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ABSTRACT

Aims. We analyze case studies of two impulsive solar energetic electron (SEE) events during which particles at energies up to 600
keV were detected with counter-streaming distributions.
Methods. We present and analyze spacecraft data from THEMIS-ARTEMIS orbiting the Moon, Wind at Earth’s first Lagrange point,
and (for one event) STEREO-A located at 1 AU, off the Sun-Earth line.
Results. The SEE distributions were initially highly anisotropic, traveling outward along the magnetic field with a distinct energy-
time dispersion. For one event, the spectra contained inverse velocity dispersion (IVD) signatures, whereby electrons at intermediate
energies arrived at the spacecraft before those at higher energies. Similar features were recently discovered within 1 AU for energetic
protons; this represents the first IVD detection for energetic electrons at Earth’s orbital distance. During both events, a second beam
of counter-streaming electrons was detected after a short time. Based on the time-delay in the detections at various energies, the path
traveled by these counter-streaming electrons was on the order of 1–2 AU. We show that an interplanetary coronal mass ejection
(ICME) passed the spacecraft a few days prior to the onset of each event and was located beyond 1 AU when the SEEs were detected,
suggesting that the electrons were part of the same population, but reflected off the shock front of these precursor ICMEs.
Conclusions. In the context of Solar System exploration, these results represent an unidentified effect that could present a hazard to
astronaut safety beyond low-Earth orbit: although the initial phase of impulsive SEE events typically stream anti-sunward, ICMEs
located beyond Earth provide a mechanism for hazardous particles to travel sunward during extreme events.
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1. Introduction

Impulsive solar energetic electrons (SEEs), typically acceler-
ated by high-energy solar flares (e.g., Lin 1985; Reames 1999;
Krucker et al. 2007), travel rapidly outward through the Solar
System along the interplanetary magnetic field (IMF). Due to
their high velocities and the decreasing IMF magnitude as a
function of radial distance, the pitch angle distributions (PADs)
of these particles are typically highly beamed by the time they
reach a radial distance of 1 AU. Observations of SEEs also of-
ten display a time dispersion as a function of energy, whereby
the highest-energy particles (with the largest velocities) arrive
at 1 AU before their lower-energy counterparts (see, e.g., Lin
1974; Krucker et al. 1999). Deviations from these typical sig-
natures can offer important diagnostic information and insights
into more complex transport and generation mechanisms for so-
lar energetic particles throughout the Solar System.

One such deviation that has recently been identified in the
transport of solar energetic protons observed in the inner he-
liosphere within 1 AU has been termed “inverse velocity dis-
persion” (IVD). This phenomenon is characterized by protons
at lower energies arriving earlier than those at higher energies
(see Cohen et al. 2024; Ding et al. 2025b), but any detection of
such signatures for energetic electrons has not been made. Ad-
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ditionally, deviations in the particle PAD from unidirectional
anisotropic beams can reveal information about the underly-
ing path the particles traveled before their detection. For exam-
ple, observations of counter-streaming SEEs can indicate trap-
ping within a large-scale flux rope structure propagating outward
through the Solar System (Lario et al. 2009), or even particles
mirroring off of a boundary located elsewhere in the Solar Sys-
tem before returning to the observer (Ding et al. 2025a). How-
ever, clear multipoint observations of counter-streaming SEE
events are scarce, limiting our ability to better contextualize
these events (Tan et al. 2009).

In this study, we present multi-spacecraft observations of
two impulsive, bidirectional SEE events associated with M-class
solar flares. These electrons span energies ranging from ap-
proximately 1–600 keV, and were detected by the Wind space-
craft (Acuña et al. 1995), the two probes of the Time His-
tory of Events and Macroscale Interactions during Substorms-
Acceleration, Reconnection, Turbulence, and Electrodynamics
of the Moon’s Interaction with the Sun (THEMIS-ARTEMIS)
mission (Angelopoulos 2008, 2011), and for one event, by the
Solar TErrestrial RElations Observatory-Ahead (STEREO-A)
spacecraft (Kaiser et al. 2008). At the onset of one of these
events, we report the first detection of IVD signatures for en-
ergetic electrons along Earth’s orbit. We also provide evidence
supporting the observation of counter-streaming SEEs that re-
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Fig. 1. Radial and azimuthal distribution
of Earth and multiple spacecraft through-
out the Solar System during (left) 28
March 2022 and (right) 17 May 2012 SEE
events. The black arrows denote the refer-
ence longitude of the flares that generated
the observed SEEs. Included Parker spiral
field lines assume a solar wind velocity of
400 km/s. The top two panels are plotted
in the Stonyhurst heliographic coordinate
system, while the bottom two panels are
plotted in the GSE system.

flected off of the shock front of ICMEs that had passed the
spacecraft multiple days prior to each of the events’ onsets, and
were located approximately 1–2 AU beyond Earth’s orbit at the
time of the events. This represents a previously underappreciated
potential space weathering mechanism that provides important
context for future crewed exploration beyond low-Earth orbit,
highlighting the importance of accurately characterizing the role
that past space weather conditions have on shaping the properties
of ongoing energetic particle events.

2. Methods and observational data

For this analysis, we used data from the magnetic field and
particle instruments on multiple spacecraft located throughout
the Solar System. To help constrain the ambient plasma condi-
tions before reaching Earth, we used data from the Wind space-
craft (Harten & Clark 1995), which has been located at the first
Sun-Earth Lagrange point since 2004, located nearly 200 Earth
radii upstream of the planet. On board, the Three-Dimensional
Plasma instrument (3DP; Lin et al. 1995) detects measurements
of electrons spanning energies from ∼5 eV up to approximately
1 MeV, representing a near-continuous data stream of the so-
lar wind and energetic electron conditions incident onto Earth.
Next, to quantify the plasma environment near the Moon, we ap-
plied data from the THEMIS-ARTEMIS mission (Angelopoulos
2008, 2011), which has been orbiting the Moon since 2011.
The two probes of this mission (P1 and P2) are identically in-
strumented, with Electrostatic Analyzers (ESA) and Solid State
Telescopes (SST) that share heritage with 3DP on Wind, and
detect electrons from energies of 5 eV ≤ E ≤ 1 MeV (e.g.,
McFadden et al. 2008). Finally, we used data from STEREO,
which consists of two spacecraft (Ahead and Behind) with iden-
tical instrumentation. Using the Solar Wind Plasma Electron An-
alyzer and Solar Electron Proton Telescope (SEPT) instruments
(Sauvaud et al. 2008; Müller-Mellin et al. 2008), the probes de-
tect electrons from 1 eV to 3 keV, and 20 keV to 400 keV, respec-

tively. Contact was lost with STEREO-B in 2016, but STEREO-
A continues to operate.

