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Abstract

We report on the annual variation of quiet-time suprathermal heavy ion spectral indices for C through Fe in the
energy range 0.3–1.28MeV nuc−1 during Solar Cycle 23ʼs rising phase through Solar Cycle 24ʼs declining phase.
These Advanced Composition Explorer/Ultra-Low Energy Isotope Spectrometer measurements cover 1998–2019.
We show that the average quiet-time suprathermal spectral index across species is γ= 2.5± 0.3. Such observations
may imply that quiet-time suprathermals are the result of a superposition of various underlying acceleration and
transport processes that accelerate suprathermal ions. As such, they may be remnants of particles from discrete
events like large and impulsive solar energetic particle events along with corotating interaction regions that have
decayed in intensity.

Unified Astronomy Thesaurus concepts: Solar energetic particles (1491); Solar wind (1534); Adaptive
interferometry (19); Interplanetary particle acceleration (826); Heliosphere (711)

1. Introduction

Charged particles in the heliosphere cover more than 16
decades in intensity, ranging from thermal plasma at solar wind
energies of below a few keV up to and above MeV for
energetic particles (McComas et al. 2018). Between the solar
wind and energetic particles lies the suprathermal population
(i.e., a few keV to MeV). 3He from impulsive solar energetic
particle events (ISEP; Hovestadt et al. 1984a, 1984b) and He+

interstellar pickup ions (Blum & Fahr 1970; Holzer &
Axford 1971; Feldman et al. 1974; Möbius et al. 1995; Mason
& Gloeckler 2012) in large graduate solar energetic particle
events (GSEP; Mason et al. 1999; Desai & Mason 2001; Desai
et al. 2006b), interplanetary shocks (IP shocks; Desai
et al. 2003), and corotating interaction regions (CIRs; Chotoo
et al. 2000; Wijsen et al. 2023) suggest that suprathermal
material from a variety of sources including those listed (Desai
et al. 2003, 2004, 2006a, 2006b, 2006c, 2007; Dayeh
et al. 2009, 2016, 2017; Filwett et al. 2017, 2019) and the
heated solar wind (Gloeckler 1999, 2003; Fisk & Gloeckler
2006, 2014) contribute to the seed population of these events.

While suprathermals are likely an energetic particle seed
population, the mechanisms that produce these ions are yet
to be determined. Broadly, suprathermal sources fall into
two categories: continuous processes and discrete events.
Continuous processes are present throughout the heliosphere,
are always active, and energize solar wind ions, which
contributes to the low-energy range of the suprathermal
regime. Proposed mechanisms include compressional turbu-
lence (Fisk & Gloeckler 2006, 2008, 2012, 2014; Gloeckler
et al. 2008), velocity fluctuations (Fahr et al. 2012), and
magnetic reconnection (Drake et al. 2013; Zank et al. 2014).
Discrete events accelerate particles to high energies, with the
lower-energy portion of this solar energetic particle (SEP)
regime contributing to the suprathermal tail. The relevant

mechanisms are coronal mass ejection (CME) driven shocks
(GSEP events; Jones & Ellison 1991; Reames 1999; Desai &
Mason 2001; Desai et al. 2003, 2006c; Zank et al. 2006; Dayeh
et al. 2009, 2017; Mewaldt et al. 2012; Kahler & Ling 2019;
Lario et al. 2019), ISEP events (Mason et al. 2002, 2016), and
CIRs (Fisk & Lee 1980; Richardson 2004; Desai et al. 2006c;
Mason et al. 2008; Dayeh et al. 2009, 2017; Zeldovich
et al. 2011, 2018, 2021; Ebert et al. 2012; Allen et al. 2019).
For a summary of known sources and acceleration mechan-
isms, see Desai & Giacalone (2016, Table 2).
Suprathermal tails behave like power laws. The continuous

