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ABSTRACT

Aims. We study the radial evolution of near-relativistic solar energetic electron (SEE) events observed by at least two spacecraft at
different heliocentric distances and with small separation angles between their magnetic footpoints at the Sun.
Methods. We identified SEE events for which Solar Orbiter and either Wind or STEREO-A had a small longitudinal separation (<15◦)
between their nominal magnetic footpoints. For the approximation of the footpoint separation, we followed a ballistic back-mapping
approach using in situ solar wind speed measurements. For all the SEE events that satisfied our selection criteria, we determined the
onset times, rise times, peak fluxes, and peak values of the first-order anisotropy for electrons in the energy range from ∼50−85 keV.
We compared the event parameters observed at different spacecraft and derived exponential indices αp for each parameter p, assuming
an Rα-dependence on the heliocentric distance R.
Results. In our sample of SEE events, we find strong event-to-event variations in the radial dependence of all derived parameters. For
the majority of events, the peak flux decreases with increasing radial distance. For the first-order anisotropy and the rise time no clear
radial dependence was found. The derived onset delays observed between two spacecraft were found to be too long to be explained
by ideal Parker spirals in multiple events.
Conclusions. The rudimentary methods presented in this study lead to event parameters with large uncertainties. The absence of a
clear radial dependence on the first-order anisotropy and the rise time as well as the ambiguous onset timing of the SEE events found
in this study could be the result of general limitations in the methods we used. Further studies, including analyses of the directional
fluxes and transport simulations that take the individual instrument responses into account, would allow a better interpretation of the
radial evolution of SEE events.
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1. Introduction

In the age of space probes, solar energetic particle (SEP)
events are a frequently observed phenomenon. Enhancements
of energetic particles with near-relativistic and sometimes even
relativistic energies were observed by a number of scientific
space missions, such as Helios (Mueller-Mellin et al. 1982),
Ulysses (Wenzel et al. 1992), the SOlar and Heliospheric Obser-
vatory (SOHO; Domingo et al. 1995), Wind (Acuña et al. 1995),
the Solar Terrestrial Relations Observatory (STEREO; Russell
2008), and more recently, the Parker Solar Probe (PSP; Fox et al.
2016) and Solar Orbiter (Müller 2020). Since the first obser-
vations, attempts have been made to explain the phenomenon
in as much detail as possible. However, the physical processes
involved in SEP acceleration and in their propagation through
the heliosphere are not yet fully understood.

Observations of near-relativistic electron events provide
an important contribution to the understanding of these
fundamental questions. Because of their high speed, near-
relativistic electrons are good tracers of the associated solar
source. Additionally, they are detected quite frequently. For
instance, the ongoing STEREO mission has observed more than
1000 near-relativistic electron events so far (reported in the

SEPT Online Event List 2022)1 and therefore provides a suffi-
cient sample for statistical studies, such as Dresing et al. (2020).

The event properties measured at a spacecraft generally
depend on the acceleration at the source, the injection process,
the transport of particles to the observer, and finally, the char-
acteristics of the observing instrument. In order to disentan-
gle these interrelated processes, a good understanding of the
involved transport processes is crucial. Theoretical studies of
the interplanetary transport, such as those by Jokipii (1966),
form the basis for a series of numerical simulations that try to
reproduce the in situ observations of the event properties (e.g.,
Agueda et al. 2009; Strauss et al. 2017).

For near-relativistic electrons, it is generally assumed that
particles are injected into the interplanetary space with a
nearly isotropic velocity distribution (e.g., Dröge et al. 2016;
Strauss & Fichtner 2015). After their injection, the electrons
propagate through interplanetary space, guided by the interplan-
etary magnetic field. The Lorentz force that acts on the electrons
forces them to gyrate along the magnetic field. With respect to
the local magnetic field vector B, the instantaneous velocity vec-
tor u of the particle can be described by the pitch-angle θ (which
1 http://www2.physik.uni-kiel.de/stereo/downloads/
sept_electron_events.pdf
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is the angle between B and u), a gyro-phase, and the speed of
the particle. For a large population of electrons, the gyro-phase
is often neglected, which means that an equal representation of
all gyro-phases in the population is assumed. The velocity dis-
tribution of a large electron population is therefore usually only
characterised by its speed |u| and the pitch-angle distribution.

The isotropic pitch-angle distribution of a freshly injected
particle population is influenced by different transport processes.
For example, the diverging magnetic field introduces forces that
focus the population along the magnetic field. Close to the Sun,
where the gradients in the magnetic field are large, focusing
almost immediately transforms the isotropic injection into an
anisotropic pitch-angle distribution. The effect of focusing can
be counteracted by scattering processes. Pitch-angle scattering,
for instance, is a process where the pitch-angle of an electron
undergoes stochastic changes due to particle-wave interactions
with turbulence and irregularities in the magnetic field. Efficient
pitch-angle scattering can lead to a diffusive propagation of the
population along the magnetic field and to an isotropisation of
the distribution (e.g., Jokipii 1966). Processes that cause a dif-
fusive particle transport perpendicular to the magnetic field are
discussed for example by Dröge et al. (2010).

The exact interplay of the different transport processes is
complex. In the cases of focusing and pitch-angle scattering,
it is often difficult to say which process predominates at a
given radial distance. Numerous studies showed that the effi-
ciency of both processes varies with radial distance. For exam-
ple, the focusing length, a parameter to describe the efficiency of
the focusing, strongly decreases with radial distance due to the
decreasing local gradients of the magnetic field strength (e.g.,
He & Wan 2012). Studies such as Wibberenz et al. (1989) dis-
cussed the potential radial dependence of the mean free path, a
parameter used to describe the efficiency of scattering.

Depending on the transport processes and the relative loca-
tion to the source, observable event properties such as the
arrival time of the particles, omni-directional intensities, and the
anisotropy of the particle population may vary. With a single
point of observation in interplanetary space, it is often difficult to
conclude where and how strongly focusing and pitch-angle scat-
tering influence these parameters. Multi-spacecraft observations
can provide additional constraints. For example, under ideal con-
ditions, where two spacecraft at different radial distances are
well connected by the interplanetary magnetic field, the differ-
ences in the observations at the two spacecraft may be used to
analyse different effects of transport processes.

