
1.  Introduction
Energetic particles with high energies could cause significant damages to both ground and space human activities 
(e.g., Malandraki & Crosby, 2018), therefore it is important to investigate the source, acceleration, transport and 
evolution of energetic particles in the interplanetary space (e.g., Desai & Giacalone, 2016; Mewaldt et al., 2012; 
Richardson, 2004). The energetic particle enhancements related to stream interaction regions (SIRs), namely 
the SIR events, have been studied for decades (e.g., Crooker et al., 1999; Mason et al., 1999; Richardson, 2004). 
Currently, the SIR events continually attract attention as the Parker Solar Probe and Solar Orbiter observed many 
SIR events in the inner heliosphere (Cohen et al., 2020; Desai et al., 2020; Joyce et al., 2020, 2021; McComas 
et al., 2019; Schwadron et al., 2021).

In general, SIR is formed when the trailing faster solar wind overtakes the preceding slower solar wind in inter-
planetary space (Jian et al., 2006; Richardson, 2018). If the SIRs are quasi-steady and recurrent structures, then 
this kind of compression regions is frequently referred as co-rotating interaction regions (CIRs, e.g., Belcher 
& Davis, 1971; Crooker et al., 1999; Huang, Liu, Klecker, & Chen, 2016; Huang, Liu, Qi, et al., 2016). The 
boundaries of SIRs could sometimes evolve into a pair of forward-reverse shock at several AU from the Sun 
(Crooker et al., 1999; Jian et al., 2006). Observational, theoretical and numerical studies suggest that SIRs could 
profoundly accelerate the energetic particles and also change their transport processes (e.g., Fisk & Lee, 1980; 
Reames, 1999; Richardson, 2004; Wu et al., 2014; Zhao et al., 2016). Most of these works relate the accelerated 
energetic particles to the reverse and/or forward shocks via the first order Fermi acceleration mechanism, and 
indicate the shocks are able to accelerate particles to several MeV nuc −1, but the reverse shock is more often asso-
ciated with energetic particle enhancements than forward shock (Fisk & Lee, 1980; Giacalone & Jokipii, 1997; 
Li, 2017; Richardson, 2004; Zhao et al., 2016). Furthermore, the compression regions without shocks are also 
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•	 �Significant directional anisotropies 
are observed in this SIR event, which 
is uncommon to see in previous SIR 
events
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capable of accelerating particles to about 10 MeV nuc −1 with a process similar to the diffusive shock acceler-
ation (Lee et al., 2012; Sokolov et al., 2006), and a local magnetic mirror could be a particle source for SIR 
events (Chotoo et al., 2000; Giacalone et al., 2002; Joyce et al., 2021; Kocharov et al., 2003; Wei et al., 2019). 
Richardson (2004) summarize that the SIRs/CIRs can accelerate the ions to about 20 MeV nuc −1 by shocks or 
non-shock associated mechanisms, whereas Mason et al. (2008) indicate the heavy-ion spectra could extend up to 
about 30 MeV nuc −1. Additionally, the transport processes, including magnetic focusing or mirroring, diffusion 
processes, convection with solar wind, and adiabatic cooling, could also remarkably change the observational 
properties of energetic particles (e.g., Kocharov et al., 2009; Mason et al., 2012; Qin et al., 2006; Ruffolo, 1995; 
Wang et al., 2012; Zhang et al., 2009).

The energy spectra of energetic particles provide rich information regarding the processes responsible for their 
origin, acceleration, and transport (Mason et al., 1999; Richardson, 2004). The energy spectra associated with 
SIR events could be power-law or exponential forms, which are significantly different from those of typical solar 
energetic particle (SEP) events (Mewaldt et al., 2012; Richardson, 2004; Tylka et al., 2005). Fisk and Lee (1980) 
developed a model to predict the energy spectra of energetic particles associated with SIR events at 1 AU by 
combining the shock acceleration and the particle transport effect, resulting in softer spectrum at high energies 
than that at low energies and a spectrum turnover at low energies when the acceleration location is far from the 
observer. Some observations matched well with the model predictions, but mismatched observations were also 
found (Richardson, 2004). Chotoo et al. (2000) compared the spectra of two CIR events at energies from 0.52 keV 
nuc −1 to 5 MeV nuc −1 at 1 AU. They found the suprathermal ions between 10 keV nuc −1 and 500 keV nuc −1 
peaked in intensity inside CIRs were associated with local accelerations, and the MeV nuc −1 intensities peaked 
outside the CIRs in the fast solar wind, but no turnover of spectra is observed at intermediate energies. They 
further concluded from the smooth transitions of ions distribution functions that the particles throughout this 
range should be accelerated by a single process rather than separate processes for suprathermal and MeV nuc −1 
particles. Moreover, current observations from the Parker Solar Probe also show flat rather than rollover spectrum 
of low energy particles in the inner heliosphere, due to the pre-shock accelerations or sub-Parker structure of the 
magnetic field (Desai et al., 2020; Joyce et al., 2021; Schwadron et al., 2021). Additionally, both the theory and 
observations suggest that the anisotropies of particle intensities associated with SIR events are weak, due to the 
scattering and mirroring of the sunward propagating energetic particles (Joyce et al., 2021; Richardson, 2004).

In this work, we investigate an SIR event that appears at the decay phase of a gradual SEP event. This SIR has fine 
structures including one stream interface (SI) and a forward-reverse shock pair, which can directly modify the ion 
intensities. We find three outstanding features of this SIR event: (a) the ion intensity enhancements could approach 
up to about 35 MeV nuc −1, (b) the spectra imply two populations of the energetic ions at low and high energies, 
and (c) the spectra show significant directional anisotropies. Accordingly, our analysis suggests: (a) the SIR may 
further accelerate the lower energy ions from the gradual SEP event to higher energies, (b) two different acceler-
ation mechanisms work to accelerate the low and high energy ions, respectively, and (c) transport effect and other 
factors play a role in modifying the ion intensities along different directions and thus result in the spectral aniso-
tropies. In Section 2, we introduce the data used in this work, and then present the observations of the SIR event 
and the fine structures of the SIR. In Section 3, we investigate the energy spectral differences and study the spectra 
variations during this SIR event. Discussion and summary are given in Section 4 and Section 5, respectively.

