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Abstract Elemental composition and energy spectra of ∼0.1 – 1.0 MeV/n heavy ions were
analyzed in two corotating interaction region (CIR) events starting on 18 May (CIR1),
and 24 May (CIR2), 2007, that occurred during two weak solar energetic particle (SEP)
events. The data were taken by the Suprathermal Ion Telescope (SIT) instruments onboard
STEREO-A and B. The ion intensity increases related to the CIR2 were much more pro-
nounced compared to those associated with the CIR1, although the total pressure, the mag-
netic field magnitude and the speed difference between high and slow solar wind were less
enhanced. We found that the ratio of CIR2 to CIR1 helium fluence decreases with energy
as a power – law below ∼1 MeV/n. The energy spectra of hydrogen and helium inside the
CIR2 region are much softer compared to the spectra observed in the CIR1 region. Based
on these findings, we argue that the larger intensities in the CIR2 event could be due to an
additional source population. The elemental abundances in CIR2 and the high-speed stream
of the CIR1 region have a SEP-like composition. The energy spectra of hydrogen and he-
lium inside the CIR2 were close to the preceding SEP event spectra. The similarity in the
elemental abundances and in the spectral slopes suggests that the seed population of CIR2
are ions from the preceding SEP event. For the CIR1 event the ions seem to be contaminated
by SEPs.
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R. Bučík (�) · U. Mall · A. Korth
Max-Planck-Institut für Sonnensystemforschung, 37191 Katlenburg-Lindau, Germany
e-mail: bucik@mps.mpg.de

R. Bučík
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1. Introduction

The interaction of solar wind high-speed streams (HSSs), emerging from solar coronal holes,
with the preceding slow-speed solar wind streams leads to the formation of compression
regions called corotating interaction regions (CIRs). Often a pair of forward and reverse
shocks is formed after the interaction of the two streams (e.g., Hundhausen and Gosling,
1976). These shocks can accelerate particles up to a few MeV/n in energy. In particular,
energetic ions observed in HSSs at 1 AU are expected to be energized at the CIR reverse
shocks and propagate back toward the Sun along the magnetic field (Barnes and Simpson,
1976; Sanderson et al., 1995). The energetic ions from CIRs are also known to have very
characteristic element abundances that distinguish them from other heliospheric energetic
particle populations. The average heavy-ion composition of CIR elemental abundances is
very close to the average fast solar wind composition (e.g., Mason et al., 2008a). It is known
that shock acceleration models require energies well above the solar wind speed. Particles
are thought to be accelerated either from the suprathermal tail of the solar wind distribution
(Fisk and Lee, 1980) or the thermal solar wind ions are thought to be pre-accelerated through
a statistical process inside the CIR to reach speeds above the shock acceleration threshold
(Richardson, 1985; Schwadron, Fisk, and Gloeckler, 1996).

Early observations of CIR-associated particle events led to the idea that ions are not
accelerated out of low energy solar energetic particle (SEP) source population (Christon and
Simpson, 1979; Richardson et al., 1993). However, more recent observations (Sanderson
et al., 1995; Torsti, Anttila, and Sahla, 1999; Malandraki et al., 2007, 2008), and statistical
(Desai et al., 1998; Mason et al., 2008a) studies of corotating energetic particle phenomena
suggest that sub-MeV particles from SEP events may provide a seed population for CIR
acceleration. Such a sub-MeV particle population appears to be an attractive source since
it can supply ions with energies above the threshold energy which is required for the ion
acceleration by the CIR shocks.

The Ulysses energetic ion observations over the south pole revealed intensity increases
of the recurrent 1.8 – 3.8 MeV proton intensity peak after the transient events, which led
Sanderson et al. (1995) to suggest that the energetic solar particles from each large solar
event provide the seed particles for the recurrent CIRs to accelerate. In a single CIR event
Torsti, Anttila, and Sahla (1999) observed a hardening of the energy spectra and intensity
increases even above 20 MeV in the late-phase of the event, not seen around the major peak
at lower energies. They proposed a re-acceleration of SEPs, injected two days earlier, by
the CIR. Malandraki et al. (2007, 2008) examined elemental composition of the energetic
particle fluxes recorded at Ulysses at 5 AU during the periods of SEP/CIR combinations.
They found the C/O ratio consistent with SEP values and suggest as one possibility that the
CIR reverse shocks re-accelerated particles of this species from the SEP events themselves.
A survey of CIR events over the past solar cycle has revealed 3He abundance several times
higher than in the solar wind, showing that remnant impulsive flare suprathermal ions are
accelerated in these events (Mason et al., 2008a). The same study shows no clear solar
cycle dependence of He peak intensities. Similarly, a lack of solar cycle dependence of the
proton peak intensity has been found in a survey of CIR events observed between 1978
and 1986 (Richardson et al., 1993). This observation led Richardson et al. (1993) to the
suggestion that ambient low-energy solar particles, which are expected to be more abundant
around solar maximum, do not provide a significant seed population for the acceleration
by corotating shocks. However, they reported SEP-like corotating ion abundances at solar
maximum and mentioned an SEP contamination or the acceleration of low-energy SEPs by
corotating shocks. In analyzing the measurements associated with all compression regions



CIR Ions in May 2007 363

observed by Ulysses, Desai et al. (1998) concluded that the correlation between the proton
intensity and the magnetic compression ratio was not observed during periods of high solar
activity, because of significant variations in the seed intensity that occurred due to sporadic
contributions from transients. They have drawn an analogy with observations which have
shown that sub-MeV/n particles from transient solar events are an important constituent of
the seed population that is available for an acceleration at interplanetary shocks (e.g., Tan
et al., 1989).