mechanism lead to tails that scale as as v−5 or, equivalently,
E−1.5. Such a power-law index may imply that (1) suprather-
mals are the superposition of various underlying states
that collectively behave like an ideal gas with a polytropic
index 5/3 (Schwadron et al. 2010), (2) the stationary state
characterizing suprathermal ions requires a fixed inner
boundary with a free escape outer boundary (Zhang 2010;
Antecki et al. 2013), (3) suprathermals are generated by
Coulomb interactions (Randol & Christian 2014), or (4)
acceleration of particles to suprathermal energies is due to a
compressional process (Fisk & Gloeckler 2006, 2008, 2012,
2014; Gloeckler et al. 2008). Jokipii & Lee (2010) argue that,
when compressional models account for particle conservation,
they cannot produce spectra stepper than v−3 or E−1. Rather,
they argue that “the quiet-time suprathermal ion population is
composed predominantly of remnant ions from these events
(GSEP events and CIRs) as well as a contribution from
impulsive SEP events (Jokipii & Lee 2010).”
Quiet times are periods without particle enhancements

related to the discrete processes like CME-driven shocks, solar
flares, and CIRs. They are also intervals when the local,
continuous mechanisms are minimally active (Gloeckler 2003).
Observations by Desai et al. (2006c), Dayeh et al.
(2009, 2017), and Alterman et al. (2023) of abundances and
spectra support the inference of Jokipii & Lee (2010) that
suprathermals are remnants of higher-energy events. These
observations suggest that the dominant discrete acceleration
mechanism changes with solar activity. During solar maxima, it
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is likely CME-driven shocks with flares contributing at higher
energies. During solar minima, CIRs are likely the dominant
suprathermal source (Allen et al. 2019; Alterman et al. 2023).
These processes lead to spectral indices in the range ∼1.5 to
∼3.0 (Dayeh et al. 2017), which is softer than that cited for the
continuous processes. However, these studies typically focus
on higher energies than those for which the local, continuous
processes are active (Desai et al. 2016, Figure 2).

This study utilizes Advanced Composition Explorer (ACE;
Stone et al. 1998) observations from the Ultra Low Energy Ion
Spectrometer (ULEIS; Mason et al. 1998) to characterize the
spectral index of suprathermal ions in quiet times. Our
observations cover the years 1998–2019, which covers Solar
Cycle 23ʼs rising phase through Solar Cycle 24ʼs declining
phase, and the energy range 0.3–1.28MeV nuc−1. We show
that the typical quiet-time spectral index across species and
solar activity is γ= 2.5± 0.3.

2. Observations

We use Alterman et al.ʼs (2023) definition of quiet times.
Alterman et al. (2023, Figures 1 and 2) calculate the 24 hr mean
and variance of the cumulative C to Fe intensity when sorted by
increasing intensity. They identify quiet times based an
inflection in this variance plotted as a function of the mean.
This criterion is distinctive from Dayeh et al.ʼs (2017) in that
Alterman et al. (2023) use nonlinear fitting to identify this
inflection point whereas Dayeh et al. (2017) identify the
inflection based on manual inspection of the data. We use
Alterman et al.ʼs (2023) criterion because their results are not
very sensitive to small changes in the threshold they derive.
Selecting for quiet times ensures that our observations are not
dominated by discrete events and allows us to study
suprathermals in the absence of enhancements due to discrete
events like CMEs, shocks, CIRs, and other SEP events (Dayeh
et al. 2017).

Figure 1 plots the annual differential energy spectra of all
species during quiet times in 2004 over the energy range of
0.3–1.28 MeV nuc−1. To facilitate comparison of the spectral
shapes, each species’s spectrum is normalized to its lowest
energy data point. Data points are connected to aid the eye.
All spectra exhibit power-law behavior of the form j∝ E− γ,
with no spectral breaks or rollovers in this energy range. The

spectra for 2004 are representative of the behavior in other
years.
We have performed weighted least-squares power-law fits