2.  Data and Observations
2.1.  Data

The Solar TErrestrial RElations Observatory (STEREO) spacecraft were launched on 2006, with STEREO A 
leading and STEREO B trailing the Earth, and both spacecraft orbit around the Sun at a radial distance of approx-
imately 1 AU. The longitudinal separation between STEREO A and STEREO B increases at approximately 
44°–45° per year when viewing from the Sun (Kaiser et al., 2008). The SIR event we investigate in this work 
was observed on 31 March 2011, when both spacecraft left the Earth for about 90° in longitudinal separation and 
they separated from each other for about 175.9°, indicating this event is unlikely to be observed simultaneously 
by multiple spacecraft.

The data used in this study are from the Plasma and Suprathermal Ion Composition (PLASTIC) experiment 
(Galvin et al., 2008) and the In-Situ Measurements of Particles and CME Transients (IMPACT) suite (Luhmann 
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et  al.,  2008). The solar wind plasma data, including bulk speed, solar wind proton temperature and number 
density, are obtained from the PLASTIC. The Magnetic Field Experiment (MAG) instrument (Acuna et al., 2008) 
and the Solar Wind Electron Analyzer (Sauvaud et al., 2008) onboard the IMPACT provide the magnetic field 
data and the suprathermal electron pitch angle distributions (PADs), respectively. The cadences of these data 
used in this work are 1-min. The energetic particles, including electrons, protons and minor ions, are collected 
by several different sensors of the IMPACT. The High Energy Telescope (HET, Von Rosenvinge et al., 2008) 
detects the protons from 13 to 100 MeV nuc −1. The Low Energy Telescope (LET, Mewaldt et al., 2008) measures 
the protons over the range from about 1.8 to about 15 MeV nuc −1. The Suprathermal Ion Telescope (SIT, Mason 
et al., 2008) provides data for protons between about 0.32 and about 3.6 MeV nuc −1. The Solar Electron and 
Proton Telescope (SEPT, Müller-Mellin et al., 2008) records the ions from 70 to 7,000 keV nuc −1. Since SEPT 
is not capable of elemental resolution, other species also contribute to the ion channels. In this work, we note 
the protons contribute predominantly to the SEPT measurements of this SIR event. Thus, in the following, we 
use “ion” to accurately describe the energetic particle, but we exactly mean ”proton” measurements for the HET, 
LET and SIT observations. In addition, the SEPT and LET give measurements in different pitch angles. The 
time resolution of the energetic ions data used in this work is 10-min, except the cadence of HET data is 15-min.

2.2.  Observations

Figure 1 shows an overview of the SIR event. The top panel (A) illustrates the differential fluxes of energetic ions 
observed by the sunward telescope of the SEPT, indicating the SIR event as marked by the shaded region was 
preceded by a gradual SEP event, which has been well studied by several works (Mewaldt et al., 2013; Ng, 2014; 
Park et al., 2013; Richardson et al., 2014; Rouillard et al., 2012). During this SIR event, the sunward telescope 
of SEPT looks to the sunward direction that detects the anti-sunward streaming ions, whereas the anti-sunward 
telescope measures the sunward streaming ions from the anti-sunward direction. In order to avoid confusion, we 
hereafter use the sunward and anti-sunward streaming ions to represent the ions observed by the anti-sunward and 
sunward telescopes of the SEPT, respectively.

In this work, we focus on the SIR event in the decay phase of the gradual SEP event, and the associated ener-
getic ion enhancements are observed between 06:06 UT on March 30 and 12:37 UT on March 31. Furthermore, 
the effects of background and preceding event are predicted in different energy channels, as shown by the three 
dashed lines in panel (A). For the calculations, we choose the ion intensities in each energy channel between 
March 27 and March 30 to fit their decay trends with an exponential function, and we then extend the fittings to 
the SIR and beyond regions from March 30 to April 2 as the expected intensities of the background and preceding 
event. The comparisons also suggest the ion intensities in the SIR region are much higher than the predictions, 
and the ion intensities in the leading and trailing SIR regions also slightly increase as compared with predictions, 
implying the ions are accelerated around the SIR. Panels (B) to (H) present the details of this SIR event. Panel 
(B) exhibits the solar wind proton number density variations of the SIR. Panels (C) to (G) show the ion intensi-
ties at different energies with measurements obtained from the HET, LET, SIT, the sunward and anti-sunward 
telescopes of the SEPT, respectively. The bottom panel indicates the intensity anisotropies of anti-sunward to 
sunward streaming ions. The shaded regions in this figure mark the SIR, with the gold vertical lines showing the 
boundaries, which are forward shock (FS) and reverse shock (RS). The vertical black line suggests the position 
of the SI at 16:10 UT on March 30. The blue and red vertical dashed lines mark four boundaries of the interested 
regions that we will discuss later.

The fine structures of the SIR are presented in Figure 2. From top to bottom, the panels show the suprathermal 
electron PADs at energy of 246.8 eV, the magnetic field components in RTN coordinates, the azimuthal angle 
ϕB, the solar wind proton number density Np, bulk speed Vp, proton temperature Tp, East-West flow angle, and 
the specific entropy argument 𝐴𝐴 𝐴𝐴 = 𝑇𝑇𝑝𝑝∕𝑁𝑁