Mewaldt et al. (2008b) reported the observation of two small SEP events detected by
instruments on ACE and STEREO-A and B in May of 2007. Both events were associated
with small flares and relatively fast coronal mass ejections (CMEs). The first event started
on 19 May 2007, the second on 23 May 2007. These two low-intensity SEP events are
of special interest because these events occurred between the onsets of two CIR events on
18 and 24 May. The events, observed around solar minimum, present an ideal opportunity
to investigate whether SEPs can be the source population for CIRs. Roelof et al. (1992)
pointed out that during sustained high solar activity the inner heliosphere acts as a reservoir
for low energy ions from transient events. Therefore, observing the two above mentioned
CIR events during solar minimum, a time period during which transient events are rare,
reduces the likelihood that the measured CIR abundances are contaminated by SEPs.

We used the above mentioned time period in this study to survey solar particle and CIR
associated events and to examine the temporal variations of particle fluxes, energy spectra,
and to derive elemental abundances of the SEP and CIR populations.

2. Observations

The measurements presented here were made with the Suprathermal Ion Telescope (SIT)
(Mason et al., 2008b) onboard the STEREO spacecraft, A and B, launched in October 2006.
In May 2007 STEREO-A, was at 0.96 AU, and STEREO-B, at 1.06 AU. The S/C were lo-
cated at heliocentric longitudes of W06 and E03, respectively, near the ecliptic plane. The
SIT instrument is a time-of-flight mass spectrometer which measures H to Fe ions from
20 keV/n to several MeV/n. The instrument has a geometric factor of 0.29 cm2 sr. In our
study we also make use of energetic hydrogen ion measurements, made by the LET instru-
ment (Mewaldt et al., 2008a), solar wind measurements made by the PLASTIC instrument
(Galvin et al., 2008) and magnetic field measurements obtained by the magnetometer on
STEREO (Acuña et al., 2008).

We begin by showing the May 2007 events in a broader context. We display in Figure 1
the energy spectrograms of all ions measured with SIT B during successive Carrington rota-
tions (CRs). The lower panel shows the data between 17 May and 28 May. The upper panel
shows the data in the corresponding part of the previous CR. It is not a priori clear that the
enhancements with onsets on 18 May (day 138) and 24 May (day 144) 2007 are recurrent
events. Figure 1 suggests that the event on 24 May was a recurrent one, since a faint increase
in the number of Pulse-Height-Analysis (PHA) counts was observed during the previous CR
around day 117. For the event observed on 18 May the situation is less clear, since only a
weak ion enhancement was observed in the previous CR on day 113, and this enhancement
occurred ∼2 days later than we would have expected based on the solar rotation period.

2.1. CIR Events

Figure 2 shows He fluxes measured by the SIT instruments on STEREO for the two
CIR/high-speed stream-associated ion events at the end of May 2007 together with the solar
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Figure 1 Kinetic energy vs. time diagrams for all ions observed with SIT for the successive Carrington
rotations (CRs). The vertical black lines denote the start times of CR 2056 (upper panel) and CR 2057 (lower
panel). Shown are the number of PHA ion events in SIT on STEREO-B.

wind plasma and magnetic field parameters measured by the PLASTIC instrument and the
magnetometer sensor. Both of those events are included in the survey of Mason et al. (2009).

The top panels present hourly averaged values of the 0.16 to 0.91 MeV/n He inten-
sities, with the associated statistical errors. The lower panels show 10-min averages of
the total pressure P , the magnetic field magnitude |B|, and the solar wind speed Vp.
The total pressure P is given by the sum of the plasma and magnetic field pressure, i.e.,
P = 2npkTp + B2/2μ0, where np and Tp are the proton density and temperature, respec-
tively, and B is the magnetic field magnitude. Pairs of vertical dashed lines mark CIR lead-
ing and trailing edges, bounding the region of enhanced plasma densities and magnetic field
intensities that precede the HSS and define the CIR itself (e.g., Richardson et al., 1993). The
edges of the 17 May CIR (hereafter CIR1) were adopted from the ‘List of Stream Interac-
tion Regions’1 where CIRs were selected on the basis of plasma and field data. The whole
time under investigation is complex since the interplanetary medium in the vicinity of the
STEREO spacecraft on 22 – 23 May 2007 was influenced by the presence of an interplane-
tary CME (ICME) and another CIR (hereafter CIR2). The transit time of the ICME, reported
in the ‘List of ICMEs’ (Level 3 data), is indicated by a gray shaded region in Figure 2. Liu
et al. (2008) and Kilpua et al. (2009) have investigated the characteristics of the associated
magnetic cloud. Kilpua et al. (2009) argued that a magnetic cloud observed by STEREO-B
was associated with a partial halo CME launched on 19 May, whereas the magnetic cloud
observed on STEREO-A was associated with another CME launched less than a day later.
While the timing of the boundary of CIR1 could be taken from the literature, the timing of
the boundary of CIR2 had to be determined by us. The presence of the ICME around the
leading edge of the HSS made the determination of the leading boundary of the CIR2 on
STEREO-A less straightforward.