Studies that used data from the Helios era, such as
Wibberenz & Cane (2006), showed a strong radial and longitu-
dinal dependence of the peak intensity and quantitatively con-
firmed the spatial diffusion of electrons. Rodríguez-García et al.
(2023) recently confirmed in a larger statistical study that
included recent data from Solar Orbiter that the peak inten-
sity observed in close nominally magnetically connected space-
craft at different radial distances agrees on average with a
dependence on R−3. The same dependence can also be derived
from theoretical considerations under the assumption of a dif-
fusive particle transport (e.g., Vainio et al. 2007). Furthermore,
Rodríguez-García et al. (2023) also showed that for a large sam-
ple of events, the near-relativistic electron spectra are harder
on average close to the Sun. Both studies improved the general
understanding of the involved transport processes.

In this study, we analyse a sample of near-relativistic elec-
tron events observed by Solar Orbiter and either STEREO-
A or Wind. In particular, we selected solar energetic electron
(SEE) events for which a significant increase in the ∼50−85 keV
electron flux was observed at two spacecraft. Similar to the
study by Rodríguez-García et al. (2023), we analyse the radial

dependence of the peak intensity in our sample. In addition to
this, we examine other event parameters, such as onset times,
anisotropies, and the slopes of the flux increase around the onset,
in order to identify possible radial dependences.

In Sects. 2 and 3 we describe the data sets we used in this
study, the event selection, and the SEE event parameters derived
for this study. In Sect. 4 we analyse the radial dependencies
of these parameters. Section 5 summarises and discusses our
results.

2. Instrumentation

For this study, we used near-relativistic electron, magnetic field,
and solar wind measurements from Solar Orbiter, the Solar Ter-
restrial Relations Observatory (STEREO)-A, and the Global
Geospace Science satellite Wind (WIND). From Solar Orbiter,
we used the electron measurements from the Electron Proton
Telescope (EPT), which is part of the Energetic Particle Detector
(EPD; Rodríguez-Pacheco et al. 2020); solar wind speed mea-
surements from the Solar Wind Analyser (SWA; Owen et al.
2020); and magnetic field measurements from the Solar Orbiter
magnetometer (MAG; Horbury et al. 2020). From STEREO-A,
we used electron measurements from the Solar Electron Proton
Telescope (SEPT; Müller-Mellin et al. 2008). Solar wind data
were obtained from the Plasma and Suprathermal Ion Com-
position experiment (PLASTIC; Galvin et al. 2008), and mag-
netic field data were taken from the Magnetic Field Experiment
(Acuña et al. 2008). From Wind, we used electron observations
made by the 3DP (3DP; Lin et al. 1995). The solar wind speed
and magnetic field data were taken from the Solar Wind Exper-
iment (SWE; Ogilvie et al. 1995) and the Magnetic Field Inves-
tigation (MFI; Lepping et al. 1995).

3. Event selection and determination of parameters

We identified time periods during which the magnetic footpoint
of Solar Orbiter at the Sun presumably had a small longitudi-
nal separation angle (<15◦) to the magnetic footpoints of either
Wind or STEREO-A. The separation angle was estimated by bal-
listic back-mapping assuming an ideal Parker spiral and using
two-hour-averaged solar wind speed measurements around the
onset at the different spacecraft. For time periods for which no
solar wind speed observation was available, we approximated a
possible range of separation angles for solar wind speeds ranging
from 300 to 500 km s−1.

Figure 1 shows an overview of the near-relativistic electron
observations made by Solar Orbiter, Wind, and STEREO-A in
the top three panels. The presented fluxes are multi-channel aver-
ages, weighted with the energy width of the individual channels.
The fourth and fifth panels show the heliocentric distances of the
different spacecraft and the approximate longitudinal footpoint
separation angles between Solar Orbiter and Wind or STEREO-
A. The dots in the lowest panel show the footpoint separation
angles approximated by using solar wind speed measurements
from the different spacecraft.

In this study, we specifically focused on the time period
between the fourth and fifth perihelion of Solar Orbiter
(September 2021–March 2022). This period is indicated in Fig. 1
by the vertical dashed lines. During this period, the orbit of Solar
Orbiter enabled a particularly good connection to the other near
1 au spacecraft mentioned above. Within this time period, we
identified all near-relativistic electron events that satisfied the
following two selection criteria: (a) A clear flux increase of
∼50−85 keV electrons at Solar Orbiter and a clear flux increase
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Fig. 1. Overview of multi-spacecraft near-relativistic electron observations made between 2020 February 28 and 2022 September 1. From top
to bottom, the panels show ∼49.7−85.6 keV electron fluxes measured by Solar Orbiter/EPT, 55−85 keV electron fluxes measured by STEREO-
A/SEPT, 50−82 keV electron fluxes measured by Wind/3DP, the heliocentric distance of all three spacecraft, and the longitudinal separation of the
magnetic footpoints between Solar Orbiter and STEREO-A (orange) as well as between Solar Orbiter and Wind (green). The dots in the lowest
panel show the separation angle approximated by using solar wind speed measurements from the different spacecraft, and the coloured areas show
the minimum and maximum separation angle estimated for arbitrary solar wind speeds ranging from 300 to 500 km s−1.

of ∼50−85 keV electrons at either Wind, STEREO-A, or both;
and (b) a longitudinal separation smaller than 15◦ of the nom-
inal magnetic footpoints between Solar Orbiter and Wind or
STEREO-A.

Following the criteria discussed above, we found 25 SEE
events, which are listed in Tables 1 and 2. As in the 4 SEE
events observed on 2022 January 16, January 18, February 13,
and March 7, our selection criteria are satisfied by Wind and
STEREO-A at the same time. These 4 events appear in both
tables.