We focus on two separate energetic particle events for our
study. Figure 1 displays the directionality of the flare during
each of the events (i.e., the solar reference longitude included
in the panels), with the positions of Earth and various space-
craft shown. The first SEE event we study was associated with
an M4.0 flare that erupted from active region AR12975 (N14,
W04) on 28 March 2022 with a peak X-ray flux occurring at
11:29 UTC. Wind, STEREO-A, Solar Orbiter (SolO), and Parker
Solar Probe (PSP) all detected a type III radio burst during
the event. Wind, and THEMIS-ARTEMIS P1 and P2, located
near the Sun-Earth line, observed an impulsive enhancement in
the energetic electron differential flux approximately 30 min-
utes after the peak of this flare. STEREO-A, which was located
nearly 30◦ azimuthally off of the Sun-Earth line (see Figure 1),
also detected an impulsive energetic electron event. While the
SolO Spectrometer Telescope for Imaging X-rays and the Ex-
treme Ultraviolet Imager instruments observed the flare (see
Purkhart et al. 2024), electrons from the associated solar ener-
getic particle event were not detected. Data from the Integrated
Science Investigation of the Sun energetic particle instrument on
PSP (McComas et al. 2016) from this time did not show any sig-
natures of energetic electrons. The non-detection of energetic
electrons by these spacecraft likely stems from their more west-
ward positions with respect to the flare location, preventing their
connectivity to the active region (see also Figure 1). For this
event, we therefore focus on the energetic electron data collected
by Wind, STEREO-A, and THEMIS-ARTEMIS P1 and P2.

The second event that we present occurred on 17 May 2012
and was associated with a M5.1 solar flare that erupted from
active region 1476 (N07, W88) with a peak X-ray flux oc-
curring at 01:47 UTC. Associated with this flare was a high-
speed (exceeding 1500 km/s) interplanetary coronal mass ejec-
tion (ICME) that hit STEREO-A approximately one day later.
Various Earth-based spacecraft detected the first SEEs approxi-
mately 15 minutes after this peak, and the subsequent energetic
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particle storm resulted in the first ground level enhancement
of solar cycle 24 (Gopalswamy et al. 2013; Pérez-Peraza et al.
2018). The event was widespread throughout the inner helio-
sphere, with STEREO-A and STEREO-B each measuring en-
hanced fluxes from this event, but detecting only gradual in-
creases in the SEE flux over a few days compared to the more
impulsive observations seen near Earth (see, e.g., Dresing et al.
2014). For this reason, we focus on presenting the energetic elec-
tron data collected by Wind and the THEMIS-ARTEMIS probes
(P1 and P2) located along the Sun-Earth line.

3. Results

3.1. The 28 March 2022 event

Figure 2 displays observations from the SEE event on 28 March
2022, grouped into observations by the (from top to bottom)
Wind, THEMIS-ARTEMIS P1, THEMIS-ARTEMIS P2, and
STEREO-A spacecraft. During the entirety of this event, P1 and
P2 were located upstream of Earth in the solar wind. The top
panel of each grouping displays the measured magnetic field. For
Wind, P1, and P2, this is plotted in the Geocentric-Solar-Ecliptic
(GSE) coordinate system, in which unit vector x̂ points toward
the Sun, ẑ is aligned with the ecliptic north pole, and ŷ com-
pletes the right-handed set. For STEREO, the magnetic field is
shown in the Radial-Tangential-Normal (RTN) system, where R̂
is the line extending radially away from the Sun and connecting
through the spacecraft, T̂ is the cross product of the solar rotation
vector with R̂, and N̂ completes the right-handed system.

For each grouping of spacecraft observations, the panels fol-
lowing the magnetic field display the electron differential en-
ergy fluxes. For Wind and the two THEMIS-ARTEMIS probes,
the fluxes as measured by the SSTs (E & 30 keV) and ESAs
(E . 30 keV) are shown, while for STEREO-A the SEPT mea-
surements (50 keV . E . 400 keV) are included. The vertical
orange line overlaid on each panel denotes the timing of the peak
X-ray flux output by the M-class flare on this date. Note that
for this event, X-rays associated with this flare were detected by
the SST on board THEMIS-ARTEMIS P2, which generates sec-
ondary energetic electrons in the instrument (e.g., Larson et al.
2015)]. Hence, the enhancement in the P2 E ≤ 60 keV chan-
nels (bounded by the white line included in the P2 SST panel
in Figure 2) is not caused by SEEs but instead represents con-
tamination in the SST during this event. In addition, the SST
attenuator on P1 activated just after 13:00 UTC (denoted by the
gray box in Figure 2). This is designed to protect the instrument
from intense moonlight near periselene and lasted for the entire
passage through the lunar wake, which is visible in the magnetic
field near 13:45 UTC. However, this attenuation results in poor
counting statistics in the SST due to the associated reduction in
the instrument’s geometric factor, rendering measurements from
that time unreliable. For the omnidirectional fluxes included in
Figure 2, we have applied a correction factor to counter this
attenuation where required, but the absolute values during this
time period should be interpreted with caution.

As visible in each panel, the first SEEs to arrive at each of the
four spacecraft are detected anywhere from ∼10 min (STEREO-
A) to ∼20 min (Wind, P1, P2) after the flare. Flare-accelerated
electrons typically display a velocity dispersion signature: since
electrons with higher energies travel faster, they tend to arrive
at a detector near 1 AU earlier than electrons at lower energies
(e.g., Reames 2021). However, for the electrons detected by each
of the near-Earth spacecraft shown in Figure 2, the differential
fluxes have a “nose energy” near E ≈ 300 keV. That is, E ≈ 300

Fig. 2. SEE observations on 28 March 2022 by Wind, THEMIS-
ARTEMIS P1, P2, and STEREO-A. The magnetic field is displayed
in the GSE coordinate system for Wind, P1, and P2, and the RTN coor-
dinate system for STEREO-A. The differential energy fluxes are omni-
directional. To guide the eye, the vertical orange lines denote the time of
the flare’s peak X-ray flux, and the white semicircle in the P2 SST chan-
nel denotes contamination in the sensor from these X-rays. The gray
box in the panel displaying the P1 fluxes corresponds to times when the
SST attenuator was activated, where a correction to the omnidirectional
fluxes has been applied.

keV electrons are the first electrons that arrive at Wind, P1, and
P2. While an (expected) dispersive signature is visible at lower
energies (extending into the ESA energy channels for P1, P2, and
Wind), an IVD is seen at higher energies: the differential fluxes
of these highest-energy electrons increases only after the initial
E ≈ 300 keV electrons arrive.