The leading edge of the interaction region is characterized by an increase in plasma den-
sity, temperature and magnetic field intensity and the trailing edge by decrease in these

1Level 3 data (http://www-ssc.igpp.ucla.edu/forms/stereo/).

http://www-ssc.igpp.ucla.edu/forms/stereo/
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quantities (Smith and Wolfe, 1979). The solar wind speed increases at both edges. As far
as there is no shock formed at these boundaries, the edges of the CIR represent continuous
transition zones (Belcher and Davis, 1971) and there is some uncertainty in the location of
the boundaries (Richardson and Zwickl, 1984). We inspect visually the time profile of the
plasma density, temperature, magnetic field and solar wind speed and select the edges of the
CIR2 at times when the characteristic variations in plasma parameters and magnetic field
approximately coincide. Since the front and rear of the interaction region are also character-
ized by an abrupt increase and decrease in pressure (Burlaga, 1995), this parameter instead
of np and Tp is shown in Figure 2.

The panels in Figure 2 displaying the solar wind speed show that the solar wind changes
its speed from ∼300 km s−1 to ∼670 km s−1 in CIR1. The CIR2 HSS wind speeds of
∼710 km s−1 and 660 km s−1 are sampled by STEREO-B and A, respectively. CIR1 HSS
and CIR2 HSS were separated from each other by less than a quarter of a solar rotation.
In the case of CIR2, the HSS interacted with slow solar wind of higher speed compared to
the CIR1 region. STEREO-B measured >400 km s−1 and STEREO-A ∼470 km s−1 for the
slow solar wind speed in the CIR2 region.

Our observation shows two CIR events with HSSs which are closely located in heliolon-
gitude. Our measurements reveal in this case high ion fluxes in the CIR2 event. This finding
is different from Richardson et al. (1993) who reported near quiet time ion fluxes in CIRs for
closely spaced HSSs in heliolongitude. They argued that a sufficient high speed difference
between the slow and fast interacting solar wind streams is needed for shocks to develop
that can accelerate the ions to higher energies. However, they found no clear correlation
between the CIR peak ion intensity and the speed difference between the high-speed solar
wind and the preceding slow solar wind. Kobayashi et al. (2000) indeed showed a strong
correlation among these parameters during solar minimum. Figure 2 shows clearly that the
He intensity increase associated with the compression region CIR2 was higher than the He
intensity increase associated with the compression region CIR1. This finding does not fol-
low the correlation found by Kobayashi et al. (2000). In the energy band 0.32 – 0.45 MeV/n,
STEREO-A (B) measurements revealed in the CIR1 and CIR2 events a 4He peak intensity
(particles/cm2 s sr MeV/n) of 5.5 (8.3) and 21.0 (48.6), respectively. Other parameters like
the magnetic field and the total pressure were greatly enhanced in CIR1 compared to the
values found in CIR2. The peak pressure in CIR1 was 3.1 (2.4) times the value found in
CIR2 at STEREO-A (B).

In order to quantitatively describe the ion intensities in the two CIRs, we compute the
He fluences (particles/cm2 sr MeV/n). In Figure 3 we display the ratio of CIR2 to CIR1
He fluence in different energy ranges. The fluence ratios were computed for the pure CIR
time periods (circles) and for the extended time periods which covers CIR and also the HSS
region (squares). Figure 3 shows that the He intensity in CIR2 exceeded that in CIR1. At
lower energies the intensity difference is an order of magnitude. Below ∼1 MeV/n the
relative intensity of He ions decreases with energy, roughly linearly in log – log scale (with
approximate slope around −1).

2.2. SEP Events

The small SEP events of 19 May and 23 May had no obvious signature below ∼1 MeV/n.
Therefore, we use data from the LET instrument which covers a higher energy range (from
∼2 MeV/n to ∼30 MeV/n) compared to the SIT instrument. Figure 4 shows STEREO-
A hourly averages of the 320 keV to 10 MeV proton intensities measured by SIT and LET.
The solar wind speed is shown in the bottom panel of the figure and the compression regions
CIR1 and CIR2 are marked.
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Figure 3 CIR2 to CIR1 He
fluence
(particles/cm2 sr MeV/n) ratio
as a function of energy for
STEREO-A (black symbols) and
STEREO-B (red symbols). The
ratios of fluences integrated
inside the compression regions
are indicated by circles and those
taken throughout the flux
enhancement, both inside the
CIRs and in the HSSs are marked
by squares.

Figure 4 Hourly averaged proton intensities between 0.32 and 10 MeV measured by SIT (upper panel) and
LET (middle panel) on STEREO-A. The vertical dashed lines in the proton panels separate time intervals,
labeled from 1 to 7 (see text). Downward pointing red vertical arrows in the mid panel indicate solar flares.
Bottom panel: The solar wind speed Vp.

The dashed vertical lines superimposed on the proton panels mark time intervals (num-
bered from 1 to 7), where the SIT H intensities are believed to be dominated by contributions
from different ion populations. The increases in the time period (1), with peaks inside CIR1
and in the HSS, were observed up to energy of ∼6 MeV and are presumably CIR related.
The SEP event, identified by the proton intensity onset in the energy range 6 – 10 MeV, at
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16:30 UT on 19 May (hereafter SEP1) was associated with a B9.5 flare at W05, and with a
GOES soft X-ray flux maximum at 13:02 UT on 19 May.