2∕3
𝑝𝑝  . The shaded region and the vertical lines have the same meanings as 

those in Figure 1. We can see the magnetic field strength |B|, the Np, Vp, and Tp all show a jump at the boundaries 
of the shaded region, with the jumps at the trailing side are slightly more significant than that at the leading side, 
implying this is a forward-reverse shock pair with the forward shock at 06:06 UT on March 30 and the reverse 
shock at 12:37 UT on March 31. In general, the SI is identified by several signatures (Crooker et al., 1999), 
including the standard criteria (decreasing Np, increasing Tp, and a flow shear), the compositional characteristics 
(increasing alpha to proton abundance, decreasing freezing-in temperatures and first-ionization-potential elemen-
tal abundance ratios, and onset of alpha-proton differential speed), and some additional criteria (peak in total 
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Figure 1.  Overview of the SIR event. Panel (a) shows the ion intensities in three energy bands measured by the sunward telescope of SEPT instrument between 2011 
March 20–2011 April 3. The shaded region indicates the stream interaction region (SIR). The three dashed lines exhibit the expected intensities in the SIR and beyond. 
Panel (b) shows the solar wind proton number density. From panel (c) to panel (g), the ion intensities measured by the HET, LET, SIT, the sunward and anti-sunward 
telescopes of SEPT are presented, respectively, and the unit of the differential fluxes is cm −2 sr −1 s −1 MeV −1. The bottom panel (h) presents the intensity anisotropies 
of the ions observed by the sunward and the anti-sunward telescopes of SEPT. The shaded regions mark the SIR, with the gold vertical lines showing the boundaries, 
which are forward shock (FS) and reverse shock (RS). The black vertical line indicates the stream interface (SI). The blue (23:06 UT on March 29 and 08:02 UT on 
March 31) and red (09:40 UT on March 30 and 19:37 UT on March 31) vertical dashed lines mark four boundaries of the targeted regions, see details in the text. The 
colors in panels (c) to (g) indicate the ion intensities, and the colors in the last panel mean the ratios of the sunward to the anti-sunward intensities.
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pressure, magnetic field discontinuity). Based on these requirements, the SI of this SIR is located at 16:10 UT 
on March 30 as indicated by the black vertical line, when the proton density decreases, the proton temperature 
increases, and a significant East-West velocity shear appears at the crossing. We note that this SIR and the reverse 
shock are listed in two online catalogs (Jian et al., 2013), but the forward shock is not included. In addition, we 
find that there were no eruptions based on the remote-sensing observations or large interplanetary structures 
based on the in-situ observations during this energetic ion enhancements, indicating that the compression region 
is solely responsible to the ion enhancements.

Moreover, several characteristics of this SIR event are indicated by Figure 1:

1.	 �The intensity enhancements of energetic ions could extend to energies up to about 35 MeV nuc −1. Previous 
studies found the SIRs/CIRs could accelerate ions to several MeV nuc −1 in the mid-distance heliosphere 
near the solar minimum (Balogh et al., 1999; Gómez-Herrero et al., 2010) and up to about 20 MeV nuc −1 
as summarized by Richardson (2004), and the heavy-ions spectra could extend up to about 30 MeV nuc −1 
(Mason et al., 2008). However, the HET observations in panel (C) demonstrate evidential proton enhance-
ments to nearly 35 MeV nuc −1, which is about two times of the previous observations (Richardson, 2004), 
implying the SIR is capable of accelerating the protons to higher energies. Furthermore, we also find several 
SIR events with similar plasma properties to our SIR but without a preceding SEP event, and we find the 
ion enhancements in these SIR events are similar to previous results that the ions cannot exceed energies 

Figure 2.  Overview of the SIR structure. From top to bottom, the panels show the suprathermal electron pitch angle 
distributions at energy of 246.8 eV, the magnetic field components in RTN coordinates, the azimuthal angle ϕB, the solar 
wind proton number density Np, bulk speed Vp, proton temperature Tp, East-West flow angle, and the specific entropy 
argument S. The colors in panel (A) represent the phase space density of electrons, and the unit is kg −3 s 3 m −6. The shaded 
region and the vertical lines have the same meanings as those in Figure 1.
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of 20 MeV nuc −1. Thus, the preceding gradual SEP event in our SIR event implies that the SEP event may 
provide seed ions for further acceleration by the SIRs. However, other factors may also contribute, which may 
need to combine the models and the observations to investigate the contributions of different factors. We also 
note that the ion intensities around the SI are slightly different (also refer to Figure A1), and the asymmetry as 
shown in panels (C) to (H) is caused by the SI due to it is a tangential discontinuity that separate two different 
solar wind regimes, which could prevent the free transport of energetic ions(Richardson, 2004).

2.	 �The energetic ions in the SIR event have two populations. Panels (F) and (G) indicate the ion intensities at 
energies higher than about 300 keV nuc −1 are somewhat similar in both sunward and anti-sunward directions, 
and their distributions between the red lines are comparable to the higher energy ions detected by the HET, 
LET and SIT telescopes as shown in panels (C) to (E), with all the intensities peaking at around the SI (also 
refer to Figure A1). This suggests the ions at relatively higher energies observed by the SEPT have similar 
characteristics with that observed by the HET, LET and SIT. Furthermore, after the SI, the anti-sunward 
streaming ions at relatively lower energies (<300 keV nuc −1) are widely enhanced from the SI to beyond the 
reverse shock, whereas the sunward streaming ions are predominately increased in limited regions around 
the reverse shock. However, the intensities of lower energy ions in both directions peak at the reverse shock 
(also see panels (F) and (G) in Figure A1), implying the lower energetic ions (<300 keV nuc −1) are different 
from the higher energy ones. Therefore, the energetic ions in this SIR event have two populations, with one 
population peaking in intensity around the SI while the other one peaking at the RS.

3.	 �Panel (H) indicates remarkable anisotropies of ion intensities between the anti-sunward and sunward stream-
ing ions. The anti-sunward streaming ions are much higher than the sunward streaming ones at relatively 
higher energies (>300 keV nuc −1) before the SI, but these ions are dominant at relatively lower energies 
(<300 keV nuc −1) after the SI. In other regions, the anisotropies of ion intensities are much weaker. The 
similar feature is also captured by the LET, which provides measurements in 16 sectored looking directions 
at high energy channel (HI, 6–10 MeV), low energy channel (LO, 4–6 MeV), and very low energy channel 
(VLO, 1.8–3.6  MeV), respectively, as shown in the supplementary Figure  A2 and the description in the 
appendix. Therefore, the large directional anisotropies in the SIR event is distinct. We will try to discuss the 
contributions of the SIR fine structures and the related transport effects and/or acceleration mechanisms in 
following sections.

3.  Energy Spectral Variations
In this section, we will discuss the energy spectral variations of the energetic ions outside and inside the SIR.

In order to study the spectral variations, we choose several regions for further comparisons. As shown in Figure 1, 
region (1) is from the blue line to the leading edge of the SIR, which indicates the ion performance before the SIR 
event. The region trailing the SIR until the trailing blue line is marked as region (6). Regions (3) and (4) indicate 
the regions before and after the SI, respectively, and they are selected to be consistent with the enhancements 
of the ion intensities at energies between 1 and 3 MeV observed by SEPT and SIT. The leading edge of the SIR 
to  the leading red line is region (2), while region (5) is from the trailing red line to the trailing edge of the SIR, 
and the high energy ions are not significantly increased in these two regions as compared with that in regions (3) 
and (4). The durations of regions (1) and (6) are selected to be comparable to the regions identified inside the 
SIR,  and we use the averaged ion intensity in each region to remove the influence of different durations of the 
selected regions. In this following, we analyze the spectral variations of the energetic ions in details.

