ejections (Meredith et al., 2024). We excluded the peak flux events of 6 October 2002, 24 July 2004,
11 November 2004, 20 January 2005, and 15 October 2012 since they were preceded or followed by an additional
geomagnetic storm, with Dstmin ≤ − 90 nT in the five days either side of zero epoch, leaving us with 15 events for
the analysis.

The results of the superposed epoch analysis for the CME‐driven events at L = 4.5 are presented in Figure 1. Key
features of the solar wind parameters, geophysical indices and electron fluxes from the superposed epoch analysis
are presented in the second and third columns of Table 1 and the start time, stop time and duration of intervals
during which selected solar wind parameters and geophysical indices were predominantly above or below set
levels are tabulated in the second, third and fourth columns of Table 2 respectively.
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The solar wind number density, np (Figure 1f, red trace), and pressure, psw (Figure 1g, red trace), and the
magnitude of the interplanetary magnetic field, IMF |B| (Figure 1f, black trace), start increasing from values
typical of the quiescent solar wind (Ebert et al., 2009; Schwenn, 2006) about 2 days prior to zero epoch. The
number density increases up to a peak of 13.5 cm− 3 16 hr prior to zero epoch. The rapid increase in number
density, seen at this time, is generally associated with the arrival of the CME shock (Kwon et al., 2018). However,
we note that the superposed epoch analysis brings out the general trends and that the arrival of specific CME
features relative to zero epoch may vary from event to event and thus become somewhat smoothed in the su-
perposed epoch analysis as a result. Following the number density peak, IMF |B| continues to increase, maxi-
mizing 2 hr prior to zero epoch. This peak is characteristic of the transition region between the sheath and the
CME ejecta (Liu et al., 2010). Subsequently, IMF |B| gradually returns to quiescent values and the number density
rapidly falls to very low values, conditions which are typically associated with CME ejecta (Liu et al., 2010).

The solar wind speed, vsw (Figure 1e, red trace), also starts increasing 2 days prior to zero epoch maximizing at
604 km s− 1 5 hr before zero epoch and falling to values around 500 km s− 1 3 days following zero epoch. The
north‐south component of the interplanetary magnetic field in GSM coordinates, IMF Bz (Figure 1e, black trace),
turns rapidly southward 11 hr prior to zero epoch reaching a minimum value of − 12 nT 2 hr before zero epoch
before rapidly increasing to − 2 nT over the next few hours then remaining predominantly weakly southward for
the next 3 days.

In response to the disturbed solar wind conditions, the sub‐solar magnetopause stand‐off distance, as determined
from the TS04 model, r0,TS04 (Figure 1h, blue trace), starts moving inwards 2 days before zero epoch reaching a
minimum distance of 8.8 RE 9 hr before zero epoch before returning to pre‐storm levels around zero epoch. The
last closed drift shell, LCDS, as determined from the TS04 model (Figure 1h, purple trace), remains at its pre‐

Figure 1. Superposed epoch analysis for the CME‐driven events at L = 4.5. From top to bottom the panels show (a–d) the BDD IIR electron flux measurements at
E = 4.0, 2.0, 1.0 and 0.6 MeV respectively; (e) the solar wind velocity (red trace) and the IMF Bz (black trace); (f) the solar wind number density (red trace) and the IMF
|B| (black trace); g) the Dst index (color‐coded) and solar wind pressure (red trace); (h) the Kp index (color‐coded) and the Shue et al. (1998) and TS04 sub‐solar
magnetopause positions (black and blue traces respectively) and the TS04 last closed drift shell (purple trace); (i) the AE index (black trace) and the product of the solar
wind velocity and the southward component of IMF Bz (red trace). The vertical black dashed lines in (a–i) denote zero epoch and the vertical red dashed lines in (a–d) mark
the time of the peak electron flux at the selected energy.

Table 1
Key Features of the Solar Wind Parameters, Geophysical Indices and Electron Fluxes From the Superposed Epoch Analyses
for the CME‐ and HSS‐Driven Events at L = 4.5

CME‐driven events HSS‐driven events

Parameter tepoch Value tepoch Value

np,max − 16 hr 13.5 cm− 3 − 13 hr 11 cm− 3

r0,TS04,min − 9 hr 8.8 RE − 7 hr 9.0 RE

psw,max − 5 hr 8.2 nPa − 6 hr 5.1 nPa

vsw,max − 5 hr 604 km s− 1 +18 hr 670 km s− 1

AEmax − 4 hr 1,041 nT − 2 hr 805 nT

IMF |B|max − 2 hr 17 nT − 8 hr 11 nT

IMF Bz,min − 2 hr − 12 nT − 1 hr − 4.1 nT

Kpmax − 2 hr 6.3 − 2 hr 5.43

LCDSmin − 1 hr L* = 5.2 − 1 hr L* = 6.3

Dstmin 0 − 127 nT 0 − 63 nT

J(0.6MeV)max +1.9 days 6.2 × 106 (cm2ssrMeV)− 1 +1.6 days 5.2 × 106 (cm2ssrMeV)− 1

J(1.0MeV)max +1.9 days 4.5 × 106 (cm2ssrMeV)− 1 +2.7 days 3.8 × 106 (cm2ssrMeV)− 1

J(2.0MeV)max +3.8 days 1.1 × 106 (cm2ssrMeV)− 1 +2.8 days 8.8 × 105 (cm2ssrMeV)− 1

J(4.0MeV)max +3.8 days 2.9 × 104 (cm2ssrMeV)− 1 +2.9 days 1.9 × 104 (cm2ssrMeV)− 1
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storm values until 1 day before zero epoch when it moves rapidly inwards to L∗ = 5.2 one hour before zero epoch
and then gradually moves out to pre‐storm values over the next 4 days.

TheDst index (Figure 1g, color‐coded) starts decreasing 10 hr prior to zero epoch, reaches a minimum of − 127 nT
at zero epoch, prior to gradually returning to quiet time values over the next 4–6 days. The events are associated
with enhanced geomagnetic and substorm activity as monitored by the Kp and AE indices respectively. The Kp
index is greater than 3 (Figure 1h, color coded) from 22 hr before to 1.9 days following zero epoch while the AE
index (Figure 1i, black trace) is greater than 300 nT from 23 hr before to 2.0 days following zero epoch.
Remarkably, the logarithm of the product of vBs (Figure 1i, red trace), where v is the velocity of the solar wind and
Bs is the southward component of IMF Bz, taken to be zero when northward, shows a very similar trend to that
followed by the AE index.

