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ABSTRACT

The first orbit of Solar Orbiter provided comprehensive measurements of six corotating interaction regions (CIRs) within 1 au. Five
of these CIRs were also observed by ACE at 1 au, allowing for comparisons of the suprathermal ion intensities and spectra at different
radial distances. Only subtle modulations of the 4He spectral slopes are observed between Solar Orbiter and ACE. Additionally, the
radial gradients of 226−320 keV/nuc 4He ion intensities between Solar Orbiter and ACE are similar to that of 1.53 MeV H reported
by Van Hollebeke et al. (1978, J. Geophys. Res., 83, A10). These observations provide a new addition to the study of the radial
dependence of CIR-associated suprathermal ions in the inner heliosphere.
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1. Introduction

Corotating interaction regions (CIRs) occur along the bound-
ary where high-speed streams, emanating from coronal holes,
interact with preceding slower solar wind. These persistent,
large-scale structures are often associated with energetic parti-
cles that are accelerated by shocks and typically located beyond
1 au (Richardson 2004, and references therein); however, recent
studies suggest that additional acceleration could be a result of
compressive acceleration along the CIR interface prior to the
formation of shocks at the CIR boundaries (e.g., Chotoo et al.
2000; Giacalone et al. 2002; Chen et al. 2015). While the parti-
cles are associated with the CIR structures, the associated par-
ticle enhancements are not necessarily colocated with the bulk
structure, but may lie on magnetic field lines that are connected
to the region along the structure that is accelerating the ions.
As a result, CIR-associated particle enhancements can often be
observed up to several days following the passage of a CIR
(Balogh et al. 1999; Richardson 2018, and references therein).

Radial gradients in the intensity of CIR-associated energetic
particles have been reported in the past (e.g., Kunow et al. 1977;
Van Hollebeke et al. 1978; Christon 1981). Van Hollebeke et al.
(1978) examined energetic particle acceleration and trans-
port by comparing CIR-associated energetic (0.96−2.2 MeV)
proton peak intensities observed by Helios 1 and 2 (0.3 to 1 au),

Interplanetary Monitoring Platform (IMP) 7 (1 au), Pioneer 11
(3.8 au), and Pioneer 10 (9 to 10 au) during the declining phase
of solar cycle 20 (events spanning from mid-1973 to mid-1976).
These comparisons revealed that, from 0.3 to 3 au, the peak
intensity of energetic protons increases with increasing helio-
centric distance before decreasing out to 10 au. This finding,
along with observations of sunward streaming ions, suggests par-
ticle acceleration beyond 1 au (Richardson 2004, and references
therein). While the events presented by Van Hollebeke et al.
(1978) are well ordered in radial distance, additional events are
required to further investigate the spatial and temporal varia-
tions of CIR-associated suprathermal and energetic particles. For
example, reoccurring observations of the same CIR can have
drastically different suprathermal ion fluxes (e.g., Allen et al.
2021), and the relative abundance of suprathermal ions asso-
ciated with CIRs are known to have a solar cycle variation
(e.g., Mason et al. 2008, 2012; Allen et al. 2019). The addition
of Solar Orbiter to the current heliospheric fleet of observatories
allows for additional conjunctive observations to expand upon
the studies of CIR-associated suprathermal ion populations.

Initial observations by Parker Solar Probe (PSP) of inner
heliospheric CIRs and CIR-associated energetic ions have
recently been reported (e.g., McComas et al. 2019; Allen et al.
2020a,c, 2021; Cohen et al. 2020; Desai et al. 2020; Joyce et al.
2020, 2021). One such finding is that the CIR-associated
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Fig. 1. Overview of 226−320 keV/nuc Solar Orbiter-SIS and ACE-ULEIS observations from 2020 April 15 until 2020 Sept. 15. The ULEIS
observations are time-shifted to the SIS observation times as described in the text. The six observed CIR-associated particle events are indicated
by the orange-shaded regions, and the four SEP events during this time frame are marked by the gray boxes.