Such IVD signatures have recently been reported for mul-
tiple solar energetic proton events detected by PSP. One such
event associated with a CME occurred in September 2022, where
Cohen et al. (2024) present detections of protons with a nose en-
ergy near E ≈ 1 MeV when the spacecraft was located approx-
imately 15 solar radii from the Sun. Below this energy, typical
velocity dispersion was measured, but above this energy a sim-
ilar inverse signature was detected. Cohen et al. (2024) suggest
that the responsible acceleration mechanism requires less time
to accelerate protons to lower energies than it does to higher en-
ergies. Hence, the lower energy protons are “released” earlier—
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Fig. 3. Normalized energetic electron PADs observed by (a) Wind and (b) THEMIS-ARTEMIS at select energies during the 28 March 2022 event.
The shaded gray regions within the P1 panels correspond to times when the SST attenuator was activated. The vertical orange lines denote the
time of the flare’s peak X-ray flux. While counter-streaming electrons are visible in all panels, representative red arrows are included in the 310
keV Wind observations to facilitate identification of their onset.

and detected sooner—than their higher energy counterparts. Ad-
ditional modeling by Ding et al. (2025b) has further supported
the idea that the maximum energy to which protons are accel-
erated along a shock front increases with time. Hence, although
the higher-energy particles have larger velocities, they are gen-
erated later than their lower-energy counterparts and do not have
sufficient time (or distance) to overtake the lower energy pro-
tons, thereby causing an IVD signature (see especially their Fig-
ures 6–8). In addition, Ding et al. (2025b) show that solar ener-
getic proton IVD signatures observed by SolO may also be af-
fected by the spacecraft’s evolving magnetic connectivity to the
shock during its propagation. Finally, after surveying energetic
ion data from STEREO, that study also reported multiple, previ-
ously unreported observations of IVD signatures in SEPT data.
Additional IVD signatures in energetic proton data have recently
been identified in SolO observations as well (Li et al. 2025).

However, this is the first report of such IVD signatures for
SEEs. Although electrons of a given energy travel much faster
than protons, the much larger distance of the spacecraft from the
Sun for the observations shown in Figure 2 compared to those by
PSP or SolO (near 1 AU, compared to 0.07 AU for PSP or 0.5 AU
for SolO) suggests that the mechanism that generated the IVD
signature during this event may have been different. Importantly,
although the IVD signature was similar between the Wind and
two THEMIS-ARTEMIS spacecraft, Figure 2 shows that it was
substantially less pronounced at STEREO-A. This may suggest
differences between how the spacecraft were connected to the
flare region, or perhaps some time dependence in the electrons’
acceleration mechanism that was more prolonged along the Sun-
Earth line during this specific SEE event. The exact generation
process behind the electron IVD signature (or indeed, how com-
mon such signatures are) is an open question and lies beyond the
scope of this current study.

Figure 3 displays the PADs of electrons at select energies for
(left) Wind and (right) THEMIS-ARTEMIS during this event.
For each point in time, the fluxes at a given energy are nor-
malized to the maximum value detected across all pitch angles.
Figure 3 illustrates that starting between approximately 11:48
UTC and 12:00 UTC, the three spacecraft detected a highly
anisotropic beam of SEEs with pitch angles near 0◦–45◦. As
in Figure 2, the arrival time of these electrons below the nose
energy of E . 300 keV were dispersive in energy, with the
highest-energy electrons measured by the spacecraft arriving up
to 12 minutes sooner than the lowest energies detectable by the
SSTs. For Wind and the THEMIS-ARTEMIS probes, the IMF
during this time was directed along the GSE +x̂ and +ŷ direc-
tions (see Figure 2). This corresponds to a local magnetic field
that was nearly perpendicular to the nominal Parker spiral direc-
tion(associated with a magnetic field pointing along either +x̂
and −ŷ or −x̂ and +ŷ) and indicates that a kink or reversal in the
orientation of the IMF was detected by these Earth-based space-
craft. Although these SEEs were generated by a solar flare and
traveled in an outward direction along the solar wind magnetic
field lines, the orientation of the IMF near Wind and THEMIS-
ARTEMIS means they were locally detected traveling toward
the Sun at this time.

At each energy, this strong collimated beam of field-aligned
electrons was observed for ∼20 min. After this period, a sec-
ond beam of anti-field-aligned electrons (pitch angles near 180◦)
were detected. The normalized flux of these electrons never
equals that of the field-aligned electrons at any energy, remain-
ing below a value of approximately 0.8 during the three-hour pe-
riod shown in Figure 3. As with the field-aligned electrons, the
arrival times of the anti-field-aligned beams were also disper-
sive in energy, beginning as soon as 12:10 UTC for the highest-
energy channels and as late as 13:00 UTC for the lowest ener-
gies. In P1, the anti-field-aligned electron beam was interrupted
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Fig. 4. First-order anisotropy of energetic electrons observed by Wind
and THEMIS-ARTEMIS P1 and P2 during the 28 March 2022 event.
The gray shading and vertical orange lines are as in previous figures.

at all energies near 13:00 UTC, associated with a rotation of
the local magnetic field (see Figures 2 and 3). It is possible that
the rotation caused the field line to intersect the Moon, causing
these electrons to be “shadowed” by the lunar surface (see also
Liuzzo et al. 2024). This mechanism is further supported by the
observations in P2, which detected a similar magnetic field ro-
tation at this time but no change in the electron PADs across all
energies. Notably, a band of minimum flux at pitch angles near
90◦ is visible for nearly two hours across all energies at each of
the spacecraft. In some energy channels, this band extends for
even longer times; see, for example, the E = 27 keV channel on
Wind and E = 31 keV channel on P2. We note that this is not
a reduction in the flux of electrons at near-perpendicular pitch
angles. Instead, since the fluxes in Figure 3 are normalized, the
enhanced fluxes of the field-aligned and anti-field-aligned elec-
trons causes the normalized flux near more perpendicular pitch
angles to appear as minima in the PADs.