The flux of E = 0.6 MeV electrons (Figure 1d) start increasing from their pre‐storm values of ∼2.0 × 106

cm− 2 s− 1 sr− 1 MeV− 1 at tepoch = − 0.5 days, reaching a peak value of 6.2 × 106 cm− 2 s− 1 sr− 1 MeV− 1 1.9 days
after zero epoch. The flux of E = 0.6 MeV electrons subsequently gradually decline back toward quiet time
values, 10 days following zero epoch. At higher energies the fluxes start rising from later times, just before zero
epoch, and peak 1.9, 3.8 and 3.8 days following zero epoch at E = 1.0, 2.0, and 4.0 MeV (Figures 1a–1c
respectively). The fluxes of E = 2.0 MeV electrons peak at 1.1 × 106 cm− 2 s− 1 sr− 1 MeV− 1.

The statistical properties of the flux of E = 2.0 MeV electrons, the solar wind parameters and geophysical indices
in the superposed epoch analysis of the CME‐driven events at L = 4.5 are shown in Figure 2. Prominent features
observed in Figure 1 using the mean values are clearly visible in the upper and lower quartiles and median values,
including the peaks prior to zero epoch in the solar wind pressure (Figure 2b), number density (Figure 2c), and
IMF |B| (Figure 2d) and minima at or around zero epoch in the Dst index (Figure 2g) and IMF Bz (Figure 2e)
respectively. Enhancements in theKp and AE indices in Figure 1 are also seen prior to and following zero epoch in
the upper and lower quartiles and median values (Figures 2h and 2i respectively). There is a large spread in solar
wind velocities from 2 days prior to zero epoch to 6 days following zero epoch (Figure 2f), showing that CME‐
driven events are associated with a wide range of solar wind velocities. There is also a wide spread in the fluxes of
E = 2.0 MeV electrons prior to zero epoch (Figure 2a), of the order of a factor of 10, caused by differences in the
pre‐storm flux levels. However, the post‐storm maxima are much more tightly constrained indicating that the
fractional increase in flux associated with any one of the top CME‐driven events will be largely determined by the
pre‐storm flux level.

To provide further information on the characteristics of the solar wind and the geomagnetic responses, Figure 3
presents cumulative distributions of the solar wind parameters and geophysical indices determined from the
CME‐driven events used in the superposed epoch analysis at L = 4.5 for selected epoch time intervals (color‐
coded). The separation between the larger values of the solar wind number density (Figure 3a), pressure
(Figure 3b) and IMF |B| (Figure 3d) typically observed in the day before zero epoch and the lower values observed
following zero epoch are clearly visible. Furthermore, the solar wind number densities following zero epoch
(Figure 3a, colored traces) are, for any given percentile, less than the pre‐storm values (Figure 3a, gray dotted
trace) in the bulk of the observations in the 4 days following zero epoch. In contrast, following zero epoch, the
distributions of the solar wind pressure closely resemble the pre‐storm values (Figure 3b) and the distributions of
IMF |B| return to pre‐storm values 2–3 days following zero epoch (Figure 3d). IMF Bz (Figure 3e) is southward in
75 % of the observations the day following zero epoch and falling to approximately 50 % of the observations

Table 2
Duration of Selected Solar Wind Parameters and Geophysical Indices With Respect to Set Levels at L = 4.5

CME‐driven events HSS‐driven events

Parameter tbegin tend Duration tbegin tend Duration

np < 4 cm− 3 +9 hr +3.3 days 2.9 days +3 hr +4.9 days 4.8 days

vsw > 550 km s− 1 − 11 hr +2.3 days 2.8 days − 11 hr +3.7 days 4.2 days

Dst < − 30 nT − 8 hr +3.3 days 3.6 days − 8 hr +1.8 days 2.1 days

AE > 300 nT − 23 hr +2.0 days 3.0 days − 1.1 days +2.5 days 3.6 days

Kp > 3 − 22 hr +1.9 days 2.8 days − 1.0 days +2.5 days 3.5 days
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4 days following zero epoch. The distributions of AE (Figure 3h) and Kp (Figure 3i) are elevated and somewhat
similar the day before and following zero epoch. They remain elevated, albeit with diminishing values, for any
given percentile for the next 2–3 days.

3.1.2. HSS‐Driven Events

Thirty of the top fifty E = 2.0 MeV electron flux enhancements at L = 4.5 were associated with storms driven by
high speed solar wind streams (Meredith et al., 2024). We excluded the peak flux event of 24 August 2003 since it
was preceded by a strong geomagnetic storm 4 days prior to zero epoch. The results of the superposed epoch
analysis for the selected twenty‐nine HSS‐driven events at L= 4.5 are presented in Figure 4, in the same format as
Figure 1. The key features are presented in the fourth and fifth columns of Table 1 and the temporal extent of
selected key features are presented in the fifth, sixth and seventh columns of Table 2.

Figure 2. Statistical properties of the flux of E = 2.0 MeV electrons, the solar wind parameters and geophysical indices in the superposed epoch analysis of the CME‐
driven events at L= 4.5. From top to bottom the panels show (a) the BDD IIR electron flux measurements at E = 2.0MeV; (b) the solar wind pressure; (c) the solar wind
number density; (d) the IMF |B|; (e) the IMF Bz; (f) the solar wind velocity; (g) theDst index; (h) the Kp index; and (i) the AE index. In each panel the arithmetic mean, the
median and the upper and lower quartiles are coded black, green, red, and blue, respectively. The vertical black dashed lines in (a–i) denote zero epoch. The horizontal
dashed line in (a) denotes the limiting flux of E = 2.0 MeV electrons determined from an independent extreme value analysis (Meredith et al., 2023).