We find that the low energy protons measured by SIT show no clear response to the SEP1
event. Around the intensity maximum of 6 – 10 MeV protons, in time period (2), the proton
fluxes in the SIT energy channels continued to decrease or remained flat, indicating that CIR
low-energy ions still dominate in the period (2). A later occurring B6.7 flare at 05:56 UT on
20 May originating from the same active region also injected particles into the interplanetary
medium (Dröge et al., 2008), and may cause an additional rise of ion fluxes at all energies
observed in the period (3). In period (4), the high energy proton fluxes decreased gradually,
while at lower energies (<1.28 MeV) they remained essentially constant. We assume that in
this interval a connection to the CIR1 reverse shock still exists. At the end of 21 May, marked
by (5), the proton intensity below 3.6 MeV showed a minor increase, probably associated
with an interplanetary (IP) shock, that passed by the STEREO-A S/C at 01:59 UT on 22
May (listed in Level 3 data). Another small flare (B3.9 class) peaked at 14:47 UT on 22
May and was accompanied with <100 keV electron event observed by EPAM instrument
on ACE satellite. The clear signatures were not observed by SIT or LET instruments since
the ion fluxes were very low.

Small ion flux increases in the SIT energy channels within period (6) were related to
the next SEP event (hereafter SEP2), with a 6 – 10 MeV proton intensity onset at 10:30
UT on 23 May, and associated with the B5.3 flare at W51 that peaked at 07:32 UT. The
enhancements in period (6) occurred inside the CIR2, near its leading edge. In the period (7)
the SEP2 event shows the typical decay phase in the highest measured energy channel. This
decay is accompanied by a low energy increase in protons observed with SIT. We claim that
this increase is due to the CIR2 event. In the next section abundance measurements will be
used to support this claim. The measurements on STEREO-B (not presented) show similar
intensity time profiles.

The solar flare identification was obtained from the Solar Geophysical Data.2 In asso-
ciation with the flares observed on 19, 22 and 23 May the type II radio emissions were
reported, which are the signatures of a shock acceleration process occurring in the gradual
events (e.g., Mason, Gloeckler, and Hovestadt, 1984). Throughout the measuring period the
STEREO-A (B) S/C were magnetically connected to the solar longitude of ∼ W50 (W46).

2.3. SEP versus CIR Enhancements

Although the ion enhancements measured by SIT on 24 May appeared late (∼16 hr, after
onset of the SEP2 event), the question remains whether these enhancements are related to
the SEP2 event or not. Reames, Barbier, and Ng (1996) explored SEP events which show
sudden increases in ion flux intensity that occur quite late in the events. They suggested that
such a behavior can occur either due to an improvement in the magnetic connection between
the location of the observer and a stronger acceleration region or the sudden encountering a
flux tube filled with particles.

Figure 5 shows STEREO-A and B H and He ion intensities in the 0.32 – 0.45 MeV/n
energy channel averaged over 10 min for a period in 23 – 26 May 2007. The approximate
time delay of ∼2 hr between intensity onsets on the A and B satellites on 24 May is marked
by two vertical dashed lines. The increase was observed first by STEREO-B and later by
STEREO-A. This is consistent with the expected corotation order for an IP magnetic field

2http://sgd.ngdc.noaa.gov/sgd/jsp/solarindex.jsp.

http://sgd.ngdc.noaa.gov/sgd/jsp/solarindex.jsp
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Figure 5 10-min averaged H (upper panel) and He (bottom panel) intensities at 0.32 – 0.45 MeV/n, mea-
sured by SIT on STEREO-A (black) and STEREO-B (red) for period 23 – 26 May 2007. The time delay
between the intensity onsets on spacecraft A and B on 24 May is marked by two vertical dashed lines.

line connected to the CIR source region. In addition, the reverse situation was observed for
the onset of the 6 – 10 MeV protons in the SEP2 event. Mewaldt et al. (2008b) reported that
for the 23 May 2007 SEP event the protons arrived more than 1 hour later on STEREO-B.
Mewaldt et al. (2008b) pointed out that highly variable solar wind structures, provided by the
passage of the ICME, organize the SEP data in the 23 May 2007 event. If CIR associated, the
particle fluxes would be much more pronounced at larger distances from the Sun due to the
positive radial gradients of CIR fluxes reported by Christon and Simpson (1979). Indeed, as
shown in Figure 5, the ion fluxes observed by STEREO-B, located on 0.1 AU onward from
A, are higher than the fluxes on STEREO-A starting on 24 May. On 26 May, ion fluxes on
B dropped below the intensity measured aboard spacecraft A. Note, on 23 May during the
SEP2 event the ion fluxes on the A and B satellites were on the average equal.

2.4. Relative Ion Abundances

Relative ion abundances can be used to identify the origin of particular ion populations.
Mason et al. (1997, 2008a) published He/H, Fe/O and He/O abundance ratios for the CIR
events at the energies comparable to the energies in our survey. The He/H, Fe/O and He/O
ratios for the gradual SEP events were determined in the study of Mazur et al. (1993) and
Desai et al. (2006), respectively. The Fe abundance in the impulsive SEP (ISEP) events were
obtained form the survey of Mason et al. (2002).