To illustrate this in a different way, Figure 4 displays the first-
order anisotropy of the SEEs detected by Wind, P1, and P2. For
each energy, this quantity was calculated with

A = 3

∫ 1
−1 I(µ)µdµ∫ 1
−1 I(µ)dµ

, (1)

where I(µ) is the pitch-angle dependent electron differential en-
ergy flux and µ is the cosine of the average pitch angle (see
also, e.g., Tan et al. 2007; Wei et al. 2024; Ding et al. 2025a).
For electrons originating from the Sun, the quantity A is max-
imized when µ is positive (i.e., for a fully field-aligned electron
population; red coloring in Figure 4), and minimized when µ
is negative (for a fully anti-field-aligned population; blue color-
ing in Figure 4). Hence, the initial arrival of the field-aligned
electron beam results in a strong (positive) first-order anisotropy
in the electron distributions, which gradually reduces to near
zero as the anti-field-aligned, counter-streaming electrons are
detected. Since the normalized flux of the anti-field-aligned elec-
trons remains below that of the initial field-aligned electrons, the
sign of the first-order anisotropy stays positive. In the panel for
P1, the rotation in the magnetic field near 13:00 UTC that caused
the anti-field-aligned electron beam to become shadowed by the

lunar surface and disappear is immediately visible, where the
first-order anisotropy suddenly increases.

Two potential mechanisms may explain the initial observa-
tions of dispersive, field-aligned electron beams, separated in
time by observations of dispersive, anti-field aligned electrons.
The first posits that these electrons represent two separate pop-
ulations, each with a unique generation mechanism, which ap-
proach the spacecraft along the local magnetic field from op-
posite sides (i.e., traveling within a closed magnetic loop). The
delay between the detection of the two populations could be
attributed to either a time-delay in distinct acceleration pro-
cesses (e.g., two separate flares occurring at different time or a
flare with an associated CME accelerating two different popu-
lations), or to a similar acceleration mechanism, but traveling
along distinct paths of disparate lengths. Such signatures have
been observed at Earth and elsewhere in the Solar System, alike
(e.g., Miroshnichenko et al. 2005; Ruffolo et al. 2006; Saiz et al.
2008; Ding et al. 2025a). The second potential mechanism hy-
pothesizes that these electrons are part of the same population
but are observed multiple times: electrons streaming outward
from the Sun would be initially detected, followed by a second
detection of inward-streaming electrons. In this case, the shape
of the electron spectrum should be similar, since they represent
multiple observations of the same population. Such a mechanism
would point to a boundary located beyond the observer off of
which the electrons could reflect and return. In this scenario, the
initial dispersion that was observed in the onset time between
electrons at the highest and lowest energies should continue to
grow due to their differential velocities, and become even more
pronounced during subsequent detections. A similar mechanism
has been reported for Wind observations of bidirectional ener-
getic electrons, where anti-sunward-traveling particles were ac-
celerated at the shock front of an ICME located close to the Sun,
and sunward-traveling particles were reflected off of a shock lo-
cated beyond 1 AU (Li et al. 2020).

To help illuminate which mechanism could explain these ob-
servations during the SEE event on 28 March 2022, Figure 5
shows the time series of (normalized) electron fluxes observed
by Wind and THEMIS-ARTEMIS P1 and P2 at select ener-
gies of their respective SST instruments. For each energy, black
curves indicate the field-aligned population (with pitch angles
0◦–55◦ for Wind and 0◦–45◦ for THEMIS-ARTEMIS), while red
curves indicate the anti-field-aligned population (pitch angles
125◦–180◦ for Wind and 135◦–180◦ for THEMIS-ARTEMIS).
The shaded blue region in each panel indicates the time differ-
ence, ∆t = tend − tstart, between the detection of these two oppo-
sitely traveling electron populations. For each energy, we define
tstart as the time where the ten-minute running average for the
normalized flux of the field-aligned population exceeds a value
of 0.8, and tend is when the ten-minute running average for the
flux of the anti-field-aligned population exceeds a value of 0.4.
Note that the blue bars therefore do not exactly align with the
locations where the black and red curves cross the 0.8 and 0.4
thresholds, respectively, since these curves show the instanta-
neous values (ignoring the instrument noise contribution to each
measurement).

As visible in Figure 5, the values of tstart and tend grow with
decreasing energy for the Wind and THEMIS-ARTEMIS obser-
vations. Consistent with Figures 2 and 3, this illustrates disper-
sion in the SEE population. In addition, the values of ∆t gener-
ally grow with decreasing energy; that is, the dispersion in the
anti-field-aligned electrons is more exaggerated with decreasing
energy compared to their field-aligned counterparts. This behav-
ior is clearest in the Wind observations, with a similar behavior
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Fig. 5. Time series of normalized electron fluxes at select energies observed by (a) Wind and (b) THEMIS-ARTEMIS P1 and P2 during the 28
March 2022 event. Black or red lines correspond to electrons with field-aligned or anti-aligned pitch angles, respectively. The shaded blue regions
denote the time ∆t between detections of initial and counter-streaming electrons. The gray shading and vertical orange lines are as in previous
figures.

in THEMIS-ARTEMIS P1. However, the low temporal resolu-
tion of the P2 SST during this time makes it difficult to iden-
tify a similar feature in this instrument. Regardless, this behav-
ior is consistent with the SEEs belonging to the same popula-
tion, where the initially field-aligned electrons travel past the
spacecraft, reflect off of a boundary, and return with an anti-field-
aligned component.

To provide further evidence that these electrons are part of
the same population, Figure 6 displays the spectra of the SEEs
during the 28 March 2022 event, again separated into (black)
field-aligned and (red) anti-field-aligned pitch angles. For each
spacecraft, these spectra are averaged over a time when both
field-aligned and anti-field-aligned electrons were detected. For
Wind and THEMIS-ARTEMIS P2, this corresponds to a one-
hour average between 13:50 UTC and 14:50 UTC. However for
THEMIS-ARTEMIS P1, the spectrum is averaged over only ten
minutes (from 12:38 UTC to 12:48 UTC), since the magnetic
field rotation near 13:00 UTC and activation of the attenuator
near 13:10 prevents one from using a wider time range. Indeed,
across nearly all energies for the three spacecraft, the spectral
slopes for the field-aligned and anti-field-aligned electrons are
nearly identical, with the fluxes of the two populations remain-
ing within a factor of ∼1.5. The biggest discrepancy occurs in P1
at lowest energies (below E ≈ 50 keV), which indicates that not
all reflected electrons had returned to the spacecraft yet, due to
the earlier time over which the spectrum was averaged compared
to the other two spacecraft. The similarities between the spec-
tra provide confidence that these two counter-streaming electron
beams are the same population, in agreement with the hypoth-
esis of anti-field-aligned electrons reflecting off of a magnetic
boundary located elsewhere in the Solar System.