To characterise the electron events, we determined a set of
seven SEE event parameters: Onset time, slope of the early flux
increase, separation angle of the magnetic foot-point, time of
maximum, rise time, peak flux, and the first-order anisotropy.
These parameters were determined for each electron event in our
sample. Detailed descriptions of all parameters are given below.

3.1. Onset time

We approximated the arrival time of the first electrons of each
SEE event at each spacecraft by determining the time when the
∼50−80 keV electron flux rose above the mean pre-event back-
ground plus three standard deviations. In particular, we used

the following routine. (1) We calculated the moving mean f̄i
and moving standard deviation σi in a two-hour window from
ti − 120 min, ti for the ∼55−80 keV electron flux. (2) We defined
an onset at ti if two consecutive three-minute-averaged flux val-
ues rose by more than three standard deviations ( fi+1 > f̄i + 3 ·σi
and fi+2 > f̄i + 3 · σi).

The 120-min background averages and the three-minute
averages used here were assumed to provide a reasonable com-
promise between time resolution and statistical uncertainty. We
note that the derived onset times we obtained following the pro-
cess described above are only a rough estimate for the actual
arrival time of the first electrons. The onset time found with the
routine strongly depends on the instrument response, pre-event
background, and pitch-angle coverage. In addition, gradual flux
increases result in systematically delayed onset times because
undetectable flux increases will raise the detection threshold.

3.2. Slope of the early flux increase

In order to describe how prompt a flux increase was after its
onset, we determined the slope of the flux increase around the
onset. We proceeded as follows. We determined the slope m =
(I+9 min − I−3 min)/12 min in a [−3min, +9min] interval around
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the onset. I−3 min and I+9 min are three-minute-averaged omni-
directional flux values observed three minutes before and nine
minutes after the onset time.

We note that there is no general prediction of how exactly
the flux increase develops around the onset. The increase rate
is most likely not constant over time, and the slope derived
in a 12-min-interval is therefore a somewhat arbitrary parame-
ter. However, for the presented sample of events, this interval
(3 min before the onset to 9 min after the onset) does not exceed
the rise phase of any of the events in our sample. For shorter
time intervals, the statistical uncertainties in the flux measure-
ments would significantly increase the uncertainty in the slope
parameter.

In this study, the estimated slope only serves as a simple
assessment of how prompt the flux increase was, regardless of
the observed peak flux.

3.3. Separation angle of the magnetic footpoints

For each event, we approximated the longitudinal separation
angle between the magnetic footpoints of the spacecraft. We
neglected the latitudinal separation of the magnetic footpoints
because all spacecraft were close to the ecliptic plane (helio-
graphic latitudes lower than ±5◦) in the time period of interest.
To determine the longitudinal magnetic footpoint separation
angle, we used the following procedure. (1) We determined
each spacecraft position at the time of the onset. (2) We deter-
mined the two-hour-averaged solar wind speed around the onset
time at each spacecraft. (3) We calculated the longitudinal back-
mapping angle β as β = ω� · rspacecraft/vsw, where rspacecraft, vsw
and ω� are the radial distance of the spacecraft, the solar wind
speed at the time of the onset, and the solar angular velocity for
a sidereal rotation period of 25.38 days, respectively. (4) We cal-
culated the longitudinal footpoint separation at the Sun ∆ΦFP as
the angle between the back-mapped longitudes ΦFP = Φ − β of
the two spacecraft, where Φ is the longitude of the spacecraft,
and β is the back-mapping angle.

We note that the separation angles were determined assum-
ing an ideal Parker field and that significant deviations from this
ideal scenario can occur, for example, due to the influence of
interplanetary structures and the complex structure of the coro-
nal magnetic field below the solar wind source surface.

3.4. Time of maximum and SEE peak flux

We determined the highest omni-directional (all-sector-
averaged) flux values observed during each event together with
the time when the maximum was reached. For this purpose, we
used the following procedure. (1) We calculated 15-min running
averages of the ∼55−80 keV electron flux. (2) We determined
the highest value of the 15-min-averaged flux in an interval of
[tonset, tonset + 300 min] after the SEE event onset. This value was
then defined as the peak flux. (3) We determined the time when
the highest 15-min-averaged flux was observed. This time was
then taken as the time of maximum. (4) We defined the time
between onset and time of maximum as the rise time.

By using 15-min-averages, we intended to reduce the statis-
tical uncertainties. A similar timescale for the determination of
peak intensities was used for example by Dresing et al. (2020).
The 300-min window used as a limit to determine the time of
maximum was introduced in order to prevent the method from
detecting subsequent events. The specific value of 300 min was
chosen after a visual inspection of the event sample. We note that
the observed omni-directional peak flux and time of maximum

depend on the exact pitch-angle coverage of the instrument. A
further discussion of this aspect is given in Sect. 4.

3.5. Maximum first-order anisotropy

We used the sector intensities observed by the different instru-
ments and the measurements of the local magnetic field vectors
to calculate the peak value of the first-order anisotropy for each
SEE event. We used the following procedure. (1) We calculated
one-minute-averaged magnetic field vectors and sector intensi-
ties for each spacecraft. (2) For the four-sector measurements
by STEREO-A/SEPT and Solar Orbiter/EPT, we estimated the
first-order anisotropy A1 using the following equation:

A1 = 3

4∑
i=1
δµi · µi · I(µi)

4∑
i=1
δµi · I(µi)

, (1)

where I(µi), µi, and δµi are the observed intensities of sector
i, the cosine of the pitch-angle of the central pointing axes of
sector i, and the range in µ-space covered by sector i, respec-
tively. Equation (1) was proposed by Brüdern et al. (2018) in
order to reliably determine the first-order anisotropy in case
of four-sector measurements. For Wind/3DP, we calculated the
first-order anisotropy for eight-sector measurements by the fol-
lowing equation:

A1 = 3

8∑
i=1
µi · I(µi)

8∑
i=1

I(µi)
, (2)

where I(µi) and µi are the observed intensities of sector i and
the pitch-angle of the inverted central pointing axes of sector
i, respectively. The first-order anisotropy for Wind was calcu-
lated without considering the actual pitch-angle coverage of the
individual sectors δµi because the exact coverage could not be
identified. (3) We calculated a three-minute moving average of
the first-order anisotropy and determined its highest value. This
value was then selected as the maximum first-order anisotropy.
We note that the maximum value of the anisotropy observed also
depends on the exact pitch-angle coverage of the instrument.
Again, this is further discussed in Sect. 4.