to the spectra for all species in each year. Table 1 contains the
annual spectral indices for each species along with the
uncertainties from their fits. Missing entries in the table
indicate fits that failed to converge. There are insufficient
quiet-time Ca counts in 2008 to resolve a discernible Ca peak
and so Ca in 2008 is excluded our analysis. To characterize
the variation of the spectra with time, Figure 2 plots the
oxygen spectral index as a function of time. The right-hand
axis plots the annual sunspot number (SSN; SILSO
World Data Center 2023) for reference. All observations are
plotted at the middle of the year. In general, the oxygen
spectral index γO∼ 2.5. As shown below, the spectral
indices for all species are distributed around this value.
Therefore, we plot the minimum and maximum spectral index
across all species as error bars. Years without a marker
indicate years when the oxygen fit did not converge. Per
Table 1, only Ne and Si return meaningful spectral indices in
2009 and, as such, this year should be interpreted with the
appropriate caution. During solar minima, count rates are
markedly lower and fewer fits converge. We calculate the
correlation and rank correlation coefficients between each
spectral index and SSN. Only the correlation coefficients
of γNe and γCa indicate a significant relationship to SSN
(p-value< 0.05). In the case of Ca, the rank coefficient is 0.58
with a p-value of 0.03. Neʼs rank coefficient is −0.49 with a
p-value of 0.02.
Figure 3 plots the spectral indices of carbon (γC, circles) and

iron (γFe, triangles) as a function of the oxygen spectral index
(γO). Carbon and iron are chosen because they provide the
largest difference in M/Q (Reames et al. 1994; Mason
et al. 2004; Alterman et al. 2023). The diagonal black dotted
line indicates unity. In general, both carbon and iron are
organized along the diagonal with iron showing more scatter
than carbon. The correlation coefficient between carbon and
oxygen ρ(γC, γO)= 0.93 is significant (p-value< 0.05), while
the coefficient between iron and oxygen ρ(γFe, γO)= 0.51 is
not (p-value> 0.05). However, it is worth noting that if we
exclude the two γFe for which the uncertainty is >0.1 the
correlation coefficient increases to 0.67 with a p-value< 0.008.
These two spectra are from the declining phase of Solar Cycle
23 and have low counts at in higher-energy bins. The bottom of
Table 1 also includes the correlation coefficients between each
species’s spectral indices and oxygenʼs, the coefficientʼs
p-value, and the number of observations in the coefficient
calculation. In general, Su and Si similarly show significant
scatter as a function of O.
In addition to all γ, Table 1 includes the weighted mean of

each species’s spectral index with the standard error of the
weighted mean as it is uncertainty along with the standard
deviation for each species. In general, the spectral index across
species and over the 1998–2019 period is γ= 2.5 with a
standard deviation of 0.3. Figure 4 is a stacked histogram of all
species spectral indices. The legend gives the order in which
the species are stacked with carbon on the bottom and iron on
the top. The figureʼs abscissa is constrained to the same range
as Figure 3 and excludes the few extreme values. The white
circle at the bottom of the figure indicates the distributionʼs
mean; error bars are the standard deviation. The median across
γ for all years is 2.4± 0.2.

Figure 1. Examples of spectra from the year 2004 for all species normalized to
their lowest energy value. Points are connected to aid the eye.
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3. Discussion

Suprathermal ions suffuse the heliosphere (Tsurutani &
Lin 1985; Desai et al. 2003; Wiedenbeck 2003). Although their
intensities vary with solar activity, they are continuously
present throughout the solar cycle (Desai et al. 2006c; Dayeh
et al. 2009, 2017; Zeldovich et al. 2011, 2018, 2021; Alterman
et al. 2023). Broadly, there are two types of processes that
produce suprathermals. In the continuous class, processes like
bulk velocity fluctuations, compressional turbulence, magnetic
field waves and turbulence, and reconnection between magn-
etic islands continuously accelerate charged particles. In the
discrete case, there are CME-driven shocks (GSEP events),
flare related SEPs (ISEP events), and CIRs. See Desai et al.
(2016a, Table 1) for references.

A suprathermal ionʼs history includes a combination of its
origin, acceleration, and transport. Desai et al. (2006c), Dayeh
et al. (2009, 2017), and Alterman et al. (2023) address how
suprathermal ion origins change with solar activity. While this
work does not consider origin, spectral indices carry the
imprint of acceleration and transport processes.