2.4.1. He/H Ratio

In the upper panel of Figure 6 we show hourly proton intensities measured by SIT onboard of
STEREO-A in three energy channels (0.39, 0.55, 0.77 MeV). The lower panels display six-
hour He/H ratios at the corresponding energies with the error bars indicating the statistical
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Figure 6 Upper panel: Same as upper panel in Figure 4, but only at energies between 0.32 and 0.91 MeV.
Panels 2 – 4: six-hour averaged He/H ratio at 0.32 – 0.45, 0.45 – 0.64, and 0.64 – 0.91 MeV/n. Shaded areas
show ranges of He/H ratios for various particle populations present in the heliosphere: CIR events (green);
and gradual SEP events (blue).

uncertainties. The shaded areas present the ranges of He/H abundance ratios for the list of
CIR events compiled by Mason et al. (1997) and the list of gradual SEPs events compiled
by Mazur et al. (1993). The ratio of He/H in the investigated period varies from about 0.2
to 0.02 as shown in Figure 6. The highest values were found in the periods (1) and (7),
indicating the locations where CIR ions likely dominate. The ratios decreased by a factor
of 3 to 5 in the periods (3) and (6), and at the beginning of period (7) where SEP event
ions may have contributed. Leske et al. (2008) also reported decreasing He/H ratios at 1.8 –
3.6 MeV/n from measurements by LET instrument on STEREO-A.

Inside the CIR1 region (period 1), the He/H ratio remained between 0.1 and 0.2, close
to a CIR event ratio of 0.125 ± 0.061 for 0.15 MeV/n (Mason et al., 1997) or 0.088 ± 0.011
for >2 MeV/n (Reames, 1995). The ratio was also near a value of He/H ∼ 0.15 measured
at solar wind suprathermal energies (10 – 35 keV/n) in CIR events by Chotoo et al. (2000).
The He/H ratio reached the CIR-like values near the CIR2 trailing edge and remained rel-
atively constant in the fast solar wind. These findings confirm that ion enhancements below
∼1 MeV/n which started on 18 May and 24 May originated from the compression regions
CIR1 and CIR2, respectively.

Further we find in this study that during CIR1 and CIR2 events the He/H ratio deviates
from the range which is given by Mason et al. (1997) for CIR events. The first deviation of
the He/H ratio occurs at the end of period (3) during the decay phase of the SEP1 event,
where the ratio reaches its minimum. The determined ratios are 0.043, 0.041, and 0.025
for energies 0.39, 0.55, and 0.77 MeV/n, respectively. These values are close to the SEP
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event ratio of 0.032 ± 0.003 for >0.3 MeV/n (Mazur et al., 1993) or 0.036 ± 0.005 for
1 – 4 MeV/n (Reames, 1995). Later, within period (4), when SEP1 event weakens, the ratio
increased to the CIR-like values. It is interesting that around the SEP1 event intensity peak,
in the time period (2), the ratio showed only a minor decrease, still remaining near the CIR
abundances. The second deviation happens at the beginning of period (7), where the He/H
ratio remained around the known SEP event ratios. We want to know whether the He/H
ratios observed in periods (3) and (7) are caused either by direct SEP contamination from
the solar events or whether the CIR itself energized the lower energy particle component
from the SEP events.

In the middle of the period (6), after the rising phase of the SEP2 event, the ratio dropped
for the selected energy intervals to 0.038, 0.023, or 0.021, close to the SEP event like values.
The presence of the IP shock ions, marked by (5), is also accompanied by the decrease of
He/H ratio towards the SEP event values.

2.4.2. Fe/O Ratio

Figure 7 shows six-hour averages of Fe/O abundance ratios in three energy channels be-
tween 0.06 and 0.16 MeV/n. The red circles indicate ratios with statistical error greater
than 35%. Up to period (2) no oxygen nor iron ions were recorded by SIT. Small intensi-
ties in those heavy ions are seen at later times. For reference, hourly proton SIT intensities
at 0.39 MeV are shown in the upper panel. The shaded areas present the ranges of Fe/O
ratios for the CIR (Mason et al., 1997), gradual SEP (Desai et al., 2006), and 3He-rich or
ISEP (Mason et al., 2002) events, respectively. Lower panel shows hourly averaged elec-
tron intensities at 38 – 53 keV measured by EPAM instrument on ACE spacecraft. Note on
ACE/EPAM data gap during the period 18 – 21 May 2007.

Figure 7 shows that the Fe/O abundance ratio was around the values found in the lit-
erature for ISEP or SEP events on 22 – 23 May at times of the ICME transit. An obvious
ACE/EPAM energetic electron event on 22 May 2007 points to the SEP injections as re-
sponsible for the Fe ions we see. Note the most prominent feature in the electron panel is the
increase on 23 May 2007 associated with the SEP2 event. A possible explanation for the Fe
enhancement during the ICME (period 5) could be the presence of impulsive flare particles
inside the ICME (see Mazur et al., 1998). The ICME magnetic field connects to the active
region at the Sun, which continues in production of the flare on 22 May 2007. This could
also be the explanation for the enhanced He abundance during the ICME passage as shown
in Figure 6. The impulsive events are known to have a high He/H ratio when compared
with corresponding values in gradual events (Reames, 1990). The Fe/O ratio close to the
ISEP/SEP value in the period (6) was associated with the SEP2 event. Similarly to the He/H
ratio the Fe/O was still near the SEP-like ratios at beginning of period (7). Near noon of 24
May (still inside CIR2), when the SEP2 event continued to decline, the Fe/O approached
the CIR-like ratio and remained around this value outside the compression region.