4. Analysis

We analysed the event parameters derived from the 25 near-
relativistic SEE events listed in Tables 1 and 2. For each SEE
event, the date of the observation is given in the first column, and
the next three columns of the tables list the spacecraft position
in Stonyhurst coordinates. The radial distance, R (1), is given in
astronomical units; the longitude, Φ (2), and latitude, Θ (3), are
given in degrees. The onset time, tonset (4), and the time at which
the peak flux was observed, tImax (6), are given with an approx-
imate uncertainty of ±3 min, which was estimated based on the
time averages used here. The peak flux, Imax (5), is given in units
of electrons per (cm2 sr s MeV). The solar wind speed, vsw (7),
at the time of the onset is given in km s−1. The maximum val-
ues of the first-order anisotropy, A1

max (8), are unitless. The slope
of the flux increase around the onset, m (9), is given in units of
electrons per (cm2 sr s2 MeV). The separation angle between the
magnetic footpoints at the Sun, ∆ΦFP (10), is given in degrees.
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Table 1. All selected SEE events with a small longitudinal separation between the magnetic footpoints of Solar Orbiter and STEREO-A.

Solar Orbiter EPT STEREO-A SEPT 3DP

Date R Φ Θ tonset Imax tImax vsw A1
max m R Φ Θ tonset Imax tImax vsw A1

max m ∆ΦFP Seen
au ◦ ◦ UT (b) UT km s−1 (c) au ◦ ◦ UT (b) UT km s−1 (c) ◦

(1) (2) (3) (4) (5) (6) (7) (8) (9) (1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11)

26 Sep. 21 0.61 −29.1 1.9 11:57 1.03E+03 12:48 363 . . . 3.74E−01 0.96 −39.9 6.8 12:27 4.79E+01 16:15 395 0.7 7.85E−03 7.2 y
27 Sep. 21 0.62 −27.8 2.0 11:54 1.75E+03 13:06 308 . . . 4.44E−01 0.96 −39.8 6.9 12:00 6.11E+02 13:12 375 −1.8 2.46E−02 1.4 y
28 Sep. 21 0.62 −26.8 2.0 06:54 1.57E+03 07:21 312 . . . 2.84E−01 0.96 −39.7 6.9 07:36 2.27E+02 08:27 357 −0.2 4.32E−02 3.1 y
9 Oct. 21 0.68 −14.8 2.3 06:42 2.53E+04 06:54 367 2.7 9.07E−01 0.96 −38.9 7.3 06:48 4.32E+04 07:45 388 1.6 6.55E−02 −8.9 n
16 Jan. 22 0.94 −16.1 −1.2 20:18 2.90E+02 20:42 524 (a) −0.6 5.66E−02 0.97 −34.8 −0.8 20:21 3.50E+02 20:51 461 −0.9 4.37E−02 −11.3 y
18 Jan. 22 0.93 −16.5 −1.4 17:54 1.76E+04 18:36 513 . . . 1.44E+00 0.97 −34.8 −1.1 18:00 1.26E+04 19:03 397 −0.2 1.43E−01 −3.1 y
20 Jan. 22 0.92 −16.9 −1.4 06:30 4.90E+04 09:36 495 −1.2 2.07E−01 0.97 −34.7 −1.3 06:21 1.10E+04 07:21 362 −0.9 1.14E−01 1.9 y
30 Jan. 22 0.86 −18.4 −2.0 23:42 3.90E+02 02:30 468 1.3 7.07E−02 0.97 −34.6 −2.5 23:48 2.16E+02 03:33 415 0.5 1.31E−02 −4.3 y
3 Feb. 22 0.83 −18.7 −2.3 21:27 6.05E+02 00:45 538 . . . 7.32E−02 0.97 −34.6 −3.1 21:00 8.64E+02 21:18 483 −1.3 4.07E−02 −4.6 n
10 Feb. 22 0.78 −18.4 −2.7 03:06 5.61E+01 06:30 565 −1.2 4.06E−02 0.97 −34.5 −3.8 03:30 1.15E+01 04:45 559 0.7 8.57E−03 −7.4 n
13 Feb. 22 0.75 −17.9 −2.9 03:21 3.22E+02 07:09 306 (a) −1 5.87E−02 0.97 −34.5 −4.2 04:36 1.38E+02 08:12 377 −0.4 7.20E−03 −13.7 n
5 Mar. 22 0.51 −2.3 −4.3 23:54 6.81E+03 00:00 423 −1.8 1.02E+00 0.97 −34.1 −6.1 00:15 7.42E+01 00:18 449 −1.8 9.11E−02 −8.8 n
7 Mar. 22 0.49 0.5 −4.3 15:09 3.83E+02 15:18 306 −0.8 1.93E−01 0.97 −34.0 −6.2 15:39 2.45E+01 17:00 354 −1.5 2.30E−02 −7.0 n
8 Mar. 22 0.49 1.6 −4.3 05:00 3.09E+02 05:27 293 −1.2 6.75E−02 0.97 −34.0 −6.3 05:30 2.83E+01 06:00 329 −1.4 1.58E−02 −4.1 n
10 Mar. 22 0.45 7.3 −4.3 20:45 4.72E+03 21:24 299 −2.8 4.84E−02 0.97 −33.9 −6.4 21:39 1.73E+02 00:51 309 −1.2 1.33E−02 −1.1 y
14 Mar. 22 0.41 18.0 −4.1 17:54 1.01E+03 21:42 385 −1.3 1.26E−01 0.97 −33.8 −6.7 18:33 2.24E+02 22:12 363 −0.4 3.22E−02 −12.2 n
18 Mar. 22 0.36 33.7 −3.4 22:09 1.80E+03 22:09 397 2.5 7.96E+00 0.97 −33.7 −6.9 22:42 1.25E+02 22:57 317 0.8 2.90E−02 −14.8 n

Notes. A description of the parameters is given in Sect. 3. (a)No solar wind data were available around the onset. (b)(cm2 sr s MeV)−1.
(c)(cm2 sr s2 MeV)−1.