Figure 1 reveals that the quiet-time suprathermal spectra in
the observed energy range are power laws in energy and that
their shape does not depend on species. The lack of rollover is
unsurprising because our observations cover a limited energy
range above where this rollover is usually observed (Desai
et al. 2016, Figure 2). Therefore, quiet-time suprathermal

spectra indices in the 0.3–1.28MeV nuc−1 energy range are
independent of M/Q. However, we must note that aggregating
quiet-time observations into annual bins may obscure small but
varying spectral breaks or those that are specific to individual
events. As such, individual events must be analyzed to
characterize if such behavior is universal to all events.
Figure 2 and Table 1 show that, due to low solar activity in

the minimum of Solar Cycle 24 and corresponding lower
suprathermal intensities, there are fewer years with statistically
significant quiet time γ. More quantitatively, all but two
species’ spectral index γ do not have a significant correlation
coefficient (ρ) with SSN. We consider a strong correlation
coefficient to be ∣ ∣ r 0.6 and require a p-value< 0.05 for
statistical significance. The two species with significant
p-values are moderately correlated with SSN at best
(∣ ∣r < 0.6), which is insufficient to draw a conclusion. From
this, we infer that the suprathermal γ in the reported energy
range is independent of solar activity, which is consistent with
Dayeh et al. (2017).
Figure 3 and Table 1 shows that some species γ have a

statistically significant correlation with γO. However, there is
no systematic organization for these correlations and the year-
to-year variations in γ between species are all similar.
The stacked histogram in Figure 4 shows that quiet-time

suprathermal spectral indices across all species from 1998 to
2019 are distributed around a central value. Table 1 includes

Table 1
Annual Quiet-time Spectral Indices over the Energy Range 0.3–1.28 MeV nuc−1

C N O Ne Mg Si S Ca Fe

1998 2.64 ± 0.08 2.37 ± 0.07 2.57 ± 0.06 2.56 ± 0.08 2.83 ± 0.06 2.23 ± 0.14 2.13 ± 0.12 L L
1999 2.84 ± 0.07 2.4 ± 0.06 2.69 ± 0.03 2.54 ± 0.03 2.74 ± 0.05 2.69 ± 0.03 2.59 ± 0.09 L 2.57 ± 0.03
2000 L 2.05 ± 0.07 2.25 ± 0.07 2.22 ± 0.05 2.32 ± 0.06 2.42 ± 0.05 2.79 ± 0.08 3.49 ± 0.08 2.44 ± 0.04
2001 2.52 ± 0.09 2.4 ± 0.12 2.44 ± 0.03 2.37 ± 0.07 2.32 ± 0.07 2.61 ± 0.05 L 2.57 ± 0.34 2.56 ± 0.02
2002 2.64 ± 0.06 2.43 ± 0.06 2.46 ± 0.03 2.37 ± 0.11 L 2.41 ± 0.04 2.32 ± 0.09 3.43 ± 0.12 2.48 ± 0.01
2003 2.24 ± 0.09 L 2.33 ± 0.03 2.16 ± 0.02 L 2.51 ± 0.05 2.89 ± 0.11 2.62 ± 0.14 2.43 ± 0.05
2004 2.63 ± 0.06 2.25 ± 0.11 2.51 ± 0.01 2.16 ± 0.13 2.39 ± 0.05 2.26 ± 0.03 2.45 ± 0.1 2.33 ± 0.14 2.58 ± 0.04
2005 2.24 ± 0.03 1.96 ± 0.08 2.17 ± 0.02 2.21 ± 0.01 2.23 ± 0.03 2.2 ± 0.07 2.32 ± 0.07 2.03 ± 0.14 2.23 ± 0.05
2006 L 2.59 ± 0.1 2.83 ± 0.02 2.99 ± 0.07 2.72 ± 0.11 2.47 ± 0.21 2.66 ± 0.1 2.04 ± 0.15 2.59 ± 0.1
2007 2.81 ± 0.04 2.55 ± 0.09 2.69 ± 0.05 2.61 ± 0.02 2.67 ± 0.18 L L 2.18 ± 0.28 L
2008 2.29 ± 0.07 2.3 ± 0.08 2.33 ± 0.04 2.43 ± 0.1 L L L L 2.78 ± 0.13
2009 L L L 3.45 ± 0.05 L 3.06 ± 0.18 L L L
2010 L 2.51 ± 0.07 2.6 ± 0.02 2.52 ± 0.04 2.5 ± 0.05 2.37 ± 0.11 1.97 ± 0.28 L L
2011 2.6 ± 0.07 2.41 ± 0.1 2.58 ± 0.02 2.55 ± 0.05 2.44 ± 0.04 2.47 ± 0.05 2.65 ± 0.17 2.06 ± 0.15 2.55 ± 0.04
2012 2.47 ± 0.04 2.35 ± 0.09 2.46 ± 0.02 2.46 ± 0.07 2.47 ± 0.06 2.35 ± 0.04 2.45 ± 0.08 2.2 ± 0.08 2.43 ± 0.05
2013 2.74 ± 0.05 2.45 ± 0.03 2.6 ± 0.02 2.36 ± 0.05 L 2.38 ± 0.04 L 2.04 ± 0.18 2.44 ± 0.04
2014 2.32 ± 0.05 2.43 ± 0.08 2.39 ± 0.03 2.39 ± 0.05 2.46 ± 0.06 2.13 ± 0.03 2.53 ± 0.08 3.51 ± 0.5 2.37 ± 0.03
2015 L 2.44 ± 0.09 2.57 ± 0.06 2.44 ± 0.04 2.55 ± 0.07 2.67 ± 0.07 2.34 ± 0.17 L L
2016 2.19 ± 0.02 2.12 ± 0.05 2.24 ± 0.03 2.14 ± 0.03 L L L L 2.54 ± 0.05
2017 2.29 ± 0.04 1.91 ± 0.06 2.27 ± 0.02 2.39 ± 0.09 2.16 ± 0.04 2.14 ± 0.07 L 2.72 ± 0.28 2.31 ± 0.06
2018 3.1 ± 0.05 2.51 ± 0.01 2.79 ± 0.04 2.55 ± 0.17 2.6 ± 0.19 L L 2.05 ± 0.26 L
2019 3.1 ± 0.08 2.82 ± 0.07 L 2.67 ± 0.18 2.78 ± 0.12 L 2.13 ± 0.13 L L