particle spectra observed by PSP (e.g., Joyce et al. 2021;
Schwadron et al. 2021; Allen et al. 2021) display little to no
modulation with radial distance, which is consistent with ear-
lier observations (e.g., Christon 1981). This is in conflict with
the model developed by Fisk & Lee (1980), which predicts that
the higher-energy portion of the of the spectra will soften as
the particles move into the inner heliosphere, while the lower-
energy spectra will harden and eventually roll over. To better
explain the absence of this feature in the PSP-observed spec-
tra, Schwadron et al. (2021) demonstrated that sub-Parker spiral
field configurations may allow for more direct access of the CIR-
associated ions into the inner heliosphere, lessening the transport
effects predicted by Fisk & Lee (1980). Sub-Parker spiral field
lines are a result of the motion of magnetic footpoints across
the coronal hole boundary, leading to a more radial, or less
wound, field line topology than the normal Parker spiral (e.g.,
Murphy et al. 2002; Schwadron 2002; Schwadron & McComas
2005; Schwadron et al. 2021). Additional observations, partic-
ularly those within 1 au for comparison, are needed to further
investigate the energization and transport effects of CIR-
associated ions. Such observations, provided by the recently
launched Solar Orbiter mission, are the focus of this Letter.

2. Missions and datasets

The Solar Orbiter mission (Müller et al. 2020) was launched in
February 2020 to better understand the physical processes occur-
ring on the Sun and in interplanetary space. The first perihe-
lion of Solar Orbiter reached a heliocentric distance of 0.52 au
on 15 June 2020. Measurements of suprathermal and energetic
solar wind particles on Solar Orbiter are made by the Energetic
Particle Detector (EPD) suite (Rodríguez-Pacheco et al. 2020).

This study incorporates observations from the Suprathermal Ion
Spectrograph (SIS), part of the EPD suite, which measures the
suprathermal ion composition of H through Fe ions in the energy
range 0.1−10 MeV/nuc. The SIS, a time-of-flight-based instru-
ment with a solid-state detector at the end of the flight path,
consists of two identical telescopes that look roughly along the
Parker spiral toward and away from the sun. The telescope count
rates are combined into a single product for this analysis, which
is appropriate due to the typically low anisotropy of CIR events.
After SIS had 2 months to outgas, the high voltage was raised
and operations began in April 2020.

To allow for investigations of the radial evolution of the
ions, we used observations taken by the Ultra-Low Energy
Isotope Spectrometer (ULEIS, Mason et al. 1998) on board
the Advanced Composition Explorer (ACE, Stone et al. 1998)
spacecraft, which launched in 1997 and has since been orbiting
the sunward Sun-Earth Lagrange point L1, at roughly 1 au. The
design of ULEIS is similar to SIS, with ULEIS measuring He to
Ni ions with energies between 45 keV/nuc and a few MeV/nuc.
However, due to the low ULEIS detection efficiency for H, only
4He ions observed by ULEIS are presented here. Future inves-
tigations will include more detailed composition comparisons
between ULEIS and SIS.

3. Results

An overview of 226−320 keV/nuc ions (H, 4He, C, and O)
observed from 2020 April 15 through 2020 September 15 by
SIS are shown in Fig. 1a. During this time frame, six CIR-
associated suprathermal particle events were seen (orange time
periods) along with four solar energetic particle (SEP) events
(gray time periods). The SEP events are discussed in more detail
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Fig. 2. Ion spectra for H, 4He, C, and O from SIS and 4He from ULEIS with energies less than 1.5 MeV/nuc for the CIR-associated events.
CIR-associated event 6 did not have a conjugate ULEIS observation.

in Mason et al. (2021) and Gómez-Herrero et al. (2021). To bet-
ter compare the CIR-associated events (henceforth referred to
as numbered “CIR events”) from SIS and ULEIS, estimated
time lags were computed between ACE and Solar Orbiter. To

compute these lags, the Parker spiral footpoints for each space-
craft were computed in Carrington longitudes for each data point
assuming 300 km s−1 solar wind, consistent with observations
at ACE during this time period. Applying a fixed corotation
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Table 1. CIR-associated energetic particle event properties.

Event 1 2 3 4 5 6

Solar Start time (a) 23 Apr. (114) 1 May (122) 19 May (140) 3 Jun. (155) 1 Jul. (183) 29 Aug. (242)
Orbiter 10:00 (e) 20:00 04:00 20:00 11:00 02:00
SIS End time (a) 24 Apr. (115) 7 May (128) 21 May (142) 9 Jun. (161) 7 Jul. (189) 30 Aug. (243)

21:00 03:00 16:00 10:00 19:00 19:00
Distance (au) (b) 0.78 0.73 0.62 0.54 0.56 0.89