Table 2. All SEE events with a small longitudinal separation between the magnetic footpoints of Solar Orbiter and Wind.

Solar Orbiter EPT Wind 3DP SEPT

Date R Φ Θ tonset Imax tImax vsw A1
max m R Φ Θ tonset Imax tImax vsw A1

max m ∆ΦFP Seen
au ◦ ◦ UT (b) UT km s−1 (c) au ◦ ◦ UT (b) UT km s−1 (b) ◦

(1) (2) (3) (4) (5) (6) (7) (8) (9) (1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11)

1 Nov. 21 0.83 −1.7 2.1 01:51 7.60E+04 02:54 355a −1.4 1.32E+00 0.99 0.0 4.4 02:42 6.38E+03 06:30 411 −0.5 2.42E−01 3.9 y
9 Nov. 21 0.88 0.0 1.9 17:21 1.79E+03 19:27 399 0.5 7.21E−02 0.99 0.0 3.5 17:18 2.60E+03 18:21 360 1.5 1.32E−01 13.3 y
4 Dec. 21 1.00 −2.2 1.0 07:54 3.69E+02 07:57 445 . . . 5.02E−01 0.99 0.0 0.5 07:54 2.89E+02 08:03 471 1.6 1.49E−01 −1.7 y
4 Dec. 21 1.00 −2.3 1.0 13:33 3.28E+03 13:39 406 2.6 3.02E+00 0.99 0.0 0.4 13:30 9.94E+03 13:51 451 1.7 1.26E+00 −4.8 y
5 Dec. 21 1.01 −2.7 0.9 19:48 5.50E+02 22:57 467 . . . 2.15E−01 0.99 0.0 0.3 19:48 5.15E+02 23:36 455 1 2.00E−01 3.1 n
6 Dec. 21 1.01 −2.9 0.9 05:54 1.48E+03 06:09 480 . . . 8.61E−01 0.99 0.0 0.2 05:54 2.69E+03 06:09 466 1.5 1.24E+00 3.3 y
1 Jan. 22 1.00 −11.7 −0.4 14:00 1.30E+02 14:00 576 1.4 2.78E−01 0.98 0.0 −3.1 13:57 6.93E+02 13:57 571 2.5 1.30E+00 11.6 n
16 Jan. 22 0.94 −16.1 −1.2 20:18 2.90E+02 20:42 524 (a) −0.6 5.66E−02 0.98 0.0 −4.7 20:54 7.52E+01 22:21 593 −0.4 3.67E−02 12.7 y
18 Jan. 22 0.93 −16.5 −1.4 17:54 1.76E+04 18:36 513 . . . 1.44E+00 0.98 0.0 −4.9 17:57 1.11E+04 20:00 594 −2.2 4.01E−01 12.6 y
13 Feb. 22 0.75 −17.9 −2.9 03:21 3.22E+02 07:09 306 (a) −1 5.87E−02 0.99 0.0 −6.7 02:27 1.03E+04 04:15 514 −2.3 8.43E−01 4.9 y
7 Mar. 22 0.49 0.5 −4.3 15:09 3.83E+02 15:18 306 −0.8 1.93E−01 0.99 0.0 −7.3 16:15 3.97E+01 18:30 454 −0.8 1.31E−02 13.5 y
21 Mar. 22 0.34 44.3 −2.7 05:39 8.56E+03 07:00 272 1.7 9.50E−01 1.00 0.0 −7.0 06:06 1.36E+03 06:33 316 2.1 1.97E−01 2.3 y

Notes. A description of the parameters is given in Sect. 3. (a)No solar wind data were available around the onset. (b)(cm2 sr s MeV)−1.
(c)(cm2 sr s2 MeV)−1.

The last Col. (11) indicates whether a significant flux increase
was observed at all three spacecraft.

If no value for the first-order anisotropy is given, the param-
eter could not be determined due to lack of magnetic field data.
For four SEE events, indicated with an (a) in the table, no solar
wind data were available from Solar Orbiter around the onset of
the event. In this case, we used the nearest observed solar wind
speed for the back-mapping. Figure 2 shows an example of the
determined event parameters and the corresponding observations
for the event observed on 2022 March 19.

In four SEE events, our selection criteria presented in Sect. 3
were satisfied by STEREO-A and Wind simultaneously, mean-
ing that all three spacecraft presented close nominal mag-
netic footpoint locations. For the 29 pairs of observation points
(Tables 1 and 2 together), we analysed the event parameters in
terms of their radial gradients. In particular, we determined the
gradient of the peak intensity, first-order anisotropy, slope of the
early flux increase, and rise time. Figure 3 shows a summary of
the event parameters vs. the radial distance for each spacecraft.

Following former studies such as Rodríguez-García et al.
(2023) and theoretical considerations (e.g., given by Vainio et al.
2007), we characterised the radial gradient of the omni-
directional peak intensity by the exponential index αI , given by

αI =
log (I1/I2)

log (R1/R2)
, (3)

where I1 and I2 are the peak intensities observed at the two
spacecraft, and R1 and R2 are the corresponding radial distances
of the spacecraft. For the other SEE event parameters, we deter-
mined the exponential indices in an analogous way, in order
to characterise the radial gradients of the first-order anisotropy
(αA), the slope of the early flux increase (αm), and the rise time
(αT). The exponential indices derived from the 25 SEE events
for the different parameters analysed here are listed in Tables 3
and 4.