Figure 3. Cumulative distribution functions for the solar wind parameters and geophysical indices for the CME‐driven events at L= 4.5 for selected epoch time windows
(color‐coded). From left to right and top to bottom the panels show (a) the solar wind density; (b) the solar wind pressure; (c) the solar wind velocity; (d) the IMF |B|;
(e) the IMF Bz; (f) the product of the solar wind velocity and the southward component of IMF Bz; (g) the Dst index; (h) the AE index; and (i) the Kp index.
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The solar wind number density (Figure 4f, red trace), pressure (Figure 4g, red trace) and IMF |B| (Figure 4f, black
trace) start increasing from quiescent values about two days prior to zero epoch and subsequently maximize 6–
13 hr prior to zero epoch. These features are consistent with the compression region which precedes the arrival of
the high speed solar wind stream (Belcher & Leverett, 1971). The high speed stream itself is visible from ∼6 hr
prior to zero epoch to ∼2 days following zero epoch. Fast and slow solar wind originate at different locations in
the solar corona, with fast solar wind being associated with coronal holes and the slower solar wind with “quiet”
areas of the Sun. The difference in origin has an impact on their solar wind properties (Feldman et al., 2005). For
example, in the HSS itself a defined period of increased velocity (Figure 4e, red trace) is seen along with a lower
number density (Figure 4f, red trace) and the B field is stable (Figure 4f, black trace). As the HSS outruns from the
slower solar wind behind, a region of plasma rarefaction is formed (Siscoe et al., 1969). This region, which
extends from 2 to 6 days post‐zero epoch, is characterized by low density (Figure 4f, red trace), low IMF |B|
(Figure 4f, black trace) and a decrease in velocity (Figure 4e, red trace) (Ďurovcová et al., 2024).

IMF Bz (Figure 4e, black trace) turns southward at tepoch = − 0.5 days reaching a minimum of − 4.1 nT 1 hr prior to
zero epoch before rapidly increasing to − 1.4 nT at zero epoch and then remaining predominantly very weakly
southward for the next 7 days.

In response to the disturbed solar wind conditions, the sub‐solar magnetopause stand‐off distance (Figure 4h, blue
trace) and last closed drift shell (Figure 4h, purple trace) start moving inwards∼3 days before zero epoch reaching
minimum distances of 9.0 RE and L∗ = 6.3, 7 hr and 1 hr before zero epoch respectively. The magnetopause stand‐
off distance then starts to increase, returning to pre‐storm levels approximately 2 days following zero epoch. The
last closed drift shell, in contrast, takes longer to recover, returning to pre‐storm levels about 8 days following zero
epoch.

The Dst index (Figure 4g, color coded) starts decreasing about 2 days prior to zero epoch, reaches a minimum of
− 63 nT at zero epoch, prior to very gradually returning to pre‐storm values over the next 8–9 days. The high speed
stream events are associated with enhanced geomagnetic and substorm activity with Kp (Figure 4h, color‐coded)
greater than 3 from 1 day before to 2.5 days after zero epoch and AE (Figure 4i, black trace) greater than 300 nT
from 1.1 days before to 2.5 days following zero epoch.

The flux of E = 0.6 MeV electrons (Figure 4d) start increasing from their pre‐storm values of ∼2.0 × 106

cm− 2 s− 1 sr− 1 MeV− 1 at tepoch = − 2 days, reaching a peak value of 5.2 × 106 cm− 2 s− 1 sr− 1 MeV− 1 1.6 days
after zero epoch. The flux of 0.6 MeV electrons subsequently decline back toward pre‐storm values, 10 days
following zero epoch. At higher energies the fluxes start rising from later times around a day before zero epoch at
E = 1.0 MeV and shortly before zero epoch at E = 4.0 MeV. The peak fluxes are also reached at later times, being
seen 2.7, 2.8 and 2.9 days following zero epoch at E = 1.0, 2.0, and 4.0 MeV (Figures 4a–4c respectively). The
fluxes of E = 2.0 MeV electrons peak at 8.8 × 105 cm− 2 s− 1 sr− 1 MeV− 1 about 20% lower than during the CME‐
driven storms.

The statistical properties of the flux of E = 2.0 MeV electrons, the solar wind parameters and geophysical indices
in the superposed epoch analysis of the HSS‐driven events at L = 4.5 are shown in Figure 5 in the same format as
Figure 2. Prominent features observed in Figure 4 using the mean values are again clearly visible in the upper and
lower quartiles and median values, including the peaks prior to zero epoch in the solar wind pressure (Figure 5b),
number density (Figure 5c) and IMF |B| (Figure 5d) and minima in the Dst index (Figure 5g) and IMF Bz
(Figure 5e) at or around zero epoch. The solar wind speed (Figure 5f) is more tightly constrained than for the CME
events with even the lower quartile exceeding 500 km s− 1 for over three days. Enhancements in the Kp and AE
indices in Figure 5 are also seen prior to and following zero epoch in the upper and lower quartiles and median
values (Figures 5h and 5i respectively). There is again a wide spread in the fluxes of E = 2.0 MeV electrons prior
to zero epoch (Figure 5a), which become much more tightly constrained following zero epoch.

Figure 4. Superposed epoch analysis for the HSS‐driven events at L= 4.5. From top to bottom the panels show (a–d) the BDD IIR electron flux measurements at E= 4.0,
2.0, 1.0 and 0.6 MeV respectively; (e) the solar wind velocity (red trace) and the IMF Bz (black trace); (f) the solar wind number density (red trace) and the IMF |B|
(black trace); (g) the Dst index (color‐coded) and solar wind pressure (red trace); (h) the Kp index (color‐coded) and the Shue et al. (1998) and TS04 sub‐solar
magnetopause positions (black and blue traces respectively) and the TS04 last closed drift shell (purple trace); (i) the AE index (black trace) and the product of the solar
wind velocity and the southward component of IMF Bz (red trace). The vertical black dashed lines in (a–i) denote zero epoch and the vertical red dashed lines in (a–d) mark
the time of the peak electron flux at the selected energy.
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The cumulative distributions of the solar wind parameters and geophysical indices determined from the HSS‐
driven events used in the superposed epoch analysis at L = 4.5 are presented for selected epoch time intervals
(color‐coded) in Figure 6. The separation between the larger values of the solar wind number density (Figure 6a),
pressure (Figure 6b) and IMF |B| (Figure 6d) typically observed in the day before zero epoch and the lower values
observed following zero epoch are again very clearly visible. As for the CME‐driven events, the solar wind
number densities following zero epoch (Figure 6a, colored traces) are, for any given percentile, less than the pre‐
storm values (Figure 6a, gray dotted trace) in the bulk of the observations in the 4 days following zero epoch. In
contrast, following zero epoch, the distributions of the solar wind pressure (Figure 6b) and IMF |B| (Figure 6d)
return to pre‐storm values 1–2 days following zero epoch. The distributions of AE (Figure 6h) and Kp (Figure 6i)
are again elevated and somewhat similar the day before and following zero epoch. They remain elevated and well
above the pre‐storm levels, albeit with diminishing values, for any given percentile for the next 3–4 days. IMF Bz

(Figure 6e) is southward in 65%–71% of the observations in the day before and the four days zero epoch.