3.1.  Spectra Outside the SIR

At the beginning, we would like to discuss the spectral signatures outside the SIR. Figure 3 shows the ion average 
intensity with measurement uncertainty as a function of energy in regions (1) (black squares) and (6) (red filled 
squares). Panels (A) and (B) present the same observations from both the LET and the HET, but show the ion 
measurements of anti-sunward and sunward streaming ions from the sunward and anti-sunward telescopes of 
SEPT, respectively. Here, we use the unsectored proton intensities from LET, because the sectored LET obser-
vations only include three energy channels, which is not good enough to fit the energy spectra as compared with 
the unsectored proton intensities in 12 energy channels. In addition, the SIT observations are not used because its 
energy range is overlapped by SEPT (lower energy) and LET (higher energy). When calculating the averaged ion 
intensities, we have removed the background and pre-event effects with the method stated above. The first two 
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channels of SEPT are excluded as suggested by SEPT Caveats (http://stereo.ssl.berkeley.edu/SEPT_Caveat.pdf), 
and the negative or unavailable values are removed from the figures.

Furthermore, we fit the spectra in both regions either with a simple power-law function (j = j0E −γ) or a power-law 
with an exponential rollover function (i.e., Ellison-Ramaty function (Ellison & Ramaty, 1985)) in the form of 
j  =  j0E −γEXP(−E/E0), where j is the ion average intensity at energy E, j0 is the normalization constant, γ is 
the power-law spectral index, and E0 is the e-folding energy (Desai et al., 2020; Jones & Ellison, 1991; Joyce 
et  al.,  2021). We do the power-law fittings with LINFIT function of IDL, and we perform the later form of 
fittings by minimizing the χ 2 value with the implementation of a nonlinear least-squares Levenberg-Marquardt 
technique in the MPFITFUN module for IDL (Markwardt, 2009). We also perform the fittings in the four regions 
inside the SIR. The fitting methods, the parameters, and the reduced-χ 2 𝐴𝐴

(

𝜒𝜒2

𝜈𝜈

)

 are given in Table 1. In regions 
(1) and (3), the spectrum in each region is fitted with the Ellison-Ramaty function. In regions (2) and (4)–(6), 
the spectrum in each region is fitted in two parts that divided by a separation energy, due to the power-law 
signature of the spectrum at low energies. Thus, the spectrum is fitted with the power-law function at low ener-
gies, whereas the Ellison-Ramaty function is used at high energies. Additionally, we also use the generalized 
pan-spectrum formula (Liu et al., 2020), which incorporates the power-law, Ellison-Ramaty, Kappa, Maxwellian, 
and logarithmic-parabola functions to self-consistently determine the spectral features of energy particles, to fit 
the energy spectra of our event. We find our results match well with that derived by pan-spectrum technique when 
the single power-law or Ellison-Ramaty function is determined as we do. But pan-spectrum technique also deter-
mines other functions as the best fittings, which is not reasonable in the same event but reflects the complications 
of energy spectral variations. Thus, we focus on our fittings in the following analysis.

From Figure 3, it is clear to see the energy spectra show significant differences before and after the SIR event. 
As shown in Figure 3a, the spectrum in region (1) is well fitted by the Ellison-Ramaty function. However, the 
spectrum in region (6) is divided into two parts with the energy that separates at about 0.8 MeV nuc −1. In general, 
the break energies are determined by the acceleration mechanism, and the spectral indices below the break energy 
are also related to the accelerations (Joyce et al., 2021; Richardson, 2004). Therefore, the well fitted power-law 
function below 0.8  MeV nuc −1 implies that these ions should be accelerated by the reverse shock, which is 

Figure 3.  The energy spectra variations outside the SIR event. The two figures present the ion average intensity as a function 
of energy with the measurements from the SEPT, LET and HET. The measurements from the sunward and anti-sunward 
telescope of SEPT are used in Panel (a) and Panel (b), respectively. The energy spectra in regions (1) and (6) are illustrated 
with black and red colors, respectively, with the fittings overlapped. The measurement uncertainties are also added. The 
fitting methods and parameters are presented in Table 1. The two vertical dashed lines indicate the energies at 0.3 MeV nuc −1 
and 0.8 MeV nuc −1, respectively. The horizontal black bars at the bottom mark the available energy bands of the SEPT, LET 
and HET. The background and pre-event intensities are subtracted in the calculations of ion average intensities.

http://stereo.ssl.berkeley.edu/SEPT_Caveat.pdf
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consistent with the results that the reverse shock of SIRs could accelerate sub-MeV ions (Fisk & Lee, 1980; 
Li, 2017; Zhao et al., 2016). Figure 3b shows similar results of the sunward streaming ions, except that the spec-
trum above the separation energy is scattering due to low intensities. As shown in Table 1, the γ in both directions 
are very similar in region (1) (1.38 ± 0.05 vs. 1.07 ± 0.05) and in region (6) below 0.8 MeV nuc −1 (3.82 ± 0.03 
vs. 4.06 ± 0.11). In general, when fitting the energy spectra with a power-law function at 1 AU, the γ indices are 
about 4.0 above 1.0 MeV nuc −1 and about 2.0 below 1.0 MeV nuc −1 in SIR/CIR events (e.g., Cohen et al., 2020; 
Richardson, 2004). Thus, the larger γ of the spectra below 0.8 MeV nuc −1 in region (6) reflects this reverse shock 
is less efficient to accelerate these ions, but the inefficiency could be balanced as the ions from the gradual SEP 
event may act as a role of seed ions for further accelerations and these ions already have some energies.

3.2.  Spectra Inside the SIR

Figure 4 shows the energy spectra in the four regions (as shown by the legend) inside the SIR. Similar to Figure 3, 
Figure 4a and Figure 4b exhibit anti-sunward and sunward streaming ions measured by SEPT, respectively. The 
black triangles, light blue triangles, red circles and blue circles represent the energy spectra with measurement 
uncertainties in region (2) to region (5). We can also see the energy spectra extend to about 35 MeV nuc −1, and 
they show remarkable changes in different energies, different directions, and also different regions of the SIR.