Because of the various uncertainties in the event parameters
discussed in Sects. 3 and 5, small changes in event parameters
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Fig. 2. Time profiles used to determine the event parameters shown
for the event observed on 2022 March 18. From top to bottom:
near-relativistic electron fluxes observed by Solar Orbiter/EPT (helio-
centric distance of 0.36 AU at 22:09 UT on March 18), STEREO-
A/SEPT (heliocentric distance of 0.97 AU at 22:42 UT on March 18),
and Wind/3DP, the background-subtracted fluxes, and the first-order
anisotropy. The black lines and grey areas in the first two panels identify
the mean of the pre-event background and the ±3σ levels. The dotted
lines identify the onset times. The values in the fourth panel are the
15-min-averaged background-subtracted peak fluxes. The values in the
bottom panel are three-minute-averaged values of the maximum first-
order anisotropy.

over short radial distances cannot be resolved by our analy-
sis. Therefore, we restricted our further analysis to events for
which the radial distance between the spacecraft was greater than
0.1 au. The remaining events are still affected by the same uncer-
tainties, but the same errors ∆I1 and ∆I2 of the parameters I1
and I2 will yield a smaller error ∆αI of the gradient αI at larger
radial separations. Following the error propagation of Eq. (3) and
neglecting the errors of the spacecraft positions, the error of the
gradient is given by

∆αI =
∣∣∣∣ ∆I1

I1 log (R1/R2)

∣∣∣∣ +
∣∣∣∣ ∆I2

I2 log (R1/R2)

∣∣∣∣. (4)

Although no exact values for ∆I1 and ∆I2 could be deter-
mined here, Eq. (4) shows that the error ∆αI becomes increas-
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Fig. 3. Radial dependence of the peak intensity, maximum first-order
anisotropy, flux increase around the onset, and the time to maximum.
Observations made by Solar Orbiter/EPT, Wind/3DP, and STEREO-
A/SEPT are shown as blue circles, green triangles, and orange squares,
respectively. The solid lines connect observations of the same event.
The line colours correspond to the marker colours of the 1 au space-
craft. The dotted lines in the top panel show a dependence on I ∝ R−3.

ingly larger for decreasing radial separations as log(R1/R2)
approaches zero.

In 17 out of 25 SEE events, Solar Orbiter had a radial dis-
tance ≥0.1 au with respect to the other spacecraft. In 2 of these
17 events, STEREO-A and Wind satisfied our selection crite-
ria simultaneously. For the total of 19 pairs of observations,
we found 15 cases in which the peak intensity decreases with
increasing radial distance. In 8 out of 15 cases in which we were
able to determine the first-order anisotropy, the maximum value
of the anisotropy decreases with increasing radial distance. The
slope of the early flux increase decreases in 17 out of 19 cases,
and the rise time increases in 10 out of 19 cases.

In the SEE event on 2022 February 13, the gradients αI ,
αA1 , and αm determined between Solar Orbiter (R = 0.77 au)
and Wind (R = 0.99 au) contradict the corresponding gradients
derived for the same event between Solar Orbiter and STEREO-
A (R = 0.97 au). During the SEE event, Wind observed the high-
est fluxes and first-order anisotropy, followed by Solar Orbiter.
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The lowest fluxes and first-order anisotropy were observed by
STEREO-A. This SEE event is also one of the cases for which no
solar wind speed measurement was available for Solar Orbiter.
The footpoint separation was estimated with a solar wind speed
of 306 km s−1. The estimated longitudinal separation angles were
+4.9◦ between Solar Orbiter and Wind and −13.7◦ between
Solar Orbiter and STEREO-A.

An unambiguous identification of the solar source was not
possible for this event. However, one potential candidate is
the class C6.2 flare that appeared at the NOAA active region
AR12941 around 01:47 UT, located N29W38 as seen from
Earth. When we assume that this is the actual source, Wind
would have the closest longitudinal connection to the source,
followed by Solar Orbiter, while STEREO-A would have the
largest longitudinal separation to the source. In this constella-
tion, perpendicular transport might be the dominant process that
effects the SEE event parameter here. Even though we limited
our sample to events where the estimated footpoints were closely
spaced, the 2022 February 13 event indicates that the actual
source separation still plays a significant role. Further discus-
sion of the influence of the source separation can be found in
Rodríguez-García et al. (2023).

A clear identification of the source location for all events
considered here is beyond the scope of this study. For future
studies, a selection of events that are well connected to the source
might reduce the influence of longitudinal transport effects, and
radial dependences would likely become more prominent.

In addition to the four parameters discussed above, we also
compared the timing of the electron arrival at the different space-
craft. We performed this analysis with the full sample of events,
including events with dR < 0.1 au. Figure 4 shows the difference
in the onset times versus the heliocentric distance between the
spacecraft, together with estimates for the onset delays, assum-
ing that all particles travel along an ideal Parker spiral. For the
estimates, we assumed a solar wind speed of 250 km s−1 and
arbitrarily chosen pitch-angles from 0◦ to 89◦. These estimates
are intended to represent extreme cases for particularly long path
lengths along an ideal Parker spiral. We calculated the delay of
ideal propagating particles, T , by

T =
L

cosα
1
c

1√
1 − 1

(1+E/(m0c2))2

, (5)

where L is the Parker spiral length between Solar Orbiter and a
spacecraft located at 1 au, α is the pitch-angle, c is the speed of
light, m0 is the electron rest mass, and E is the kinetic energy.

For our sample, the majority of events show onset delays
that are significantly larger than the expected delays for particles
propagating along an ideal Parker spiral. Even when we assume
that all observed particles maintained an arbitrary pitch-angle
of 70◦, the observed onset delays are too long. In five events,
we found onset delays >40 min between the spacecraft. With a
relativistic speed of ∼0.52 au min−1 for 55 keV electrons, these
delays would correspond to path lengths >2 au. The exact cause
for the long onset delays cannot be determined with certainty
here.