Figure 5. Statistical properties of the flux of E = 2.0 MeV electrons, the solar wind parameters and geophysical indices in the superposed epoch analysis of the HSS‐
driven events at L= 4.5. From top to bottom the panels show (a) the BDD IIR electron flux measurements at E = 2.0MeV; (b) the solar wind pressure; (c) the solar wind
number density; (d) the IMF |B|; (e) the IMF Bz; (f) the solar wind velocity; (g) theDst index; (h) the Kp index; and (i) the AE index. In each panel the arithmetic mean, the
median and the upper and lower quartiles are coded black, green, red, and blue, respectively. The vertical black dashed lines in (a–i) denote zero epoch. The horizontal
dashed line in (a) denotes the limiting flux of E = 2.0 MeV electrons determined from an independent extreme value analysis (Meredith et al., 2023).

Figure 6. Cumulative distribution functions for the solar wind parameters and geophysical indices for the HSS‐driven events at L= 4.5 for selected epoch time windows
(color‐coded). From left to right and top to bottom the panels show (a) the solar wind density; (b) the solar wind pressure; (c) the solar wind velocity; (d) the IMF |B|;
(e) IMF Bz; (f) the product of the solar wind velocity and the southward component of IMF Bz; the Dst index; (h) the AE index; and (i) the Kp index.
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3.2. L = 6.5

NS41 typically crossed L= 6.5 at magnetic latitudes between 35 and 38°. Here, assuming a dipole field, mirroring
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 sinn(α) distribution with n less than 1.
This implies that the pitch angle distributions will be relatively flat and that the omnidirectional flux at the equator
at L = 6.5 could be similar to or a factor of 2 or 3 larger than that measured in GPS orbit, depending on the
anisotropy. However, since we do not know the anisotropy, we do not attempt a flux conversion and, in this
section, focus on the results at L = 6.5 in GPS orbit.

3.2.1. CME‐Driven Events

Thirteen of the top fifty E = 2.0 MeV electron flux enhancements at L = 6.5 were associated with storms driven
by coronal mass ejections (Meredith et al., 2024). We excluded the peak flux events of 30 July 2004, 15
November 2004, 21 September 2005, 21 March 2012, 20 October 2012 since they were either preceded or fol-
lowed by an additional geomagnetic storm, five days either side of zero epoch, leaving us with eight events for the
analysis. Six of the CME‐driven events at L= 6.5 also appear among the fifteen E = 2.0MeV event at L= 4.5 and
hence are included the superposed epoch analyses at both the higher and lower L shells.

The results of the superposed epoch analysis for the CME‐driven events at L= 6.5 are presented in Figure 7, in the
same format as Figure 1. The key features are presented in the second and third columns of Table 3 and the
temporal extent of selected key features are presented in the second, third and fourth columns of Table 4. The solar
wind conditions (Figures 7e–7g) are somewhat similar to those observed during the CME‐driven storms at
L= 4.5, albeit the peaks in the solar wind number density (Figure 7f, red trace) and pressure (Figure 7g, red trace)
are factors of 1.2 and 1.3 times lower, respectively, than those observed during the CME‐driven storms at L= 4.5.
The Dst (Figure 7g, color‐coded), Kp (Figure 7h, color coded) and AE (Figure 7i, black trace) responses are also
somewhat similar, the exception being during the recovery phase where the Dst, Kp and AE indices return more
quickly to their pre‐storm levels, with the Kp index remaining greater than 3 and the AE index remaining above
300 nT for 1.1 days following zero epoch.

In contrast to the solar wind parameters and geophysical indices, major differences can be seen in the electron
response. The electron fluxes (Figures 7a–7d) show local maxima 1–2 days prior to zero epoch, reaching minima
a few hours after zero epoch. The fluxes then increase at all energies, reaching their maximum values 4 days later.
The peak electron flux at E = 2.0 MeV is 5.3 × 104 cm− 2 s− 1 sr− 1 MeV− 1 a factor of 21 lower than that observed
at L = 4.5 during the CME‐driven storms.

The statistical properties of the flux of E = 2.0 MeV electrons, the solar wind parameters and geophysical indices
in the superposed epoch analysis of the CME‐driven events at L= 6.5 are shown in Figure 8 in the same format as
Figure 2. Prominent features observed in Figure 7 using the mean values are clearly visible in the upper and lower
quartiles and median values, including the peaks in the solar wind pressure (Figure 8b) density (Figure 8c) and
IMF |B| (Figure 8d) prior to the zero epoch, the minima in the Dst index (Figure 8g) and IMF Bz (Figure 8e) at or
around zero epoch and enhancements in the Kp and AE indices (Figures 8h and 8i respectively). There is a wide
spread in the fluxes of E = 2.0 MeV electrons both prior to and following zero epoch (Figure 8a), showing the
larger variability in the fluxes of the E = 2.0 MeV electrons in this region.

The cumulative distributions of the solar wind parameters and geophysical indices determined from the CME‐
driven events used in the superposed epoch analysis at L = 6.5 are presented for selected epoch time intervals
(color‐coded) in Figure 9. The distributions are somewhat similar to those associated with the CME‐driven events
at L = 4.5. A notable difference is the quicker return to quiet time levels with the distributions of the AE and Kp
indices closely resembling the pre‐storm distributions 2–3 days following zero epoch.