Figure 7 illustrates the time series of normalized electron
flux detected by STEREO-A in the same style as Figure 5. This
figure also includes the viewing geometries of the four SEPT
detectors during the event. Since these detectors are fixed in

space, we define the value of ∆t as the difference between the
time when the 10-minute running average of any detector has
exceeded 80% of the normalized flux and the time when all de-
tectors have exceeded 40% of the flux (see Figure 7c). As with
the Wind and THEMIS-ARTEMIS observations, the electrons
are highly anisotropic: across all energies, SEEs arrive first in the
SOUTH (blue lines) and SUN (black lines) detectors before ar-
rival in their NORTH (green) or ASUN (red) counterparts. Com-
pared to the observations along the Sun-Earth line by Wind and
THEMIS-ARTEMIS, the dispersion in the normalized fluxes as
a function of energy at STEREO-A is less pronounced, with the
value of ∆t remaining near ∼20 min across all energy channels.

For all four spacecraft, we estimate the distance traveled by
the SEEs after their initial detection traveling along the local
magnetic field, before they returned to the spacecraft and were
detected traveling antiparallel to the local magnetic field. This
“round-trip” distance ∆x covered during the time ∆t is shown in
Table 1 for select electron energies observed by the spacecraft.
Using the thresholds described above, the range in values for this
round-trip distance spans from 1.2 AU up to values of 2.8 AU,
with an average value for P1, P2, Wind, and STA of 1.75 AU,
1.50 AU, 2.38 AU, and 1.48 AU, respectively.

If we assume that the bidirectional electron populations were
injected at the same time and generated by the same mechanism,
a round-trip value of ∆x < 2 AU (for three out of the four
spacecraft) suggests that the returning anti-field-aligned elec-
trons could not have been generated near the Sun. If instead
these SEEs were reflected, then there must have been a mag-
netic boundary off of which these particles mirrored located a
distance of 1

2 ∆x from the spacecraft, namely, at approximately
0.75 AU–1.2 AU. To investigate this possibility, Figure 8a dis-
plays the solar wind magnetic field, proton density, temperature,
and pressure from the OMNI dataset (Papitashvili & King 2020)
over six days in March 2022. The enhanced plasma density, tem-
perature, and pressure after 12:00 UTC on 26 March visible
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Fig. 6. SEE spectra during the 28 March 2022 event observed by
(top) Wind, THEMIS-ARTEMIS (middle) P1, and (bottom) P2. Spectra
are shown separately for the (black) field-aligned and (red) anti-field-
aligned electrons. See text for further detail.

in panel 8a illustrate that the ambient plasma environment was
highly perturbed approximately 2 days prior to the onset of the
SEE event. The observations suggest that the solar wind at that
time was influenced by a combination of a stream interaction
region and a passing ICME, likely caused by the interaction be-
tween a high-speed stream and preceding transient ejecta. This
is also consistent with coronagraph observations from the SO-
lar and Heliospheric Observatory (SOHO) spacecraft of a halo
CME that erupted from the Sun near 06:00 UTC on 25 March
2022 (Domingo et al. 1995). By 12:00 UTC on 28 March, two
days after the ICME arrival, the solar wind properties had re-
turned to their background, pre-perturbed state (after which the
SEEs from the M4.0 flare were detected at Earth; see, e.g., Fig-
ure 2). In addition to the OMNI data, Figures 8b and 8c dis-
play two snapshots in time from a run of the WSA-ENLIL+Cone
model (Odstrcil 2003; Arge et al. 2004) available at the NASA
Goddard Space Flight Center Community Coordinated Model-
ing Center’s Database Of Notifications, Knowledge, Information
(CCMC DONKI). Panel 8b illustrates that this model estimated
an impact of an ICME near midnight on 28 March, approxi-
mately 36 h after the true arrival time observed in panel 8a. This
represents a significant deviation from the observations, but not
unreasonable, since such behavior is consistent with the findings
of Riley et al. (2018) in the spread of the modeled arrival times.
These authors found that for WSA-ENLIL+Cone runs hosted at
CCMC for events between 2013 and 2018, the average accuracy
in the modeled onset time was on the order of ±10 h, but with
errors often exceeding ±40 h depending on the event. The large
difference for this specific ICME suggests that it was moving at
a substantially faster speed than estimated by the model.

Table 1. Measurements of dispersive electrons from THEMIS-
ARTEMIS P1 and P2, Wind, and STEREO-A for the 28 March 2022
event.

E v ∆t ∆x ∆x ∆x∗
(keV) (AU/min) (min) (AU) (AU) (AU)

P1 1.75 1.25
204 0.084 15 1.3
93 0.064 33 2.1
52 0.050 35 1.7
31 0.040 48 1.9

P2 1.50 1.04
204 0.084 12 1.0
93 0.064 27 1.7
52 0.050 34 1.7
31 0.040 39 1.6

Wind 2.38 1.62
310 0.094 21 2.0
182 0.081 33 2.7
108 0.068 39 2.6
66 0.056 50 2.8
40 0.045 55 2.5
27 0.038 45 1.7

STA 1.48 1.11
314 0.094 17 1.6
240 0.088 15 1.3
179 0.081 22 1.8
135 0.073 21 1.6
94 0.064 21 1.4
70 0.057 21 1.2

Notes. Energies, E, denote the center energy of select instrument chan-
nels, with the corresponding velocity, v, of an electron at that energy.
The time difference between detection of anti-sunward and sunward
traveling electrons is given by ∆t (see text for an exact definition), with
the total, round-trip distance traveled given by ∆x and the average for
each spacecraft given by ∆x. The value ∆x∗ represents the calculation
of the round-trip distance using a reduced flux threshold (i.e., a smaller
∆t). Differences in displayed values are due to rounding.