W. Mean 2.5 ± 0.01 2.487 ± 0.006 2.487 ± 0.005 2.352 ± 0.007 2.43 ± 0.01 2.40 ± 0.01 2.50 ± 0.03 2.63 ± 0.04 2.488 ± 0.008
STD 0.3 0.2 0.2 0.3 0.2 0.2 0.3 0.6 0.1

Corr. 0.93 0.8 L 0.74 0.81 0.37 −0.08 −0.5 0.51a

p-value 2 × 10−4 4 × 10−4 L 2 × 10−4 6 × 10−4 0.1 0.8 0.08 0.06a

N 16 19 20 20 15 16 13 14 15

Notes. The average value (W. Mean) is the weighted mean of the converging fits with the standard error of the mean as the uncertainty. The standard deviation (STD)
gives the variability of the spectral indices. The overall mean is γ = 2.5 ± 0.3. We also include each species’ spearman rank correlation coefficient with oxygen
(Corr.), the p-value, and number of observations in the coefficient (N). Missing γ are from fits that failed to converge or, in the case of Ca in 2008, for which there was
no discernible peak in the mass histogram.
a If γFe is excluded when the uncertainty is >0.1, ρ(γFe, γO) = 0.67 and the p-value = 0.008.
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the weighted mean of each species’s γ across the period of
observation. The weighted mean of these average γ is γ= 2.5
with a standard error of the weighted mean (SEM) of 0.08. The

average of all γ, irrespective of species, is γ= 2.5 with a
standard deviation of 0.3. Figure 4 takes γ= 2.5± 0.3 as the
typical value and plots it as a white circle with error bars.
The spectral index predicted for most continuous processes

is E−1.5 or v−5 (Fisk & Gloeckler 2006, 2008, 2012, 2014;
Gloeckler et al. 2008; Schwadron et al. 2010; Zhang 2010;
Antecki et al. 2013). Our reported γ in the energy range
0.3–1.28MeV nuc−1 is steeper than this. Schwadron et al.
(2010) assume that observed suprathermal ions are a super-
position of Gaussian distributions of different temperatures and
densities averaged over long time periods. The exact form of
the observed spectra depends on the constraints on the
underlying Gaussian distributions during unspecified accelera-
tion processes for which the occurrence rate of the acceleration
is proportional to 1/T, for temperature T. For suprathermals
scaling as E−2.5 or v−7, the constraints are that density and
internal energy per unit volume of the accelerated particles are
constant and therefore pressure fluctuations are proportional to
temperature fluctuations. Such heating is inconsistent with Fisk
& Gloecklerʼs (2006) theory and weaker than what would
result from strong compressive fluctuations or other active
heating processes (Schwadron et al. 2010).