3.2.2. HSS‐Driven Events

The results of the superposed epoch analysis for the thirty seven HSS‐driven events at L = 6.5 are presented in
Figure 10, in the same format as Figure 1. The key features are presented in the fourth and fifth columns of Table 3
and the temporal extent of selected key features are presented in the fifth, sixth and seventh columns of Table 4.
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Fifteen of the thirty‐seven HSS‐driven events at L = 6.5 also appear among the thirty E = 2.0 MeV events at
L = 4.5 and hence are included the superposed epoch analyses at both the higher and lower L shells.

The behavior of the solar wind number density (Figure 10f, red trace), pressure (Figure 10g, red trace) and IMF |B|
(Figure 10f, black trace) are somewhat similar to those observed during the HSS‐driven storms at L = 4.5.
However, the solar wind speed (Figure 10e, red trace) is slightly weaker and less sustained for the events at
L = 6.5. In this case, the solar wind speed starts increasing 1 day prior to zero epoch, maximizing around 640
km s− 1 for 0.5 < tepoch < 1.5 days prior to gradually falling below 500 km s− 1 4.2 days following zero epoch.
During this interval, the solar wind speed remains above 550 km s− 1 from 3 hr before zero epoch to 3.1 days
afterward. The Dst (Figure 10g, color‐coded), Kp (Figure 10h, color coded) and AE (Figure 10i, black trace)
responses are also somewhat similar, the exception being during the recovery phase when the Dst, Kp, and AE
indices return more quickly to their pre‐storm levels, with the Kp index remaining above 3 and the AE index
remaining above 300 nT for 1.5 and 1.8 days following zero epoch respectively.

Very different electron responses (Figures 10a–10d) are seen at L = 6.5. The major difference is the behavior of
the fluxes prior to zero epoch. In this region the fluxes tend to increase from 5 days prior to zero epoch and reach
local maxima around 3 days prior to zero epoch. The fluxes are then observed to fall at all energies, minimizing
around zero epoch and subsequently rising to maxima about 4.5 days after zero epoch. The flux of E = 2.0 MeV
electrons peaks at 2.2 × 104 cm− 2 s− 1 sr− 1 MeV− 1 a factor of 40 lower than that observed at L= 4.5 during HSS‐
driven storms and a factor of 2.4 lower than that observed at L = 6.5 during CME‐driven storms.

The statistical properties of the flux of E = 2.0 MeV electrons, the solar wind parameters and geophysical indices
in the superposed epoch analysis of the HSS‐driven events at L= 6.5 are shown in Figure 11 in the same format as
Figure 2. Prominent features observed in Figure 10 using the mean values are clearly visible in the upper and
lower quartiles and median values, including the peaks in the solar wind pressure (Figure 11b) density

Figure 7. Superposed epoch analysis for the CME‐driven events at L = 6.5. From top to bottom the panels show (a–d) the BDD IIR electron flux measurements at
E = 4.0, 2.0, 1.0 and 0.6 MeV respectively; (e) the solar wind velocity (red trace) and the IMF Bz (black trace); (f) the solar wind number density (red trace) and the IMF
|B| (black trace); (g) the Dst index (color‐coded) and solar wind pressure (red trace); (h) the Kp index (color‐coded) and the Shue et al. (1998) and TS04 sub‐solar
magnetopause positions (black and blue traces respectively) and the TS04 last closed drift shell (purple trace); (i) the AE index (black trace) and the product of the solar
wind velocity and the southward component of IMF Bz (red trace). The vertical black dashed lines in (a–i) denote zero epoch and the vertical red dashed lines in (a–d) mark
the time of the peak electron flux at the selected energy.

Table 3
Key Features of the Solar Wind Parameters, Geophysical Indices and Electron Fluxes From the Superposed Epoch Analyses
for the CME‐ and HSS‐Driven Events at L = 6.5

CME‐driven events HSS‐driven events

Parameter tepoch Value tepoch Value

psw,max − 12 hr 6.5 nPa − 8 hr 4.9 nPa

r0,TS04,min − 9 hr 9.2 RE − 8 hr 9.1 RE

np,max − 8 hr 11 cm− 3 − 13 hr 11 cm− 3

vsw,max − 2 hr 580 km s− 1 +1.5 days 637 km s− 1

IMF Bz,min − 2 hr − 16 nT − 2 hr − 4.3 nT

IMF |B|max − 1 hr 22 nT − 7 hr 10 nT

LCDSmin − 1 hr L* = 5.0 0 L* = 6.3

Dstmin 0 − 136 nT 0 − 54 nT

Kpmax +1 hr 6.5 − 2 hr 4.8

AEmax +2 hr 1,029 nT − 1 hr 734 nT

J(0.6MeV)max +4.2 days 4.0 × 105 (cm2ssrMeV)− 1 +4.4 days 3.4 × 105 (cm2ssrMeV)− 1

J(1.0MeV)max +4.1 days 2.6 × 105 (cm2ssrMeV)− 1 +4.6 days 1.8 × 105 (cm2ssrMeV)− 1

J(2.0MeV)max +3.9 days 5.3 × 104 (cm2ssrMeV)− 1 +4.7 days 2.2 × 104 (cm2ssrMeV)− 1

J(4.0MeV)max +3.9 days 1.2 × 103 (cm2ssrMeV)− 1 +5.9 days 2.1 × 102 (cm2ssrMeV)− 1
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(Figure 11c) and IMF |B| (Figure 11d) prior to the zero epoch and the minima in the Dst index (Figure 11g) and
IMF Bz (Figure 11e) at or around zero epoch. The solar wind speed is again more tightly constrained than for the
CME events with even the lower quartile exceeding 500 km s− 1 for 2.5 days (Figure 11f). Enhancements in the
Kp and AE indices in Figure 10 are also seen prior to and following zero epoch in the upper and lower quartiles
and median values (Figures 11h and 11i respectively). There is a very wide spread in the fluxes of E = 2.0 MeV
electrons prior to zero epoch (Figure 11a), of the order of a factor of 100, caused by differences in the pre‐storm
flux levels. The post‐storm maxima are more tightly constrained but with more variability than that observed
at L = 4.5.