A comparison of the ratio of the peak intensities at the dif-
ferent spacecraft with the onset delays in each event is shown
in Fig. 5. The clear correlation between these two quantities
might be an indication for the systematic errors introduced by
the procedure used to determine the onsets. The smaller the flux
increase, the longer the time the flux needs to emerge from the
pre-event background to become detectable. For the majority

Table 3. Exponential indices for the radial gradients in the event param-
eters observed by STEREO-A and Solar Orbiter.

STEREO-A – Solar Orbiter
Date ∆R/ au αI αA1 αm αT

26. Sep. 21 11:57 0.34 −6.95 . . . −8.75 3.39
27. Sep. 21 11:54 0.34 −2.42 . . . −6.64 0.00
28. Sep. 21 06:54 0.33 −4.49 . . . −4.38 1.48
9. Oct. 21 06:42 0.28 1.55 −1.52 −7.65 4.53
16. Jan. 22 20:18 0.02 7.55 16.04 −10.23 8.83
18. Jan. 22 17:54 0.03 −9.40 . . . −65.36 11.46
20. Jan. 22 06:30 0.04 −33.93 −6.53 −13.59 −25.70
30. Jan. 22 01:54 0.10 −5.32 −8.59 −15.19 2.63
3. Feb. 22 21:27 0.14 2.32 . . . −3.81 −15.56
10. Feb. 22 03:06 0.19 −7.24 −2.46 −7.09 −4.56
13. Feb. 22 04:48 0.22 −3.31 −3.58 −8.21 −0.21
5. Mar. 22 23:54 0.45 −7.15 0.00 −3.83 −1.10
7. Mar. 22 15:09 0.47 −4.08 0.93 −3.16 3.26
8. Mar. 22 05:06 0.48 −3.47 0.22 −2.11 0.15
10. Mar. 22 21:03 0.51 −4.35 −1.12 −1.70 2.10
14. Mar. 22 17:54 0.56 −1.73 −1.35 −1.57 −0.05
18. Mar. 22 22:10 0.61 −2.71 −1.16 −5.70 1.6

Table 4. Exponential indices for the radial gradients in the event param-
eters observed by Wind and Solar Orbiter.

Wind – Solar Orbiter
Date ∆R/ au αI αA1 αm αT

1. Nov. 21 01:51 0.17 −13.55 −5.63 −9.27 7.04
9. Nov. 21 17:21 0.11 3.23 9.57 5.27 −6.04
4. Dec. 21 07:54 −0.02 13.36 . . . 66.25 −60.06
4. Dec. 21 12:48 −0.02 −59.14 22.66 46.82 −66.80
5. Dec. 21 19:48 −0.02 3.14 . . . 3.42 −8.90
6. Dec. 21 05:54 −0.02 −27.46 . . . −16.67 0.00
1. Jan. 22 14:00 −0.01 −130.63 −45.31 −120.57 0.00
16. Jan. 22 20:18 0.04 −30.78 −9.26 −9.89 29.41
18. Jan. 22 17:54 0.05 −8.46 . . . −23.75 19.93
13. Feb. 22 04:48 0.24 12.55 3.01 9.64 −2.70
7. Mar. 22 15:09 0.50 −3.24 0.00 −3.85 3.88
21. Mar. 22 05:39 0.65 −1.72 0.20 −1.47 −1.03

of events, the outer spacecraft observed a significantly smaller
flux increase than the inner spacecraft. Therefore, the systematic
error in the onset detection at the outer spacecraft would often
be greater. Larger errors at the outer spacecraft directly translate
into an increased delay between the onsets that are detected at
the two spacecraft. A critical discussion of the use of the onset
determination method is given in the discussion.

5. Summary and discussion

We have analysed 25 near-relativistic electron events that were
observed by Solar Orbiter EPD/EPT in the time between the
fourth and fifth perihelion of Solar Orbiter. Our selection
included only events that were also observed by Wind/3DP or
STEREO-A/SEPT. We further limited the sample to events for
which the different spacecraft featured a similar magnetic con-
nection to the Sun, where the nominal magnetic footpoints of the
spacecraft were separated by less than 15 deg in longitude.

For the given event sample, we determined a set of SEE event
parameters using routines that are well established in the ener-
getic particle community. These parameters include the onset
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Fig. 4. Timing difference between the onsets observed by Solar Orbiter
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dotted line shows the ideal travel time for radially propagating 55 keV
electrons. The solid lines show the ideal travel time assuming the elec-
trons travel along a Parker spiral (vsw = 250 km s−1), with various con-
stant pitch-angles ranging from of 0◦ to 89◦.

time of the flux increase, the slope of the early flux increase, the
peak flux and time of maximum, and the maximum value of the
first-order anisotropy. Comparing the event parameters derived
for the same SEE event by different observers at different loca-
tions, we find a wide variability in the SEE parameters and their
corresponding gradients in radial direction.

A statistical evaluation of the SEE parameters with respect
to their radial dependences shows the following tendencies: In
15 out of 17 cases, the peak intensity decreases with increasing
radial distance. The maximum value of the first-order anisotropy
decreases in 8 out of 15 cases with increasing radial distance.
The slope of the early flux increase decreases in 17 out of 19
cases, and the rise time increases in 10 out of 19 cases with
increasing radial distance.

Comparing the relative onset times of electrons at the differ-
ent spacecraft, we again find a wide variability. For the majority
of events, the derived delays are significantly larger than esti-
mates based on ideal Parker spirals. The derived onset delays
also show a correlation with the ratio of the peak intensities
between the two spacecraft.

The long onset delays and the absence of clear radial depen-
dences in the first-order anisotropy and the rise time point to
limitations of the analysis methods. The rudimentary approaches
for determining event parameters chosen in this study are most
likely insufficient to accurately characterise the radial evolution
of SEE events.