From Figure 4, we can see the spectra in regions (2) and (5) are much different from those in regions (3) and (4). 
At the beginning, we would like to investigate the spectra in regions (2) and (5). In both regions, the spectra are 
well fitted in two parts with the energy separates at about 0.8 MeV nuc −1, as shown by the figure and Table 1. 
Above 0.8 MeV nuc −1, the γ is similar between region (2) and (5) in the same direction. However, due to the 
high energy ions above 0.8 MeV nuc −1 are not significantly increased in the two regions and the fitting results 
are predominantly deviated by the several scattering data points near the separation energy, we will focus on the 
low energy ions. Below 0.8 MeV nuc −1, the γ in both directions are comparable in region (2) (1.58 ± 0.06 vs. 
1.87 ± 0.35) and in region (5) (4.02 ± 0.07 vs. 3.29 ± 0.11). The γ further indicates that the ions are less effi-
ciently accelerated in region (5) than that in region (2), but the ion average intensities are more profound in region 
(5) than that in region (2). Moreover, the two-part fitting in region (2) also implies the forward shock works to 
accelerate ions at low energies, though this signature is not outstanding in Figure 1. As introduced above, previ-
ous results suggest that the reverse shock is more often associated with ion enhancements (Richardson, 2004), 
because the reverse shock could be more efficient at accelerating pickup ions than forward shock (Giacalone 

Regions

Sunward Telescope of SEPT Anti-Sunward Telescope of SEPT

j0 γ E0 𝐴𝐴 𝐴𝐴2

𝜈𝜈   j0 γ E0 𝐴𝐴 𝐴𝐴2

𝜈𝜈  

(1) 0.66 ± 0.05 1.38 ± 0.05 4.71 ± 0.59 0.65 0.22 ± 0.02 1.07 ± 0.05 6.15 ± 1.01 2.09

(2) (<0.8 MeV) 0.46 ± 1.09 1.58 ± 0.06 N/A 0.09 0.04 ± 1.77 1.87 ± 0.35 N/A 2.76

(2) (>0.8 MeV) 0.89 ± 0.06 0.70 ± 0.08 5.26 ± 0.26 2.59 0.36 ± 0.03 0.11 ± 0.08 4.37 ± 0.19 3.90

(3) (>0.8 MeV) 3.05 × 10 1 ±2.30 1.91 ± 0.07 8.13 ± 0.39 1.03 9.89 ± 0.73 1.29 ± 0.07 6.62 ± 0.27 0.69

(4) (<0.3 MeV) 0.09 ± 1.13 4.21 ± 0.07 N/A 0.01

(4) (>0.3 MeV) 8.24 ± 0.38 1.00 ± 0.04 4.56 ± 0.13 1.98 8.31 ± 0.37 1.12 ± 0.05 4.89 ± 0.15 1.28

(5) (<0.8 MeV) 0.34 ± 1.11 4.02 ± 0.07 N/A 0.13 0.07 ± 1.18 3.29 ± 0.11 N/A 0.35

(5) (>0.8 MeV) 1.27 ± 0.10 0.76 ± 0.14 3.00 ± 0.23 1.43 0.54 ± 0.04 −0.02 ± 0.14 2.40 ± 0.15 1.49

(6) (<0.8 MeV) 0.16 ± 1.04 3.82 ± 0.03 N/A 0.02 0.03 ± 1.19 4.06 ± 0.11 N/A 0.37

(6) (>0.8 MeV) 0.40 ± 0.03 0.76 ± 0.20 4.37 ± 1.00 0.69 0.10 ± 0.02 −0.77 ± 0.39 2.26 ± 0.40 0.50

Note. In regions (1) and (3), the spectrum in each region is fitted with a power-law with an exponential rollover function (i.e., Ellison-Ramaty function) in the form of 
j = j0E −γEXP(−E/E0), where j is the ion average intensity at energy E, j0 is the normalization constant, γ is the power-law spectral index, and E0 is the e-folding energy. 
In regions (2) and (4)–(6), the spectrum in each region is fitted in two parts, with the separation energy presenting in the bracket. In the high energy band, the fitting 
function is the same to that assembled in regions (1) and (3). In the low energy band, the spectrum is fitted with a simple power-law function j = j0E −γ, thus the e-folding 
energy E0 in the exponential rollover function is not available in these fittings. In region (4), the energy spectrum of the ions from anti-sunward direction does not show 
a simple power-law in low energy band (<0.3 MeV nuc −1), thus no fitting is available.

Table 1 
Fitting Parameters for the Spectra of Energetic Ions in the Six Regions
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& Jokipii,  1997; Gómez-Herrero et  al.,  2009). However, in this event, the less efficient accelerations of the 
reverse shock may be a result of the smaller Alfvénic Mach number of reverse shock as discussed in Section 4.1, 
whereas the more profound intensity enhancements in region (5) could be caused by the better connection with 
the observer for the reverse shock and the longer duration of region (5). We also note the fittings below 0.8 MeV 
nuc −1 are very close in region (5) and region (6) in both directions, indicating the low energy ions in both regions 
should from the same source, that is, the reverse shock. If we fit the spectra under 0.8 MeV nuc −1 in region (1) 
with power-law function, the γ would be 1.41 ± 0.03 (j0 = 0.61 ± 1.06, 𝐴𝐴 𝐴𝐴2

𝜈𝜈 = 0.04 ) for anti-sunward streaming 
ions and 1.13 ± 0.11 (j0 = 0.22 ± 1.18, 𝐴𝐴 𝐴𝐴2

𝜈𝜈 = 0.34 ) for sunward streaming ions, respectively. The results are also 
very similar to that in region (2), implying the low energy ions in regions (1) and (2) could be accelerated by the 
forward shock.