The cumulative distributions of the solar wind parameters and geophysical indices determined from the HSS‐
driven events used in the superposed epoch analysis at L = 6.5 are presented for selected epoch time intervals
(color‐coded) in Figure 12. The distributions are somewhat similar to those associated with the HSS‐driven events
at L = 4.5. Notable differences include smaller solar wind velocities and reduced geomagnetic activity as
monitored by the AE and Kp indices.

4. Discussion
Our analysis reveals the solar wind and geomagnetic conditions that are associated with the largest relativistic
electron flux enhancements in GPS orbit both during CME‐ and HSS‐driven storms. The work reveals that while
the relativistic electron fluxes tend to peak several days following the storm‐time Dst minimum, there are many
signatures in the solar wind and geomagnetic indices that occur before the flux peaks and may be used by
spacecraft operators and engineers to help interpret the development of a storm while it is in progress and, hence,
assess the likelihood of a significant relativistic electron flux enhancement before it occurs and possibly take some
precautionary measures in an attempt to mitigate the damage to satellites.

The CME‐driven and HSS‐driven storms leading to the largest relativistic electron fluxes at L = 4.5 are both
associated with enhancements in the solar wind number density, pressure, and IMF |B| prior to zero epoch.
However, the enhancements in the pressure, density and IMF |B| are stronger during the CME‐driven events being
factors of 1.2–1.6 times larger than those associated with the HSS‐driven storms. Significantly, the minimum IMF
Bz and the minimum Dst are approximately three and two times more negative, respectively, during the CME‐
driven storms. In contrast, the solar wind speed is predominantly higher and more sustained during the HSS‐
driven events. The recovery phases are associated with weakly southward IMF Bz and elevated substorm ac-
tivity as monitored by the AE index, with AE > 300 nT for 2.0 and 2.5 days following zero epoch for the CME‐
driven and HSS‐driven events respectively. These solar wind and magnetospheric conditions lead to the build up
of the largest relativistic electron fluxes in this region. The peak values are slightly larger during the CME‐driven
storms, being factors of 1.2− 1.3 larger at energies from E = 0.6–2.0 MeV and a factor of 1.5 larger at
E = 4.0 MeV. The rise‐times are energy dependent, ranging from 1.6− 1.9 days at E = 0.6 MeV to 2.9− 3.8 days at
E = 4.0 MeV for the HSS‐ and CME‐driven events respectively.

The CME‐driven and HSS‐driven storms leading to the largest relativistic electron fluxes at L = 6.5 are also both
associated with enhancements in the solar wind number density, pressure, and IMF |B| prior to zero epoch. The
enhancements in the solar wind number density are similar for the two classes of events and similar to that
observed during the HSS‐driven storms at L = 4.5. In contrast, the peaks in solar wind pressure, IMF |B|, the
southward component of the IMF, the absolute values of Dst and AE are stronger during the CME‐driven storms,

Table 4
Duration of Selected Solar Wind Parameters and Geophysical Indices With Respect to Set Levels at L = 6.5

CME‐driven events HSS‐driven events

Parameter tbegin tend Duration tbegin tend Duration

np < 4 cm− 3 +4 hr +3.4 days 3.2 days +12 hr +4.9 days 4.4 days

vsw > 550 km s− 1 − 5 hr +9 hr 14 hr − 3 hr +3.1 days 3.2 days

Dst < − 30 nT − 8 hr +3.2 days 3.5 days − 4 hr +15 hr 19 hr

AE > 300 nT − 14 hr +1.1 days 1.7 days − 15 hr +1.8 days 2.4 days

Kp > 3 − 14 hr +1.1 days 1.7 days − 14 hr +1.5 days 2.1 days
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Figure 8. Statistical properties of the flux of E = 2.0 MeV electrons, the solar wind parameters and geophysical indices in the superposed epoch analysis of the CME‐
driven events at L= 6.5. From top to bottom the panels show (a) the BDD IIR electron flux measurements at E = 2.0MeV; (b) the solar wind pressure; (c) the solar wind
number density; (d) the IMF |B|; (e) the IMF Bz; (f) the solar wind velocity; (g) theDst index; (h) the Kp index; and (i) the AE index. In each panel the arithmetic mean, the
median and the upper and lower quartiles are coded black, green, red, and blue, respectively. The vertical black dashed lines in (a–i) denote zero epoch.
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with peak values factors of 1.3, 2.2, 3.7, 2.5, and 1.4 larger, respectively, than those observed during the HSS‐
driven storms. The recovery phases are associated with weakly southward IMF Bz and associated elevated
substorm activity as monitored by the AE index, with AE > 300 nT for 1.1 and 1.8 days following zero epoch for
the CME‐driven and HSS‐driven events respectively. These solar wind and magnetospheric conditions lead to the
build up of the largest relativistic electron fluxes in this region. The peak values are largest during the CME‐driven
events, being factors of 1.4, 2.4, and 5.7 larger than the HSS‐driven events at E = 1.0, 2.0, and 4.0 MeV
respectively. The rise‐times show little energy dependence and are remarkably similar during the CME‐ and HSS‐
driven events.

Our results show that strong relativistic electron flux enhancements are associated with enhanced number den-
sities and solar wind pressures in the day prior to zero epoch and lower values following zero epoch. This is
consistent with Pinto et al. (2018) who found similar trends during relativistic electron enhancement events. In
particular, our observations show that the solar wind densities fall predominantly below 4 cm− 3 for ∼3 days and
∼5 days following zero epoch for the CME‐ and HSS‐driven events respectively. Interestingly, Pinto et al. (2018)
found that during persistent relativistic electron depletion events the number densities and pressures tended to
remain elevated both prior to and following the event onset. This suggests that it is the lower densities and
pressures following zero epoch that enable electron enhancement events to proceed.