For example, the assumption of an ideal Parker field is not
generally valid, and the complexity of the coronal magnetic field
was not considered here. The deviation of our estimates from
the real magnetic footpoints could be one crucial driver for the
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Fig. 5. Onset delay observed between Solar Orbiter and STEREO-
A (orange) and Solar Orbiter and Wind (green) vs. the ratio of the
observed peak fluxes.

large variability in the radial gradients we found. In addition,
all parameters used here are strongly dependent on the exact
instrument response. The sensitivity and background of the dif-
ferent instruments influence, for example, how fast a certain flux
increase can be detected (e.g., Laitinen et al. 2015). The differ-
ent instruments also have unique directional particle acceptances
that directly translate into different pitch-angle coverage and
pitch-angle responses. The observed peak intensity, the slope of
the early flux increase, and the observed anisotropy will depend
on these directional responses. For instance, an unfavourable
pitch-angle coverage, for which none of the EPT telescopes
looks along the magnetic field, could lead to the observation of
a low peak intensity and low anisotropy because the instrument
looked past an ambient particle beam.

The strong changes in the event parameters and the enor-
mous gradients (|α| > 10) observed in events where Solar Orbiter
had a small radial separation (∆R < 0.1 au) from the other
spacecraft are a finding that particularly requires discussion. For
spacecraft that supposedly have a similar magnetic connection to
the Sun and about the same radial distance, we expected minor
changes in the event parameters. In contradiction to this, we
find events with extremely large indices at these constellations in
our sample (e.g., the SEE events on 2022 January 20 and 2022
January 30). For these unexpected observations, we consider two
possible explanations here.

First, the instrumental differences mentioned above might
affect the results. In our study, we used sector-averaged fluxes as
an estimate for the pitch-angle-averaged (omni-directional) flux.
However, the sectors of EPT, SEPT, and 3DP usually cover dif-
ferent pitch-angle ranges. We note that in particular the sectors of
SEPT have a different pointing than the sectors of EPT because
the STEREO-A spacecraft was rolled during its solar superior
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conjunction (from January to August 2015). Furthermore, the
exact pitch-angle response will differ between the instruments.
Thus, the sector-averaged fluxes from the three instruments are
averages over different limited pitch-angle ranges with indi-
vidual weights. During anisotropic time periods, these dif-
ferent averages are not directly comparable (e.g., Fig. 6 by
Bruedern et al. 2022). The sector averages used in this study
can only be used as a rough estimate for the full 180◦ pitch-
angle-averaged flux. This limitation will not only affect peak
intensities, but also increase the times and the slope of the flux
increase observed around the onset. In addition, the maximum
anisotropy that can be observed will also depend on the exact
pitch-angle coverage of the instruments (e.g., Bruedern et al.
2022). The large differences in the event parameters between the
observations of Wind/3DP and Solar Orbiter/EPT observations
during Solar Orbiter EGAM (events around December 2021 to
January 2021) are another indication of the limited compara-
bility of the event parameters derived from the sector-averaged
(omni-directional) intensities. The differences in the individual
events are currently under investigation, and their interpreta-
tion is beyond the scope of this work. Detailed event studies
as well as a cross validation of the instrument calibrations will
be needed in order to understand and explain the observed dif-
ferences. A discussion of how sufficiently the inter-calibration
can affect the derived radial gradients of the peak intensity can
be found in Rodríguez-García et al. (2023). For all events with
significant anisotropies, a comparison of pitch-angle-dependent
intensities would clearly be more suitable. A detailed analy-
sis of the pitch-angle coverage and the pitch-angle response
of each instrument would most likely increase the precision of
our analysis. However, an analysis like this was beyond the
scope of this study, and the essential magnetic field data nec-
essary for a pitch-angle-dependent study were not available for
several events.

Second, the interplanetary context is a possible explanation
for some differences. For events for which two spacecraft are
located in flux tubes that are similarly situated but different, any
differences in the event parameters might be observed despite the
small spacecraft separation. An example for this type of observa-
tion was reported by Klassen et al. (2016) and was further anal-
ysed by Pacheco et al. (2017).

Further studies are needed to take all these effects into
account. In particular, simulations of the individual events that
take into account the exact instrument responses would help to
separate the instrumental influence and the actual influence of
the involved transport processes on the observations. The ben-
efits of this approach are for example shown in Agueda et al.
(2008).

For the long onset delays found in this study, we consider the
following three possible explanations.

First, the actual path lengths might be significantly longer
than those estimated by a Parker spiral. This might be the case
if the magnetic footpoints are subject to strong meandering, for
example (e.g., Laitinen & Dalla 2019). In this case, the estimated
magnetic footpoints would also be affected because the intrinsic
assumption of an ideal Parker field would not be fulfilled.

Second, if the electrons are subject to substantial scattering
between the observers, a longer onset delay might be expected.
If almost none of the electrons propagate scatter free, there is no
meaningful definition of a path length.

Third, the method for determining the onsets has well-known
limitations (see e.g., Saiz et al. 2005; Laitinen et al. 2015). For
small and/or gradual flux increases, the procedure often yields
times that are significantly delayed with respect to the arrival

time of the first particles, and high pre-event backgrounds will
lead to even longer delays. The correlation of the onset delay
with the ratio of the peak fluxes shown in Fig. 5 is an indication
for such a systematic uncertainty.

The limitations of the onset determination method we used
mean that it is highly questionable whether this simple method
is sufficient to resolve timing differences of several minutes. For
further analysis, we suggest an evaluation of the pitch-angle
dependent fluxes to determine the onset times, as well as a
detailed comparison of the detection thresholds of the different
instruments.

In conclusion, this study presents a series of near-relativistic
electron events and shows the wide event-to-event variability in
the radial dependence of commonly used SEE event parameters.
As a possible explanation for the wide variability, we specifi-
cally pointed out the limitations of the parameters and described
the potential shortcomings in the methods we used to derive
these parameters. For future studies of the radial evolution of
SEE events, we recommend to consider pitch-angle dependent
fluxes in order to overcome some of the critical problems with
the parameters we used here.
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