H spectral index (c) −3.5 −3.6 −2.9 −2.8 −3.1 −3.6
4He spectral index (c) −4.1 −4.2 −3.5 −3.9 −3.5 −5.1

ACE Start time (a) 21 Apr. (112) 3 May (124) 21 May (142) 1 Jun. (153) 30 Jun. (182) − (d)

ULEIS 07:00 00:00 15:00 19:00 19:00
End time (a) 24 Apr. (115) 4 May (125) 22 May (143) 8 Jun. (129) 1 Jul. (183) − (d)

12:00 22:00 12:00 00:00 20:00
4He spectral index (c) −3.9 −4.9 −3.2 −4.1 -4.0 − (d)

Notes. (a)Year: 2020, with day of year in parentheses. (b)Solar Orbiter heliocentric distance (au). (c)In energy, over the energy range 0.2−1 MeV/nuc.
(d)No corresponding ULEIS observation. (e)Start time for event 1 was impacted by the SIS high-voltage ramp-up.

speed (14.7◦ day−1), the differences in these longitudes were
used to estimate the time between observations at ACE and
Solar Orbiter. While the true corotation speed of CIRs has been
observed to have some variation (Allen et al. 2020b), varying the
corotation speed did not significantly affect this shift. This time-
shift was used to adjust the ACE-ULEIS observations into the
time frame of Solar Orbiter (Fig. 1b) and varied from 0 days at
CIR event 1 to 5 days for CIR event 5. Comparing solar wind
properties at L1 (not shown), CIR events 1 and 3 are associated
with the same CIR structure, while CIR events 2, 4, 5, and 6 are
associated with a separate CIR structure. As shown in Fig. 1,
CIR events 1−5 are all observed by both SIS and ULEIS. In
addition to being located adjacent to a CIR structure identified by
ACE, the events also display normal features of a CIR-associated
particle event (e.g., dispersionless flat-topped enhancement last-
ing &1 day, corresponding observations between SIS and ULEIS
when factoring in corotation, expected ion composition, and low
anisotropy between the two SIS telescopes). The SIS sensor was
undergoing high-voltage ramp-up procedures for initial turn-on
during the first CIR event, and so there are only SIS observations
for the end of the event, limiting robust comparisons to ACE.
The small enhancement on 17 July may be associated with a
CIR; however, the proximity to the SEP events limits the ability
to cleanly analyze the event. CIR event 6 was not observed by
ULEIS, possibly due to it being the weakest of the CIR events
observed by Solar Orbiter or due to differences in latitude.

Figure 2 illustrates average ion spectra for each event using
the start and stop times listed in Table 1. Slopes of computed
power-law-in-energy fits for 0.2−1 MeV/nuc H and 4He ions are
also given in Table 1. For comparison, the ACE-ULEIS 4He
spectra are shown alongside the SIS spectra, with power-law fits,
computed the same way as those for SIS, listed in Table 1. Com-
paring the 4He spectra from ACE and Solar Orbiter, the spec-
tral slopes show general agreement. The much lower intensities
observed by SIS compared to ULEIS (Fig. 2 and Table 1) sug-
gests only low amounts of energy-dependent modulation due to
transport processes (i.e., the spectral hardening of lower-energy
ions as predicted by Fisk & Lee 1980 is not observed). The abun-
dance and spectral slopes of C and O ions at Solar Orbiter are
similar to each other, consistent with prior observations of CIR-
associated suprathermal ions at 1 au (e.g., Mason et al. 2008).
For each species, the spectra are very similar between all of the
events. The spectral power-law exponents of the H and 4He ions

ACE 2000 March 22 CIR, 1.0 au
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This work,
2020 May 1 CIR
Solar minimum
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Fig. 3. 4He spectra for event 2 shown with a representative CIR event at
ACE in 2000.

(Fig. 2 and Table 1) are very similar, with the H spectrum always
slightly harder than that for 4He, similar to previous observations
(e.g., Richardson et al. 1993; Kunow et al. 1977). While the CIR
event 1 comparison to ACE is similar to the other events, care
must be taken when interpreting this event as the SIS instrument
became operational during the event.