The fluxes at L = 4.5 are relatively flat in the 5 day period prior to zero epoch. In contrast, peaks in the electron
flux are observed at L = 6.5 prior to zero epoch and these are especially evident during the high speed streams,

Figure 9. Cumulative distribution functions for the solar wind parameters and geophysical indices for the CME‐driven events at L= 6.5 for selected epoch time windows
(color‐coded). From left to right and top to bottom the panels show (a) the solar wind density; (b) the solar wind pressure; (c) the solar wind velocity; (d) the IMF |B|;
(e) the IMF Bz; (f) the product of the solar wind velocity and the southward component of IMF Bz; (g) the Dst index; (h) the AE index; and (i) the Kp index.
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Figure 10.
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where, for example, the flux of E = 2.0 MeV electrons rises from 5 days prior to zero epoch, peaks at 3.1 days
prior to zero epoch and reaches a minimum near zero epoch, before rising to the post‐storm maximum 4.7 days
later. There are thus, on average, 7.8 days between the pre‐ and post‐storm flux maxima. The flux peak prior to
zero epoch at L = 6.5 is due to the strength and frequency of the high speed stream driven storms. Strong high
speed streams affect the relativistic electron dynamics at L= 4.5 and L= 6.5, whereas weaker high speed streams
are only effective further out. This is illustrated in Figure 13 which shows the behavior of the relativistic electron
fluxes, solar wind parameters and geophysical indices for May 2016, during the declining phase of solar cycle 24
(Sawadogo et al., 2024). During this period there are four HSS‐driven events, all resulting in flux enhancements at
the largest values of L, where, for example, peaks in the flux of E = 2.0 MeV electrons are seen on 5, 12, 19, and
27 May. Further in, at L = 4.5, there are two peaks in the flux of E = 2.0 MeV electrons on 4 and 11 May with no
response evident to the two weaker HSS‐driven events later in the month. We find that there are 14 HSS‐driven
events at L= 6.5 that are associated with pre‐storm flux peaks occurring 7–9 days prior to the event maximum, all
associated with an earlier high speed stream. We conclude that the pre‐zero epoch peak that occurs in the su-
perposed epoch analysis at L = 6.5 is due to previous high speed streams, occurring 7–9 days prior to zero epoch.

The minimum in the relativistic electron fluxes observed during the high speed stream events at L = 6.5 is due to
enhanced magnetopause shadowing (e.g., Turner et al., 2012) caused by the inward movement of the last closed
drift shell which reaches L∗ = 6.3 at zero epoch. This is even more evident in the CME‐driven events in this
region. Due to the stronger solar wind drivers the last closed drift shell moves in to L∗ = 5.1 1 hr prior to zero
epoch resulting in large flux drop‐outs abruptly following zero epoch. Further in, at L = 4.5 there are no strong
minima or flux dropouts near zero epoch, since this region is well inside the last‐closed drift shell, during both the
HSS‐ and CME‐driven events.

Our superposed epoch analysis shows that the strongest flux enhancements are associated with prolonged sub-
storm activity as monitored by the AE index, with the AE index exceeding 300 nT for 2.0 and 2.5 days following
zero epoch for the CME‐ and HSS‐driven storms at L = 4.5 and for 1.1 and 1.8 days following zero epoch for the
CME‐ and HSS‐driven storms at L = 6.5. Such periods are associated with enhanced whistler mode chorus wave
activity (Agapitov et al., 2018; Li et al., 2009; Meredith et al., 2001, 2012, 2020; Miyoshi et al., 2013), enhanced
fluxes of seed electrons (Hua et al., 2023; Jaynes et al., 2015; Meredith et al., 2003) and the gradual acceleration of
seed electrons to relativistic energies driven by the enhanced whistler mode chorus wave activity (Horne
et al., 2005; Hua, Bortnik, & Ma, 2022; Hua et al., 2023; Jaynes et al., 2015; Meredith et al., 2003; Thorne
et al., 2013; Tu et al., 2014). The results are also consistent with recent studies which have shown that storm‐time
relativistic electron flux enhancements are associated with periods of enhanced substorm activity as monitored by
the time integrated AL index (Hua & Bortnik, 2024; Hua, Bortnik, Chu, et al., 2022; Hua et al., 2023).

Meredith et al. (2023) used extreme value analysis to show that the fluxes of E = 2.0 MeV electrons at L = 4.5
tend to a limiting value of 2.2 × 106 cm− 2 s− 1 sr− 1 MeV− 1. The upper and lower quartiles of the flux maxima in
the superposed epoch analysis range from a factor of 2–4 below this limiting flux, for both the CME‐ and HSS‐
driven storms (Figures 2a and 5a). This suggests that E = 2.0 MeV electron fluxes can be driven toward their
limiting value by both CME‐ and HSS‐driven storms. Further out, at L= 6.5, the fluxes of E = 2.0 MeV electrons
were not found to tend to a limiting value (Meredith et al., 2023), consistent with the wider range of flux maxima
observed in the superposed epoch analyses in this region (Figures 8a and 11a).

The behavior of the AE index is remarkably well‐correlated with the behavior of the product of the logarithm of
the solar wind speed and the southward component of IMF, vBs, for the largest E = 2.0 MeV electron fluxes at
L = 4.5 and 6.5, both for CME‐ and HSS‐driven storms. This demonstrates the importance of enhanced substorm
activity as monitored by AE which is itself related to the energy input into the magnetosphere as parameterized by
the interplanetary electric field Ey = vBs.

Figure 10. Superposed epoch analysis for the HSS‐driven events at L = 6.5. From top to bottom the panels show (a–d) the BDD IIR electron flux measurements at
E = 4.0, 2.0, 1.0 and 0.6 MeV respectively; (e) the solar wind velocity (red trace) and the IMF Bz (black trace); (f) the solar wind number density (red trace) and the IMF
|B| (black trace); (g) the Dst index (color‐coded) and solar wind pressure (red trace); (h) the Kp index (color‐coded) and the Shue et al. (1998) and TS04 sub‐solar
magnetopause positions (black and blue traces respectively) and the TS04 last closed drift shell (purple trace); (i) the AE index (black trace) and the product of the solar
wind velocity and the southward component of IMF Bz (red trace). The vertical black dashed lines in (a–i) denote zero epoch and the vertical red dashed lines in (a–d) mark
the time of the peak electron flux at the selected energy.
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Figure 11. Statistical properties of the flux of E = 2.0 MeV electrons, the solar wind parameters and geophysical indices in the superposed epoch analysis of the HSS‐
driven events at L= 6.5. From top to bottom the panels show (a) the BDD IIR electron flux measurements at E = 2.0MeV; (b) the solar wind pressure; (c) the solar wind
number density; (d) the IMF |B|; (e) the IMF Bz; (f) the solar wind velocity; (g) theDst index; (h) the Kp index; and (i) the AE index. In each panel the arithmetic mean, the
median and the upper and lower quartiles are coded black, green, red, and blue, respectively. The vertical black dashed lines in (a–i) denote zero epoch.
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The data used in this analysis comes from the US GPS satellite NS41 at a cadence of roughly 8 measurements for
any given L shell and energy per day. The superposed epoch analysis at a 3 hr time resolution, using 6 hr bins, has
approximately twice the number of data points per bin as the number of events and is sufficient for the current
study. Further analysis, involving additional GPS satellites, would improve the statistics and enable the inves-
tigation to be conducted at a higher time resolution, but are beyond the scope of this study.