Despite this discrepancy, the model and observations show
that an ICME was located somewhere beyond 1 AU during the
onset of this SEE event. However, to refine this distance, we
assume that the WSA-ENLIL+Cone model predicted the loca-
tion of this ICME accurately but with a 36 h time-delay. Fig-
ure 8c therefore shows the model output 36 h after the initial
onset of the SEEs detected by Wind, THEMIS-ARTEMIS, and
STEREO-A (i.e., at midnight on 30 March). As visible in panel
8c, the modeled ICME shock front was located approximately
0.75 AU away from Earth along the Sun-Earth line. This is con-
sistent with the values of ∆x presented in Table 1, especially
for the THEMIS-ARTEMIS spacecraft, which suggest the SEEs
traveled distances of 0.75 AU ≤ ∆x ≤ 0.875 AU away from
the spacecraft before being reflected and returning. In addition,
the model suggests that STEREO-A was located closer to the
shock front compared to the Earth-based assets at this time, at
a radial separation of only ∼0.5 AU. This reduced distance is
likewise consistent with the estimates of ∆x provided in Table
1 for STEREO-A from the bidirectional SEE signatures, which
range from 0.6 AU ≤ ∆x ≤ 0.9 AU. The cause of this azimuthal
asymmetry in distance is the enhanced plasma density associated
with a corotating interaction region near 90◦ E longitude visible
in the bottom half of Figure 8b, which would locally slow the ra-
dial expansion of the ICME compared to the relatively reduced
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Fig. 7. Geometry and observations from STEREO-A during the 28 March 2022 SEE event. Panels (a) and (b) display a schematic demonstrating
the geometry in two planes of the RTN coordinate system: (a) the R-T plane and (b) the T-N plane. The four SEPT sensors (SUN, ASUN, NORTH,
and SOUTH), along with an example magnetic field line connecting the spacecraft to the flare, are projected onto these planes. The panels are
not to scale. Panel (c) displays normalized electron fluxes at select energies observed by the four SEPT detectors. Black, red, green, and blue
lines correspond to electrons detected in the SUN, ASUN, NORTH, and SOUTH detectors, respectively. The vertical orange line and shaded blue
regions are as in Figure 5.

densities near 0◦ longitude visible in the right half of Figure 8b.
We note that if THEMIS-ARTEMIS and Wind were on mag-
netic field lines connected to this feature, pileup associated with
the more slowly expanding portion of the ICME could also be a
candidate for the electrons’ mirror points, which would suggest
that the distance ∆x was not purely radial but may have had an
azimuthal component as well.

Despite the similarity between the expected location of the
ICME and the calculated distances traveled by the electrons, we
caution that the exact value of ∆x is strongly dependent on our
defined start and end times used to calculate ∆t. Here, we have
required the normalized flux of the initial field-aligned popula-
tion to exceed a value of 0.8 (tstart), and the normalized flux of the
anti-field-aligned population to exceed 0.4 (tend). But, the choice
of these values directly affects the calculated distance of these
particles before they return to the spacecraft. Since the initial
field-aligned electron population is highly beamed with a nor-
malized flux that rapidly exceeds a value of 0.8, the distances
are less sensitive to changes in the chosen onset time tstart; tend is
therefore most strongly affected. To estimate the degree to which
these chosen values affect the estimated distance, we can instead
define tend as the time when the normalized flux of the anti-field-
aligned electrons exceeds a value of 0.2. Averaged across all en-
ergies, this decrease in our threshold by a factor of 2 would re-
duce the value of ∆t for Wind by approximately 15 minutes, for
P1 and P2 by 8 minutes, and for STA by 5 minutes. As a result,
this implies the reflecting boundary would be located approxi-
mately 0.2–0.4 AU closer to the spacecraft compared to using

a threshold of 0.4 (see ∆x∗ in Table 1). For the case of Wind,
the resulting estimated distance of the ICME located ∼0.8 AU
away is then nearly identical to the estimates from the WSA-
ENLIL+Cone model results in Figure 8c.

In conclusion, our analysis strongly suggests detection of a
reflected electron population during this event. Still, the lack of a
dense network of spacecraft beyond Earth’s orbit precludes con-
current, multipoint observations of this reflecting boundary. Al-
though the observations are consistent with this interpretation, a
different physical mechanism, such as a large-scale closed mag-
netic loop, could generate similar signatures near the spacecraft.
As an example, Ruffolo et al. (2006) presented observations of
solar protons during an event in October 1989, identifying an
initial enhancement in ground-based observations followed by
a secondary enhancement approximately an hour later. These
authors attributed the signatures to separate particle injections
along two legs of a closed IMF loop. However, the observations
presented for this SEE event on 28 March 2022—including a
strong anisotropy in the distribution of the SEEs, similarities
between the spectra from the two counter-streaming electron
beams, and the time-delay in the arrival of the SEEs resulting
in a distance traveled that is consistent with the expected loca-
tion of a precursor ICME at the onset of the SEE event—provide
strong evidence for the presence of a reflecting boundary lo-
cated beyond the spacecraft associated with an earlier ICME in-
stead of injection within a closed loop. Moreover, this event was
widespread throughout the inner heliosphere with similar signa-
tures observed by Wind and THEMIS-ARTEMIS, located along
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Fig. 8. Solar wind properties from 25 March 2022 through 30 March 2022. (a) OMNI GSE magnetic field, proton density, temperature, and
pressure. The vertical orange lines denote the time of the M4.0 flare responsible for the 28 March 2022 SEE event. (b–c) Snapshot of WSA-
ENLIL+Cone model results for midnight UTC on (b) 28 March 2022 and (c) 30 March 2022.

the Sun-Earth line, and by STEREO-A, located approximately
30◦ off of this line. Hence, while we cannot uniquely rule-out an
alternative mechanism, this evidence, taken in combination, fa-
vors the interpretation that observed field-aligned SEEs were ini-
tially accelerated by a flare and streamed outward from the Sun
past the spacecraft, reflected off of a compressed magnetic struc-
ture associated with an ICME that passed nearly 2 days prior,
and then returned as a collimated beam of anti-field-aligned elec-
trons, resulting in clear bidirectional distributions observed by
the spacecraft.