Figure 8 shows STEREO-A SIT mass histograms with counts accumulated during 24 hr
on 24 May 2007 in the energy bands 0.45 – 0.64 MeV/n for H – He (left panel) and 0.08 –
0.11 MeV/n for He – Fe (right panel). The blue (red) color marks mass ranges defined for
H (4He) and O (Fe) ions. All ion peaks used in the determination of the abundances are
clearly resolved. Note that in the 0.08 – 0.11 MeV/n energy range the He ions may still have
energies below the instrument threshold energy. Therefore the He peak in the right panel is
smaller than the O peak.
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Figure 7 Upper panel: Same as upper panel in Figure 4, but only at 0.32 – 0.45 MeV. Panels 2 – 4: six-hour
averaged Fe/O ratio at 0.06 – 0.08, 0.08 – 0.11, and 0.11 – 0.16 MeV/n. The red circles indicate ratios with
statistical uncertainty greater than 35%. Shaded areas show ranges of Fe/O ratios for various particle popula-
tions present in the heliosphere: CIR events (green); Gradual SEP events (blue); and 3He-rich or ISEP events
(violet). Lower panel: ACE/EPAM hourly electron intensities at 38 – 53 keV. The gray shaded region marks
the time interval of the ICME.

2.4.3. He/O Ratio

Figure 9 shows six hours of He/O abundance ratios in three energy channels between 0.11
and 0.32 MeV/n. The figure is in the same format as Figure 7 for Fe/O ratio. The shaded
areas present the ranges of He/O ratios for CIR (Mason et al., 2008a) and gradual SEP
events (Desai et al., 2006).

Similarly to He/H the He/O ratio was around the CIR-like values inside the period (1)
and in the fast solar wind in period (7). The He/O also decreased to the SEP event-like
values in the periods (2 – 3) but due to higher statistical errors the declining trend with the
ratio minimum in the end of the period (3) was not seen here. Figure 9 shows that during the
SEP2 event onset (period 6) the He/O ratio at two energies, 0.19 and 0.27 MeV/n, reached
the SEP event ratio. At lower energy (0.14 MeV/n) the ratio was close to the CIR like values
and did not reach the SEP He/O reference values shown for the energies of 0.38 MeV/n.
While there were observed SEP-like Fe/O and He/H abundances at the beginning of the
CIR2 event, the He/O ratio showed the typical corotating values.
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Figure 8 STEREO-A SIT mass histograms on 24 May 2007 for 0.45 – 0.64 MeV/n (left) and
0.08 – 0.11 MeV/n (right).

Figure 9 Upper panel: Same as upper panel in Figure 4. Panels 2 – 4: six-hour averaged He/O ratio at
0.11 – 0.16, 0.16 – 0.23, and 0.23 – 0.32 MeV/n. The red circles indicate ratios with statistical uncertainty
greater than 35%. Shaded areas show ranges of He/O ratios for various particle populations present in the
heliosphere: CIR events (green); and gradual SEP events (blue).

It is noted that while Fe/O is enhanced by a factor of ∼5 in the SEP events compared
to the CIR events the He/O is decreased by a factor of ∼3. This may explain why there
was no corresponding decrease observed in the He/O ratio to the SEP-like values as it
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Figure 10 Upper panel: Same as upper panel in Figure 7. Panels 2 and 3: six-hour H and He spectral indices
at 0.32 – 1.81 MeV and 0.16 – 0.91 MeV/n, respectively. Only indices with statistical error less than 35% are
plotted. The spectra at the end of period (6) and at the beginning of period (7) are marked by blue and red,
respectively.

was for Fe/O during the CIR2 event. The observations by Malandraki et al. (2007, 2008)
during the periods of CIR/SEP combinations similarly show CIR abundance of the He/O
ratio whereas C/O was consistent with SEP values. They suggested that since there is not
much C production beyond 3 AU the CIR might have re-accelerated C ions from the SEP
population.

2.5. Energy Spectra

Figure 10 shows spectral indices obtained from fitting power laws in energy to H, and He
intensities over the range 0.32 – 1.81 MeV/n and 0.16 – 0.91 MeV/n for each 6-hr time
interval between 17 May and 27 May 2007. Only spectral indices with statistical errors less
than 35% are included in the figure. One-hour H intensities at 0.32 – 0.45 MeV are shown
for reference in the upper panel. The SEP2 event spectral index at 18 – 24 UT on 23 May,
and CIR2 event spectral index at 00 – 06 UT on 24 May are marked by blue and red circles,
respectively.

The H (He) spectral index associated with the SEP2 event, −1.95 ± 0.05 (−3.49 ±
0.21), showed only a little change, by ≤0.27 units, to −2.10 ± 0.01 (−3.22 ± 0.86) over
the next six hours, even though related fluxes suddenly rose in all energy channels (see
Figure 4, upper panel). Figure 10 shows clearly that the proton spectrum inside CIR2 softens
moderately while the He spectrum does not change much. An exception occurs when the
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Figure 11 Energy spectra of H (circles), and He (squares) during the six-hour intervals at the end of pe-
riod (6), marked by SEP2, and at the beginning of period (7), marked by CIR2. The lines are power – law
fits.

spectrum hardens near the trailing edge. In the fast solar wind both spectra gradually harden.
The hardening of the corotating spectra with time has been noted in previous surveys and
could either be a propagation effect or a change in the source spectra (see Mason et al.,
1999).