The spectra around the SI show much different characteristics. First, the spectra indicate turnover signature at 
low energies. Except the spectrum of anti-sunward streaming ions in region (4) as shown in Figure 4a, the spec-
tra in regions (3) and (4) exhibit clear turnover signature even though the data points are somewhat scattering 
at low energies. Second, the steepened spectrum of the anti-sunward streaming ions in region (4) at low ener-
gies (<0.3 MeV nuc −1) should be caused by the reverse shock. This is evidential because the power-law index 
(4.21 ± 0.07) is close to that in regions (5) and (6) as shown in Table 1, and these ions decrease from the reverse 
shock to the SI as shown in panel (F) of Figure 1 and Figure A1, indicating the perpendicular diffusion of the 
low energy ions between the SI and the reverse shock (Dwyer et al., 1997; Intriligator et al., 2001). The spectra in 
region (3) do not steepen because the forward shock may not be capable of accelerating substantial ions, and the 
ions accelerated by the reverse shock could not cross the SI, which is more prominent to prevent low energy ions 
due to their small gyro-radius. Third, the spectral anisotropies are profound between sunward and anti-sunward 
directions. The anti-sunward streaming ion intensities are much higher than the sunward streaming ion intensi-
ties at energies above 0.3 MeV nuc −1 in region (3) and at energies below 0.3 MeV nuc −1 in regions (4) and (5). 
Besides, the sunward streaming ions under 0.3 MeV nuc −1 cannot penetrate into the region (4), which is much 
different from the anti-sunward streaming ions in the same region. We will be discuss the spectral directional 
anisotropies in the following section.

Figure 4.  The energy spectra variations inside the SIR event, with similar format to Figure 3. The different colored symbols 
indicate the ion average intensities with measurement uncertainties in different regions inside the SIR, as suggested by the 
legend.
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4.  Discussion
4.1.  Two Acceleration Mechanisms

The two populations of low and high energy ions in the SIR event indicate they are accelerated by different mech-
anisms. As stated above, the low energy ions below 0.8 MeV nuc −1 are locally accelerated by the forward-reverse 
shock pair. However, the high energy ions should be accelerated by non-shock associated mechanisms.

In general, the ion enhancements in SIR events have several different distributions (e.g., Richardson, 2004, and 
references therein): (a) the ions distribute around the shock locally, which indicates typical shock accelerations; 
(b) the ion enhancement peaks at the shock and decreases to the SI, which implies shock accelerations together 
with perpendicular diffusion of the ions; (c) the ions increase locally around the SI, which suggests non-shock 
associated accelerations. Additionally, the SIRs/CIRs without shocks can also accelerate ions via a process simi-
lar to the diffusive shock acceleration and/or transport processes such as magnetic focusing effect, which could 
lead to ion enhancements inside the whole compression regions (Giacalone et al., 2002; Kocharov et al., 2003; 
Wei et al., 2019).

From Figure 1 and Figure A1, we can see the high energy ions distribute primarily in regions (3) and (4), and the 
ion intensities nearly peak at the SI. Consequently, if the ions around the SI are accelerated by the remote shocks 
as suggested by Fisk and Lee (1980), then the ion enhancements should peak at around the shock and decrease 
from the boundary to the SI through perpendicular diffusion (Dwyer et al., 1997; Intriligator et al., 2001). But the 
ion enhancements in regions (3) and (4) both peak at the SI and decrease reversely from the SI to the boundaries. 
This implies that these ions are accelerated through non-shock associated mechanisms. But the actual mecha-
nisms are not clear, it could be one or a combination of several acceleration mechanisms including the statistical 
acceleration (Schwadron et al., 1996), compressions through a process similar to the diffusive shock acceleration 
(Chotoo et al., 2000; Giacalone et al., 2002; Kocharov et al., 2003), and other non-shock accelerations.

We note the high energy ion intensities in regions (2) and (5) are remarkably reduced in comparison with that in 
regions (3) and (4), which could be caused by two reasons. On one hand, this could be a natural consequence of 
the decayed intensities from the SI to the SIR boundaries. As shown in Figures 3 and Figure 4, we can see the 
reduced high energy ions in these regions are still more profound than that outside the SIR in regions (1) and (6). 
On the other hand, the magnetic focusing effect may contribute. As suggested by the simulation results of Wei 
et al. (2019), the magnetic focusing effect could modify the ion intensities in compression regions. The ions are 
trapped by the compression region and are reflected back and forth by mirror points that close to the Sun and that 
at large heliocentric distances. However, the magnetic focusing is effective when the reciprocal value of magnetic 
focusing length 𝐴𝐴

(

𝐿𝐿−1
𝐵𝐵

)

 is small. But the magnetic focusing length LB is not uniformly changing in the compression 
region, and the LB at the edges is usually too small to reflect the ions effectively. Therefore, the predominant ion 
enhancements are in the center of the compression regions.

In addition, we discuss the possible acceleration mechanisms of the forward-reverse shock pair. According to 
the theories, the first-order Fermi acceleration (FFA) predicts power-law index γ ∼ (r + 2)/(2r − 2) based on 
the spectrum of ion differential intensity versus energy j ∼ E −γ (Drury, 1983; Lee et al., 2012), where r is the 
density compression ratio. Yang et al. (2019) find the protons between 0.2 and 1 MeV are mostly accelerated via 
shock drift acceleration (SDA) at both quasi-parallel and quasi-perpendicular shocks. Moreover, the FFA and 
SDA can work together under the theory of diffusive shock acceleration (DSA) (Desai & Giacalone, 2016; Lee 
et al., 2012; Schure et al., 2012; Yang et al., 2019; Zank et al., 2015). For the forward shock, we find the shock 
normal is [−0.966, −0.188, −0.178], shock speed Vsh is 319.7 km/s, the angle between the shock's normal and 
upstream magnetic field θBn is 64.97°, magnetosonic Mach number Ms is 17.70, Alfvénic Mach number MA is 
11.63, the density compression ratio rNp is 2.04, and magnetic compression ratio rB is 1.70. For the reverse shock, 
the shock normal is [−0.722, −0.632, −0.281], Vsh is 269.7 km/s, θBn is 16.21°, Ms is 5.89, MA is 5.52, rNp is 2.04, 
and rB is 1.99. Therefore, this forward shock is a quasi-perpendicular shock with high MA, whereas this reverse 
shock is a quasi-parallel shock with the same density compression ratio as the forward shock. For the forward 
quasi-perpendicular shock, γ is predicted to be 3.89 by FFA. But the fitted power law indices in regions (1) and (2) 
is between 1.07 and 1.87, which are not consistent with the prediction. In addition, Gómez-Herrero et al. (2009) 
investigate the CIR-accelerated ions observed by STEREO SEPT through 13 Carrington rotations, they find the 
spectral indices are typically near 2.7 and the spectrum shows a progressive flattening at lower energies, with 
the spectrum index being 2.02 ± 0.03 for ions between 220 and 876 keV, but the exact acceleration mechanisms 
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are  still not well known. Thus, the spectra index of this event is very close 
to the typical index of CIR/SIR events, but the flatter index indicates other 
mechanisms, for example, the SDA and DSA, may involve with the accelera-
tion processes at the forward shock. For the reverse quasi-parallel shock, the 
predicted γ are the same to that for the forward shock as they have the same 
rNp. Since the fitted power law indices in regions (4) to (6) are around 4, they 
match pretty well with FFA prediction, which is also consistent with the fact 
that FFA is thought to be more efficient under parallel/quasi-parallel shock 
geometries. Consequently, the ions are accelerated by FFA at the reverse 
shock. As a result, we suggest the ions are accelerated by FFA mechanism at 
reverse shock, but the SDA along with other mechanisms may contribute to 
acceleration processes at the forward shock.