As seen in Fig. 2, the CIR-associated particle enhance-
ments observed by SIS have very low intensities, with spectra
falling below detectability around 1 MeV/nuc. By comparison,
Mason et al. (2008) surveyed 41 CIRs observed by ACE at 1 au
between 1998 and 2007, with peak 4He intensities ranging from
∼20 to 3000 times larger than those observed at ACE in Fig. 1.
Figure 3 compares the 4He spectra for CIR 2 at Solar Orbiter
and ACE with a CIR observed by ACE on 22 March 2000, a
representative event reported in Mason et al. (2008). Not only is
the 22 March 2000 CIR observed at ACE much more intense
than the SIS-observed CIR, but the spectrum below 1 MeV/nuc
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(1978) (blue, 0.9−2.2 MeV H). The
dashed line is included as a visual guide
for comparing data points in the inner
heliosphere.

is also harder than that observed in the CIR 2 event of this Let-
ter. The CIR-associated energetic particle events observed by
both ACE and Solar Orbiter in this study have spectral slopes
similar to those of particles at energies beyond the few MeV/nuc
knee in the spectra for more intense CIR events (Richardson
2004, and references therein). There are several possibilities that
could explain these differences. During 2020, the solar wind
speed observed on ACE was low, below 300 km s−1 during low-
speed streams, and only increased to 400−500 km s−1 during the
high-speed streams associated with CIRs 2−5 in Fig. 1. If the
CIRs observed by ACE and Solar Orbiter are created by local
compressions, the low speeds might be the cause of the lower
intensity. There is also the possibility that differences in the
suprathermal ion pool between solar active and solar minimum
periods affect the seed population and thereby the accelerated
particles observed in the CIRs (e.g., Chotoo et al. 2000;
Desai et al. 2006; Mason et al. 2012; Allen et al. 2019).

To better investigate how the abundance of 4He varies as a
function of radial distance, a six-hour average around the peak
intensity was taken for events 2−5 for SIS and ULEIS. Event 1
was not included in this analysis due to ambiguity of whether
or not SIS would have observed the peak intensity due to its
high-voltage turn-on. Event 6 was excluded due to the lack of
a conjugate observation at ACE. The resulting SIS 4He inten-
sities, normalized to 1 au by dividing the SIS intensities by the
ULEIS intensities, are shown in Fig. 4 (red points) as a function
of radial distance. The blue points in Fig. 4 are the normalized
0.9 to 2.2 MeV H intensities from Van Hollebeke et al. (1978),
and the dashed line is included as a visual guide for this com-
parison. Despite having different energies and comprising heavy
ions, the radial gradients in the 4He intensities between SIS and
ULEIS are very similar to those found for more energetic H
between Helios 1 and 2 and IMP 7, although at slightly lower
relative intensities. This is particularly curious as H and 4He ions
have different rigidities, which should lead to different transport
properties. More observations are needed to better determine if
the normalized 4He ion intensities are generally lower than the

normalized energetic H, particularly given the fact that these are
different species and energies and are from different solar cycles.

4. Discussion and conclusions

Six CIR-associated suprathermal ion enhancements within 1 au
were observed during the first orbit of Solar Orbiter. Five of
these events have corresponding observations at ACE, allowing
for an initial investigation of the radial evolution of associated
suprathermal ions. These suprathermal ions show only subtle
variations in the 4He spectral slopes compared to observations
at 1 au, consistent with recent PSP observations that inves-
tigated transport effects on inner heliospheric CIR-associated
particle spectra (Joyce et al. 2021; Allen et al. 2021). Addition-
ally, the particle spectral slopes are similar to previous obser-
vations (e.g., Richardson et al. 1993; Kunow et al. 1977), and,
as previously observed at 1 au (Richardson 2018, and references
therein), the SIS-observed C and O ion spectra are very simi-
lar to one another. Comparing the ratio of 226−320 keV/nuc 4He
ion intensities from SIS at 0.5 au normalized to those observed
at 1 au by ULEIS (Fig. 4), the relative intensity is seen to
scale with heliocentric distance very similarly to the 0.9 to
2.2 MeV H intensities reported by Van Hollebeke et al. (1978)
and Christon & Simpson (1979), despite being different species,
having different energies, and occurring at different solar cycle
phases. Future observations of additional CIRs at various helio-
centric distances, along with other species observed by both SIS
and ULEIS, will allow for a more in-depth study of potential
mass or mass-per-charge effects on ion transport and scatter-
ing in the inner heliosphere. Finally, longer-term investigations
between ACE and Solar Orbiter, as well as comparisons to pre-
vious Ulysses observations, may also provide insight into lati-
tudinal variations of the suprathermal ion intensities associated
with CIRs when Solar Orbiter leaves the ecliptic plane.
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