Figure 11 shows differential energy spectra related to the SEP2 and CIR2 events, dis-
cussed in the previous paragraph. The circles correspond to H and squares correspond to
He intensities. The lines in the figure denote least-squares fits to the observations. The He
spectra show a clear power – law shape over the narrow energy range in our observations.
While the SEP2 event H spectrum shows a power – law shape, the CIR2 event H spectrum
changes around 1 MeV/n. The power law spectral shape below 1 MeV/n and the steepening
of the spectrum above 1 MeV/n have been reported for H and He CIR ions (Mason et al.,
1999 and references therein).

The average energy spectral slope inside the CIR2 compression region at 00 – 24 UT 24
May is −2.30 ± 0.01 for H and −3.19 ± 0.22 for He. The corresponding values derived
inside CIR1 between 18:00 UT on 18 May and 12:00 UT on 19 May are much harder,
−1.81 ± 0.19 for H and −1.90 ± 0.27 for He. Similar spectra with a power – law index
∼ − 2 are also found for 0.54 – 1.85 MeV protons at corotating reverse shocks in the outer
heliosphere (Barnes and Simpson, 1976). Below ∼1 MeV/n the spectral forms of CIR heavy
ions are fitted with a power-law index of −2.51 ± 0.10 (Mason et al., 2008a). The energy
spectra of heavy ions from SEP events are typically harder with slopes ranging from −1.0
to −1.5 (Mason et al., 2002; Mewaldt et al., 2005).

3. Discussion

3.1. CIR2 Event

As pointed out by Scholer, Morfill, and van Hollebeke (1980) and Desai et al. (1998) the
intensity of particles accelerated at the corotating shocks is determined only by the intensity
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of the seed particles and the acceleration strength of the shock. In Section 2.1 we have shown
that the speed difference between high and slow solar wind, probably related to the shock
strength (Kobayashi et al., 2000), was less enhanced in the CIR2 region. A similar feature
is seen in the total pressure and the magnetic field magnitude. From these observations we
assume that the acceleration strength of the CIR2 region beyond 1 AU may not be higher
than that of the CIR1 compression region. More detailed analysis of the IP magnetic field
and plasma parameters is clearly needed to provide further support for such interpretation.
However, a harder H and He spectrum found in the CIR1 compared to the spectra in the
CIR2 may suggest a higher acceleration strength for the CIR1 compression region, favoring
the above assumption. One would expect that if the shock strengths of the CIR1 and CIR2
regions are even similar and the higher intensities are observed in association with the CIR2,
then the CIR2 compression region accelerate particles out of seed populations with higher
intensities.

Based on the above arguments, we consider the following scenario that may account for
the observations shown in Figure 3. The overabundance of the He fluences associated with
CIR2 and its power – law decrease below ∼1 MeV/n probably reflects an additional source
particle population which does not contribute to the CIR1 acceleration. We note that the
time interval between the arrival of the trailing edges of the adjacent compression regions
of CIR1 and CIR2 was ∼5.5 days. Desai et al. (1998) assumed that two adjacent compres-
sion regions observed during a single ∼26-day period accelerate the same seed population
provided that there are no solar transients. Small overabundance of the He fluence at higher
energies, which is not dependent on energy in a simple way, is likely due to contamination
with the SEP2 event ions.

As pointed out earlier, the shock strength alone may not play a dominant role in deter-
mining the intensity. Other effects may be important including the merging of CIRs in the
outer heliosphere, the latitudinal extent of the CIR shocks (Richardson et al., 1993), and
the connection to the CIR (Mason et al., 2009). The tendency for the higher peak intensi-
ties associated with the recurrent CIRs was seen in a survey by Mason et al. (2008a) and
Richardson et al. (1993). Mason et al. (2008a) also noted that larger coronal holes might
produce parent shock structures of larger size which are responsible for the higher intensi-
ties. An examination of the SIT PHA data in the previous CRs reveals that the CIR2 event
had not been present for a long time. This event appears as a very faint increase only in
one solar rotation preceding the CR 2056 (see Figure 1). Furthermore, no big difference in
size of parent coronal holes responsible for the CIR1 and CIR2 events has been found, as
inferred from the regions of low emission in the STEREO-A SECCHI solar images at EUV
171 Å (Li et al., 2008; Figure 1).

Since the SEP2 event is a western hemisphere event, the typical shape of the intensity
time profile should include the rapid rise and decline (Reames, Barbier, and Ng, 1996).
A rather complex intensity – time profile has been observed at the highest energies with a
rapid rise and a plateau in the period (6), and a decline in the period (7) (see Figure 4, middle
panel). Despite this it is likely that the SEP2 ion fluxes, as measured by SIT, attained peak
values within period (6) and continued to decay in period (7). Below ∼1 MeV/n the H and
He intensities in the period (6) are about one order of magnitude lower than the intensities at
the beginning of period (7). Therefore, it would be difficult for SEP event ions with the in-
tensities observed in (6) to substantially affect the CIR elemental composition in period (7).
Rather, an observed SEP-like composition of H, He, O, and Fe ions inside CIR2 may result
from energizing low-energy, i.e., more abundant solar flare ions by the compression region.
Late in the SEP2 event, such particles are already filling the region beyond the observation
point and may therefore be available for an acceleration by the CIR-shocks. Such a con-
clusion is further supported by the similarity of the corotating and the preceding solar event
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spectra. The ratio of the CIR to SEP spectral index is 1.08 for hydrogen and 0.92 for helium,
close to unity, as would be predicted by Axford (1981), if CIR-shock accelerated particles
were energized out of an SEP population with a flatter spectrum than the CIR shock would
produce. An assumption of flatter spectrum in the SEP events is consistent with the obser-
vations. Kocharov et al. (2003) showed that compression regions associated with CIRs near
1 AU could re-accelerate solar energetic particles.