4.2.  Spectral Anisotropies

The SIR events usually show weak directional anisotropic spectra (Joyce 
et  al.,  2021; Richardson,  2004; Richardson,  2018). In this SIR event, the 
spectra in regions (1), (2) and (6) are similar in both directions, but signif-
icant spectral anisotropies are observed mainly in regions (3) to (5). As 
summarized in Section 2.2 and Section 3, the anti-sunward streaming ions 
dominate at energies above 0.3 MeV nuc −1 in region (3) before the SI but 
dominate at energies below 0.3 MeV nuc −1 in regions (4) and (5) after the SI, 
and the sunward streaming ions under 0.3 MeV nuc −1 cannot transport into 
region (4). We suppose the spectral anisotropies between the sunward and 
anti-sunward streaming ions may be caused by several reasons.

First, the directional spectral anisotropies at energies below 0.3 MeV nuc −1 
in regions (4) and (5) could be a result of the magnetic connection with the 
shock and the transport effects. As analyzed above, the low energy ions are 
accelerated by the reverse shock. Therefore, magnetic connections between 

the observer and the shock could significantly change the ions distribution. Figure 5 presents a sketch of the SIR 
event in this work. The solid lines represent the magnetic field lines, the bold dashed lines show the fine structures 
of the SIR, and the dashed line with arrow indicates the spacecraft (S/C) trajectory with the six regions marked 
approximately. The estimated position (∼3 AU) of the gradual SEP event is also marked, which also indicates the 
seed ions from the gradual SEP event could contribute to the SIR event through the magnetic field connections. 
As shown by red and blue lines in the sketch, the magnetic field lines may connect the observer with the shock 
on the sunward parts, then the predominant anti-sunward streaming ions are expected in regions (4) and (5). The 
magnetic connections between the shock and the observer could be a reason of the weak directional anisotropies 
in other regions. Another explanation of the anisotropy could be the transport effects. As described above, the 
ions are reflected forward and backward in the SIR by the mirror points that are close to the Sun and that at large 
heliocentric distances (Giacalone et al., 2002; Kocharov et al., 2003; Wei et al., 2019). When the low energy ions 
propagate to the mirror points at large radial distances, they may be randomly scattered away, and some of the 
reflected low energy ions may not be able to reach the observer due to adiabatic deceleration if the mirror points 
are sufficiently far from the observer (Fisk & Lee, 1980). Thus, the sunward streaming ions could be heavily 
reduced in these regions.

Second, the sunward streaming ions under 0.3  MeV nuc −1 could not transport into region (4) may relate to 
the magnetic turbulence around the reverse shock. In general, we should see both anti-sunward and sunward 
streaming ions around the reverse shock, and the accelerated ions should decrease from the shock to farther 
places. Therefore, it is anticipated to see similar sunward streaming low energy ions as that of the anti-sunward 
streaming ones in region (4), even though they could be heavily reduced due to the decayed intensities from the 
shock to the SI, the magnetic connections, and the mirroring effect as analyzed above. But the flat spectrum of 
the sunward streaming ions indicates that these ions are constrained in a limited region around the shock. We 
note that the first-order Fermi acceleration at the reverse shock also relies on the magnetic turbulence to scatter 
ions back and forth across the shock (Zank et al., 2015). Thus, if there is no enough turbulence to scatter the ions 

Figure 5.  The sketch of the SIR. The solid lines indicate the magnetic field 
lines, and the dashed line with bold arrow represents the spacecraft (S/C) 
trajectory. The three bold dashed lines suggest the forward shock, stream 
interface, and reverse shock, respectively. The red and blue colors mark the six 
regions of this SIR event. The estimated position of the gradual SEP event is 
also marked.
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back to the shock front, or the turbulence is weak to trap the ions that leads the insufficiently accelerated ions 
decrease strongly with distance from the shock, then the sunward streaming ions may only appear in a limited 
region around the shock and could not transport far away from the shock front. However, we note that the decayed 
intensities from the shock to the SI, the magnetic connections, and the mirroring effect may work together with 
the turbulence to regulate the sunward streaming ions.

Third, the dominant anti-sunward streaming ions above 0.3 MeV nuc −1 in regions (3) implies extra local acceler-
ations of ions possibly by an intervening small flux rope. The left figure in Figure 6 presents the zoom-in figure 
of the region (3) with the panels same to that in Figures 1 and Figure 2. Panel (G) in this figure suggests the 
anti-sunward streaming ions are further enhanced as compared with the sunward streaming ones, implying the 
anti-sunward streaming ions could be further accelerated. However, they are unlikely to be accelerated remotely. 
If so, it is expected to see the anisotropies of the ions above 0.3 MeV nuc −1 in both region (3) and region (4), 
because the ions in both regions are accelerated through similar processes from the above analysis. But these ions 
are nearly isotropic in region (4). Therefore, the anti-sunward streaming ions in region (3) should be further modi-
fied locally. In addition, studies suggest that the local ion accelerations may relate to turbulence and local struc-
tures such as the small flux rope and heliospheric current sheet (Le Roux et al., 2015; Zank et al., 2015; Zharkova 
& Khabarova, 2012). A current study of Zhao et al. (2019) indicates that the turbulence, heliospheric current 
sheet, and small flux ropes at 5 AU are favorable for extra ion accelerations in local position. In Figure 6, the 
shaded region indicates a small flux rope structure that characterized by the smooth rotations of magnetic compo-
nents and the azimuthal angle ϕB, the enhanced magnetic field strength, and the decreased proton temperature. 
We also note this small flux rope has been listed as a small transient in Yu et al. (2016). The right figure shows 
the results of the Lundquist fitting (Huang et al., 2017; Huang et al., 2018; Lundquist, 1950; Wang et al., 2015) 
of this SFR with the χ 2 = 0.81, suggesting this is a general good small flux rope. Inside the small flux rope, there 
is a magnetic discontinuity at around 13:10 UT on March 30, where the ϕB and the magnetic components all 
show a large change. We suppose the enhanced anti-sunward streaming ions in region (3) may be attributed to 
the accelerations of this small flux rope and/or the turbulence and possibly other local small structures. Besides, 
Gómez-Herrero et al. (2009) have studied the velocity dispersion in CIR events at low energies observed by the 
SEPT, they indicate the latitudinal separation and temporal evolution may lead to a dispersion in such events. This 
also support our conclusion that there is local temporal evolution of the SIR event as we can see weak velocity 
dispersion in region (3). A thorough investigation of local structures on the anisotropies in SIR events is valuable 
for a future work.