Away from the Dst minimum the separation between sub‐solar magnetopause stand‐off distance, as determined
by the model of Shue et al. (1998), r0,Shue, and the last closed drift shell, LCDS, remains roughly constant. This
changes around the Dst minimum, when r0,Shue begins to decrease slowly prior to the minimum, and recovers
rapidly afterward, whereas the LCDS position decreases more rapidly shortly before the minimum, and recovers
much more slowly, most clearly seen during the CME‐driven events in Figures 1h and 7h. This mirrors the
behavior of their primary drivers. r0,Shue is driven by the solar wind pressure and IMF Bz, which both peak prior to
theDstminimum and drop back rapidly afterward. L∗, and thus the LCDS, is determined by the flux enclosed by a
drift orbit (Roederer, 1967), which is strongly affected by the strength of the ring current, represented byDst in the
TS04 model. Like the LCDS position, the Dst index drops rapidly prior to the Dst minimum and recovers more
slowly than the solar wind pressure or IMF Bz. The same effect is seen to a lesser extent in the HSS‐driven events
in Figures 4h and 10h.

This study also gives us the opportunity to compare the behavior of the sub‐solar magnetopause stand‐off distance
as predicted by the Shue et al. (1998) model, r0,Shue, and as determined using the TS04 magnetic field model,

Figure 12. Cumulative distribution functions for the solar wind parameters and geophysical indices for the HSS‐driven events at L = 6.5 for selected epoch time
windows (color‐coded). From left to right and top to bottom the panels show (a) the solar wind density; (b) the solar wind pressure; (c) the solar wind velocity; (d) the
IMF |B|; (e) the IMF Bz; (f) the product of the solar wind velocity and the southward component of IMF Bz; (g) the Dst index; (h) the AE index; and (i) the Kp index.
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Figure 13. Summary plot showing the behavior of the relativistic electron fluxes, solar wind conditions and geophysical parameters for May 2016. From top to bottom,
the panels show (a–f) the BDD IIR E = 2.0 MeV electron flux measurements at L= 7.0, 6.5, 6.0, 5.5, 5.0 and 4.5 respectively; (g) the solar wind velocity (red trace) and
the IMF Bz (black trace); (h) the Dst index (color‐coded) and solar wind pressure (red trace); and (i) the Kp index (color‐coded) and the AE index (black trace).
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r0,TS04. Most of the time r0,TS04 is about 0.5–1 RE closer to the Earth than r0,Shue. However, there are large dif-
ferences near zero epoch for the CME‐driven storms with r0,TS04 exceeding r0,Shue by as much as ∼2RE (Fig-
ures 1h and 7h). r0,TS04 is determined using a version of the Shue et al. (1998) magnetopause model which is
averaged over IMF Bz, and depends only on the solar wind pressure (Tsyganenko et al., 2003). Thus, during quiet
times, r0,TS04 will be less than r0,Shue and may be significantly larger during strong southward IMF Bz as observed.

5. Conclusions
We have conducted superposed epoch analyses of the top fifty E = 2.0 MeV electron flux events at L = 4.5 and
L= 6.5, sorting them by solar wind driver, to determine the solar wind and geomagnetic conditions that lead to the
largest relativistic electron fluxes in GPS orbit. Our principle results are as follows:

• The CME‐driven events are associated with negative excursions of IMF Bz with minimum values of ∼− 14 nT
two hours prior to zero epoch and strong Dst minima, reaching ∼− 130 nT at zero epoch.

• The HSS‐driven storms are associated with smaller negative excursions of IMF Bz with minimum values of
∼− 4 nT one to two hours prior to zero epoch and moderate Dst minima, reaching ∼− 60 nT at zero epoch.

• Both the CME‐ and HSS‐driven events are associated with enhancements in the solar wind number density
prior to zero epoch, followed by reductions, with low solar wind densities (np< 4 cm− 3) for∼3 days to∼5 days
following zero epoch for the CME‐ and HSS‐driven events respectively.

• Following zero epoch, the CME‐driven events are associated with weakly southward IMF Bz for ∼3 days and
enhanced substorm activity with AE greater than 300 nT for 1.1–2.0 days.

• Following zero epoch, the HSS‐driven events are associated with weakly southward IMF Bz for ∼7 days and
enhanced substorm activity with AE greater than 300 nT for 1.8–2.5 days.

• The flux of E= 2.0MeV electrons associated with the CME‐driven storms at L= 4.5 peaks 3.8 days following
zero epoch at 1.1 × 106 cm− 2 s− 1 sr− 1 MeV− 1. Further out, at L = 6.5 the E = 2.0 MeV fluxes peak 3.9 days
following zero epoch and are a factor of 21 lower.

• The flux of E = 2.0 MeV electrons associated with the HSS‐driven storms at L = 4.5 peaks 2.8 days following
zero epoch at 8.8 × 105 cm− 2 s− 1 sr− 1 MeV− 1. Further out, at L = 6.5 the E = 2.0 MeV fluxes peak 4.7 days
following zero epoch and are a factor of 40 lower.

• The peak E = 2.0 MeV fluxes associated with the CME‐driven storms at L= 4.5 and L= 6.5 are factors of 1.3
and 2.4 larger than those associated with the HSS‐driven storms.

These results can be used by satellite operators and engineers to assess the likelihood of significant increases in
the fluxes of relativistic electrons based on the evolution of the solar wind parameters and geophysical conditions,
enabling them to take appropriate precautionary measures if required.
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