The differential energy spectra shown in Figure 11 allow a rough estimate of the energy
gain of compression region accelerated solar particles. For example, the intensity of solar
event protons at 0.4 MeV is equal to the intensity of the CIR associated protons at 0.7 MeV
as found by the fitted energy spectra. On average, the 0.4 – 0.9 MeV solar event protons
gain a factor of ∼1.7 in energy and the 0.2 – 0.5 MeV/n solar helium ions gain a factor
of ∼1.5. These values are somewhat lower than a factor of two for IP shock accelerated
solar flare particles reported in a survey of Tan et al. (1989). In our study, the assumed seed
and energized particles are, however, measured locally at 1 AU while the CIR acceleration
should take place beyond 2 AU. It is known that flare fluxes decrease roughly as ∼ r−3

(Parker, 1963, p. 211), which decreases the shock seed population at the acceleration site
at larger radial distances. At the same time, accelerated particles, while streaming back to
1 AU, should experience an adiabatic cooling in the expanding solar wind (Fisk and Lee,
1980), which decreases the flux measured in a given energy window at 1 AU. These two
effects may result in an underestimation of our inferred energy gain, due to the fact that we
have used a stronger seed population along with the weaker accelerated population.

Our observations made on both STEREO spacecraft reveal that He ion fluxes at lower
energies peak within the CIR, while at higher energies the ion fluxes in the HSS become
dominant. The presence of the ion intensity peaks inside the compression regions brings up
the question on their origin, since these fluxes are not supposed to be connected with the
distant shocks in the outer heliosphere. A non-field-aligned transport is required to popu-
late field lines inside a CIR and/or other non-shock processes within a CIR may contribute
(Richardson, 2004 and references therein).

3.2. CIR1 Event

At the time of maximum intensity of 6 – 10 MeV protons (20 May, 01:00 UT) the solar
wind speed of ∼650 km s−1 translates into 1.01 AU Archimedean spiral path length for the
STEREO-A S/C located at 0.96 AU. Assuming that the particles would propagate scatter
free along an interplanetary magnetic field spiral with zero pitch angle, the expected inten-
sity maximum of the 0.6 MeV/n solar ions, would be delayed by 3 hr with respect to the
6 – 10 MeV intensity peak. However, the He/H ratio has reached the nearest value close to
the SEP-like values at ∼ 21:00 UT on 20 May (see Figure 6), ∼17 hr after the expected flux
maximum.

A possible explanation for our observations could be that the re-acceleration of the low
energy solar particles from the SEP1 event by the corotating shock in the outer heliosphere
led to the SEP-like abundance observed at decaying HSS at the end of 20 May. The conta-
mination of the CIR1 by SEPs would offer a simpler explanation. The SEP1 event is about
factor of two more intense than the SEP2 event when we compare the 6 – 10 MeV proton
intensities. Also the 0.39 MeV/n He peak intensities in the CIR1 event are only ∼1/4 of
the peak intensities in the CIR2 event. The He/H ratio approached SEP-like values in the
late phase of the CIR1 event (see Figure 6) when the intensities are much smaller than the
peak intensities. Thus, during that phase of the CIR1 event the SEP1 intensities at lower
energies might have been comparable or higher than the CIR1 intensities and the contami-
nation may be important. Since there was no clear anisotropy observed in the rising phase
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of the ∼100 keV electrons in the SEP1 event (Dröge et al., 2008), the assumption of scatter
free propagation may not be valid anymore. The SEP-like low energy He/H ratios which
appear delayed with respect to the SEP1 event intensity peak may be a consequence of a
small scattering mean free path between the Sun and 1 AU. Alternatively, there may be a
contamination from solar ions associated with the flare on 20 May, which occurred ∼17 hr
after the previous solar flare, and which may lead to the He/H minimum at the end of pe-
riod (3). However, particle signatures at the highest measured energies are very weak and
are difficult to associate unambiguously to the 20 May flare.

4. Summary

We have investigated particle events at energies from ∼0.1 to ∼1.0 MeV/n, associated
with two compression regions, CIR1 and CIR2, with corotating streams closely located
in heliolongitude, which immediately precede and follow two weak SEP event onsets. We
suggest that an overabundance of ion fluxes in association of the CIR2 could be due to
additional source population. The relative abundances of H, He, O, and Fe inside the CIR2
compression region and He/H ratio in the HSS of CIR1 region are very close to the solar
energetic particle relative abundances found in the flare event in this survey and in previously
published solar flare surveys. The similarity in elemental abundances and in spectral slopes
suggests that the CIR2 contains a seed population ions from the preceding SEP event. The
elemental abundances late in the CIR1 event can be explained by an SEP contamination.
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