Figure 6.  The small flux rope in region (3). The left figure shows the STEREO-A observations. From top to bottom, the panels show the suprathermal electrons pitch 
angle distributions, the magnetic field components, the azimuthal angle, the proton temperature, the intensities of anti-sunward and sunward streaming ions, and the 
intensity anisotropies between the two directions. The red and black lines mark the region (3) as that in Figure 1 and Figure 2. The shaded region marks a small flux 
rope. The right figure shows the Lundquist fitting result of this small flux rope.
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5.  Summary
As a conclusion, we report an SIR event in the decay phase of a gradual SEP event, and we further investigate the 
energy spectra variations associated with the fine structures of this SIR. The main results are summarized below:

1.	 �The SIR is capable of accelerating the ions to around 35 MeV nuc −1, which is nearly two times of the upper 
limit of the energy as identified by previous observations (e.g., Mason et al., 2008; Richardson, 2004), but they 
are still of the same order. This is reasonable because the SIR, which appears in the decay phase of the gradual 
SEP event, could use the energetic ions from the gradual SEP event as seed ions for further accelerations.

2.	 �Two different mechanisms work to accelerate the ions in the SIR event. The intensities of low energy ions 
peak at the forward-reverse shock pair, whereas the intensities of high energy ions peak at the SI. Combining 
the detailed study of the energy spectra in different regions, we conclude the low energy ions are accelerated 
by the shocks, and the high energy ions are accelerated by non-shock associated mechanisms.

3.	 �Significant directional anisotropies are observed in this SIR event, which is uncommon to see in previous SIR 
events. We find the sunward and anti-sunward streaming ions are much different in different regions and at 
different energies. According to the analysis, we suggest that the transport effects, the magnetic connection of 
shocks, and small flux rope may contribute to the anisotropies of the energetic ion intensities.

Our results indicate that the SIR events in the decay phase of gradual SEP events are valuable for further investi-
gations to reveal the origin, acceleration and transport processes of energetic ions. However, it is hard to identify 
which effect contributes the most based on the current one point observation. A multi-spacecraft study along 
with numerical simulation from the inner heliosphere to 1 AU is necessary to indicate the evolution of SIR events 
and figure out the contributions of different processes, this is possible for future work as the Parker Solar Probe, 
Solar Orbiter, STEREO, and Wind/ACE could form a perfect constellation for conjunct observations that cover 
different heliocentric distances and longitudes.

Appendix A:  Supplementary Figures of the SIR Event

Figure A1 presents a supplementary plot of the SIR event with multi-line format. Panels (B)–(H) in this figure are 
exactly the same to those in Figure 1. The colored lines in panels (C) to (H) represent the energy channels of the 
telescopes, whereas the magnitude of each line indicates the ion intensity, except the lines in panel (H) showing 
the flux anisotropies. The shaded region and vertical lines have the same meanings as those in Figure 1. This 
figure is a supplement of Figure 1 to reveal the intensity variations of the energetic ions in the SIR event. From 
this figure, we can also see the main features of this SIR event: (1) The intensity asymmetry is clear around the 
SI from panels (C) to (G); (2) The intensities of high energy ions are peaked around the SI as shown in panels 
(C) to (G), whereas the intensities of low energy ions are peaked at the RS as shown in panels (F) and (G); (3) 
The intensity anisotropies are significant at high energies before the SI, whereas they are more profound at low 
energies after the SI, as indicated by panel (H).

Figure A2 presents a supplementary plot of the LET observations at different look-directions. Panel (A) to (C) 
shows the LET proton intensities binned into 16 look-directions (sectors) at high energy channel (HI, 6–10 MeV), 
low energy channel (LO, 4–6 MeV), and very low energy channel (VLO, 1.8–3.6 MeV), respectively. Panel 
(D) presents the summed intensities over the sunward and anti-sunward sectors in different energy channels, 
as indicated by the colored labels. Panel (E) shows the intensity ratios between the sunward and anti-sunward 
sectors as shown in panel (D). Panel (F) displays the ion intensity anisotropies observed by SEPT, which is the 
same to panel (H) in Figure 1. From panels (E) and (F), we can clearly see the ion intensity anisotropies shown 
from the LET observations match well with that from SEPT observations at energies above 0.3 MeV, which is 
discussed in Section 4.2. Besides, the sectored LET observations only include three energy channels, which is not 
good enough to fit the energy spectra as compared with the unsectored proton intensities in 12 energy channels. 
Therefore, we use the unsectored proton intensities from LET to fit the energy spectra, but we add this figure as 
a supplement for clarification.
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Figure A1.  Overview of the SIR event. Panels (b) to (h) show the same parameters as that in Figure 1, but these panels are plotted with a multi-line format except panel 
(b). The colored lines in panels (c) to (h) represent the energy channels of the telescopes. The shaded region and vertical lines have the same meanings as those shown 
in Figure 1.
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Data Availability Statement
The data for this work are provided by the STEREO Science Center (https://stereo-ssc.nascom.nasa.gov/ins_data.
shtml) with details described in the Data section in the paper, and we acknowledge the use of them. The two 
online catalogs of SIRs and interplanetary shocks observed by STEREO spacecraft are https://stereo-ssc.nascom.
nasa.gov/pub/ins_data/impact/level3/SIRs.pdf and https://stereo-ssc.nascom.nasa.gov/pub/ins_data/impact/
level3/IPs.pdf, respectively.
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