3.2. The 17 May 2012 event

Figure 9 displays observations from Wind and the two THEMIS-
ARTEMIS probes (P1 and P2, located in the solar wind at the
time) during a SEE event that occurred on 17 May 2012. All
three spacecraft detect the first SEEs approximately 10–15 min-
utes after the M5.1 solar flare that peaked at 01:47 UTC. The
signatures were dispersive in time, with the highest-energy elec-
trons arriving to the spacecraft before electrons at lower energies.
Unlike the previous event, any IVD signature at higher energies
in the electron differential flux is less convincing, with possibly

only a hint in the Wind observations, likely caused by a different
acceleration mechanism or connection to the flare region during
this event. Signatures of penetrating X-rays from the M-class
flare are visible in the P1 and P2 omnidirectional fluxes (white
semicircle in Figure 9) which again do not represent physical
electron fluxes. This contamination is limited to electron ener-
gies below E . 50 keV.

In addition to the magnetic field and omnidirectional differ-
ential energy fluxes, each grouping in Figure 9 includes the en-
ergetic electron PADs from the SST instruments at select ener-
gies. In the PAD for the lowest-energy electrons, the penetrating
X-rays are again visible, centered around the peak of the flare
(vertical orange lines in the figure) and confined near pitch an-
gles near 90◦. The ambient magnetic field during this event was
predominately perpendicular to the Parker spiral direction with
Bz > 0, with the spacecraft likely embedded within the remnants
of an ICME (see Figure A.1 and discussion below). As visible
in Figure 9, the SEEs initially observed by Wind, P1, and P2
were strongly beamed, with nearly 100% of the flux traveling
anti-sunward in the anti-field aligned direction. Depending on
electron energy, a second population of counter-streaming (i.e.,
field-aligned) electrons was detected anywhere from ∼15 min to
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Fig. 9. SEE observations during the event on 17 May 2012 by Wind,
THEMIS-ARTEMIS P1, and P2. In addition to the magnetic field and
differential energy fluxes, the normalized electron PADs from the SST
instruments at select energies are shown. As in Figure 2, the vertical
orange lines denote the time of the flare’s peak X-ray flux, and the white
semicircles in the P1 and P2 SST channels denote contamination in the
sensors from the flare X-rays. Red arrows are included in one panel to
facilitate identification of the initial and counter-streaming electrons.

2 h later, similar to the 28 March 2022 event. However in con-
trast to the other event, the counter-streaming electrons are more
tenuous and do not exceed a normalized flux value above 0.4
until multiple hours after the first electrons were detected.

Figure A.1 shows properties of the SEEs as well as the am-
bient solar wind conditions during the SEE event in May 2012.
Panel A.1a displays the time series of normalized electron fluxes
observed by the Wind SST on 17 May 2012 during the event,
in the same style as Figure 5. Note that compared to the Fig-
ure 5, the coloring in panel A.1a is reversed: although the pop-
ulation indicated by the black lines were still detected first by
Wind, these electrons were anti-field-aligned during this event,
while the red lines denote field-aligned electrons. Since the nor-
malized flux of the field-aligned electron population never ex-
ceeds a value of 0.4 until multiple hours after the initial detection
of anti-field-aligned electrons, the shaded blue regions indicate
where the ten-minute running average of the normalized flux of

the anti-field-aligned population exceeds a value of 0.8 but the
field-aligned flux is below 0.2. As during the 28 March 2022
event, the dispersive nature of this 17 May 2012 event is visible
by the value of tstart, tend, and ∆t each increasing as a function of
decreasing energy.

In the same style as Figure 8, Figures A.1b–d display the
(b) OMNI dataset during the 3 days in May 2012 surround-
ing the SEE event, as well as (c–d) two snapshots from the
WSA-ENLIL+Cone modeling of a halo ICME that occurred on
11 May 2012, as also detected in SOHO coronagraph imag-
ing. Results from the WSA-ENLIL+Cone model, available at
the CCMC DONKI website, suggest that the ICME would im-
pact Earth near 18:00 UTC on 14 May 2012 (see Figure A.1c).
However, Figure A.1b shows an increase in the magnetic field
magnitude, proton density, and pressure near 02:00 UTC on 15
May 2012 (see the first vertical gray line in panel A.1b), approxi-
mately 8 h later than the predicted ICME impact from the model.
This is also consistent with Rouillard et al. (2016), who iden-
tified this feature (using data from the Advanced Composition
Explorer) as a passing ICME. This would suggest that WSA-
ENLIL+Cone estimated the arrival of the ICME approximately
8 h too early. Hence, at the time of the SEE event onset, the
shock front of this ICME would have been located at a distance
of ≈ 0.75 AU beyond Earth, as illustrated in Figure A.1d.

Notably, the interplanetary shock list from Richardson and
Cane (Richardson & Cane 2010) does not include any shock im-
pact until 16:00 UTC on 16 May 2012, visible in Figure A.1b as
a short-lived spike in proton density, pressure, and temperature,
followed by a gradual increase in the IMF magnitude (see also
the second vertical gray line in panel A.1b). If these signatures
denote the ICME’s passage instead of the earlier enhancements,
then the estimated WSA-ENLIL+Cone impact time was nearly
46 h early. Alternatively, this signature may have been a mag-
netic cloud (see Rouillard et al. 2016), since the observations
displayed typical counter-streaming suprathermal electrons, a
smooth rotation to the field, and a low temperature. Regardless,
this timing is still within the window found by Riley et al. (2018)
but significantly larger than the average modeled error of ±10
h, although this event was excluded from that analysis which
only focused on ICMEs between 2013 and 2018. It is also possi-
ble that since this specific simulation hosted at the CCMC used
real-time observations of the initial properties of the CME, it
did not accurately capture its evolution, resulting in this discrep-
ancy. Even so, a difference of 46 h suggests that the ICME would
have been located at least 1 AU beyond Earth at the beginning
of the SEE event. Unfortunately, the WSA-ENLIL+Cone simu-
lation domain of the CCMC DONKI runs is limited to a size of 2
AU, and the modeled ICME exited this boundary around 12:00
on 18 May 2012 (i.e., only 34 h after SEEs were detected). It is
therefore not possible to further refine the location at the onset
of the SEE event using this simulation.

Since Earth may have been embedded within a magnetic
cloud during the onset of this event (see Rouillard et al. 2016), it
is difficult to confirm the mechanism responsible for generating
the bidirectional energetic electron signatures. It is possible that
two distinct electron populations were accelerated by the flare
and approached Earth along separate ends of a closed magnetic
loop connecting to a common footpoint on the Sun. However,
the similarity between the observations by three spacecraft, as
well as the presence of an ICME that passed Earth a few days
prior to the event, at least provides for a potential mechanism
by which a single population could be reflected and return near
Earth. If we assume the counter-streaming field-aligned popula-
tion was indeed reflected off the precursor ICME, then we can
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use the shading of ∆t in Figure A.1 to determine the location
where these electrons reflected. In this case, the location of the
reflecting boundary ranges from 1.0 AU to 2.5 AU from the Wind
spacecraft, with a mean distance across all energies of 1.9 AU.
The difference between the predicted location of the ICME from
the model and observations is larger for this SEE event compared
to the event in March 2022, highlighting the uncertainties asso-
ciated with this ICME and the complexities of interpreting the
magnetic environment within which Earth was embedded dur-
ing this event.

4. Discussion and conclusions

We have presented two case studies of impulsive SEE events ob-
served by multiple spacecraft throughout the Solar System. The
first event we analyzed occurred on 28 March 2022, was asso-
ciated with an M4.0 solar flare, and created a widespread SEE
event that was detected by Wind and THEMIS-ARTEMIS lo-
cated along the Sun-Earth line, as well as by STEREO-A which
was ∼30◦ offset in azimuth. The second SEE event on which
we focused was also generated by an M5.1 flare and detected
by Wind and THEMIS-ARTEMIS on 17 May 2012. For each
of these events, the associated energetic electron population was
initially strongly collimated, traveling along the local magnetic
field in a direction consistent with their origination from a flare
located at the Sun. These electrons were dispersive with energy
during the May 2012 SEE event, but for the March 2022 event,
displayed signatures of an IVD at higher energies. Although
IVD signatures have been detected for energetic ions inward of
Earth’s orbit, this represents the first such observation for ener-
getic electrons at distances of 1 AU.

During both events, a second, counter-streaming population
of electrons was later detected minutes to hours after the initial
onset of energetic electrons, with arrival times that were also dis-
persive in time as a function of the electrons’ energies. At each
energy, the counter-streaming population had a normalized flux
that was 0.4 to 0.8 times the value of the initially detected elec-
trons (for the May 2012 and March 2022 events, respectively).
The shape of the spectra for these two bidirectional electrons
were nearly identical, indicating that these electrons were part
of the same population. Using the dispersion in the counter-
streaming electrons’ arrival times as a function of their energy,
we have estimated that they traveled round-trip distances on the
order of 1 AU between subsequent detections. Finally, we have
identified ICMEs that passed up to a few days prior to the SEE
events’ onsets that were plausibly located at the appropriate dis-
tances to form a boundary off of which the energetic electrons
reflected in order to return to the spacecraft.

Similar bidirectional PADs for energetic electrons have been
previously observed by Wind. Wang et al. (2011) presented two
SEE events with strong bidirectionality associated with outward-
traveling electrons generated by a flare, and returning electrons
that have reflected off of a boundary located beyond Earth. How-
ever, the PADs were highly anisotropic only for energies be-
low ∼40 keV, and the normalized flux of the returning electrons
remained below 0.1 times the flux of the outward-propagating
electrons. For higher energies up to 300 keV, Wang et al. (2011)
found that the reflected electrons were less beamed, but with
fluxes that reached nearly 0.8 times the outward-traveling elec-
trons. This is in contrast to the two events presented here, which
were strongly beamed in both of the field-aligned and anti-field-
aligned directions across all energies, with more comparable
fluxes, suggesting that the propagation of these electrons was
nearly scatter-free.

Bidirectional electron signatures are not observed during
most solar energetic particle events. To estimate their frequency,
we have searched the 14 years of THEMIS-ARTEMIS data for
additional SEE events that display similar counter-streaming
electron populations. In order to avoid any contamination of
the electron distributions by the terrestrial magnetosphere, we
have restricted our search to SEE events that occurred when the
probes were in the solar wind. In addition, we also required that
no solar energetic ions were present during the observations,
since the electron sensors of the THEMIS-ARTEMIS SSTs can
be easily contaminated by cross-talk from these particles. Af-
ter doing so, we have identified on the order of ten SEE events
observed by THEMIS-ARTEMIS that display similarly clear,
bidirectional signatures in the electron PADs. With the restric-
tive conditions described above, this represents an underestima-
tion for the occurrence rate for bidirectional energetic electron
signatures, but still suggests their rarity compared to the hun-
dreds of solar energetic particle events that have been detected
by THEMIS-ARTEMIS. We have not conducted a comprehen-
sive search of the complete Wind or STEREO datasets to further
refine this estimate.

Finally, bidirectional signatures in the distributions of so-
lar energetic particles also occur within Earth’s magnetotail
near the Moon’s orbit. Previous studies have identified mech-
anisms by which energetic particles enter the tail far down-
stream of Earth, travel Earthward past the Moon, and then re-
turn after mirroring in the strong magnetic field closer to Earth
(Liuzzo et al. 2023, 2024). However, the occurrence of these
counter-streaming particles within the solar wind may have im-
plications for the amount of irradiation associated with energetic
particle events, especially in the context of crewed exploration
or long-term astronaut establishments located beyond low-Earth
orbit. Various studies have presented techniques to estimate the
occurrence and/or severity of energetic particle events based on,
for example, the size and location of an active solar flare or
the spectral properties of initial relativistic electrons detected
in situ (e.g., Posner 2007; Laurenza et al. 2009; Núñez 2011;
Torres et al. 2025). If successfully applied, these techniques are
useful for providing advanced warning to astronauts or other as-
sets on the lunar surface in the event of extreme solar particle
irradiation (see Papaioannou et al. 2025). However, for the two
SEE events presented here, the initial onset of energetic particles
was detected after a previous ICME passed the spacecraft, and
for the 28 March 2022 event, the ambient solar wind conditions
had even returned to their nominal, pre-ICME levels (see Figure
8). Such a mechanism is not taken into account in current pre-
dictive capabilities, despite the clear influence on the properties
of the incident SEEs. Our results therefore highlight an underap-
preciated process that speaks to the importance of characterizing
the influence of preceding space weather activity on the proper-
ties of solar energetic particle events, which is equally important
for interpreting current conditions and predicting the impact of
future radiation events.
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Appendix A: Solar energetic electron signatures for the 17 May 2012 event
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