4. Conclusion

Quiet times are periods when particle enhancements due to
discrete processes like CME-driven shocks, solar flares, and
CIRs are absent and enhancement due to continuous
acceleration processes are minimal (Gloeckler 2003). As such
our observations do not directly address the acceleration
processes nor the transport effects themselves. Desai et al.
(2006c), Dayeh et al. (2009, 2017), and Alterman et al. (2023)
demonstrated that suprathermal abundances are most similar
to CIRs during solar minima and GSEP events during
solar maxima, with a minor contribution from ISEP events
at higher energies. We observe that the quiet-time suprather-
mal spectral index in the energy range 0.3–1.28 MeV nuc−1 is
γ= 2.5± 0.3, irrespective of solar activity. We infer that
the combined effect of acceleration history and transport
processes on suprathermal ions are also independent of
solar activity, even if each process or its occurrence rate
separately depends on solar activity. Such an interpretation is
consistent with arguments that suprathermal spectra are the
result of the superposition or average of Gaussian distribu-
tions over long time periods under the constraint that
the density of the underlying distributions are constant
(Schwadron et al. 2010). This constant density requirement
implies that pressure fluctuations are proportional to temper-
ature, inconsistent with Fisk & Gloecklerʼs (2006) theory,

Figure 2. Annual oxygen spectral indices (triangles, left). Error bars are the minimum and maximum spectral index observed across all species. Annual sunspot
number is plotted on the right (Xs) for reference.

Figure 3. Carbon and iron spectral indices as a function of oxygen spectral
index. The dotted line indicates unity. The two filled triangles indicate γFe for
which the uncertainty is �0.1.

Figure 4. A stacked histogram of the observed spectral indices. The legend indicates
the species added to the histogram and is organized such that species included can
be read from bottom to top through the legend. The mean of the distribution (2.5)
is given as a white circle and the error bars show the standard deviation (0.3).
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and weaker than what would be expected from strong heating
due to compressive fluctuations or other mechanisms
(Schwadron et al. 2010). Such a superposition of various,
possibly changing underlying distributions does not contradict
the prediction that suprathermal intensities decay following
discrete acceleration events and therefore are remnants of
them (Jokipii & Lee 2010).

There is one caveat to this discussion that must be addressed.
The compressional heating theories are derived based,
primarily, on observations from ACEʼs Solar Wind Ion
Composition Spectrometer (SWICS; Gloeckler et al. 1998,
2008; Fisk & Gloeckler 2006, 2008, 2012, 2014). SWICS’s
energy range is 0.49 keV e−1 to 100.0 keV e−1 for elements
heavier than He and 0.11 keV e−1 to 15.05 keV e−1 for He
and H, which are below ULEIS’s energy range and the
0.3–1.28MeV nuc−1 range on which this Letter reports. In
other words, the analysis presented here does not rule out the
existence of a spectral rollover below ULEIS’s energy ranges.
As such, this analysis is agnostic to whether the identified
suprathermal γ= 2.5.± 0.3 is universal across all energy
ranges or limited to the higher-energy range of the suprather-
mal regime from 0.3 to 1.28MeV nuc−1.

Acknowledgments

The authors thank Heather Elliot for helpful feedback on this
paper. B.L.A. acknowledges NASA grants 80NSSC22K0645,
80NSSC22K1011, 80NSSC20K1255, and 80NSSC21K0112.
M.I.D. acknowledges NASA grants 80NSSC20K1255,
80NSSC21K0112, and 80NSSC21K1572. M.A.D. acknowl-
edges NASA LWS grants 80NSSC19K0079, 80NSSC21K1307,
and PSP GI award 80NSSC21K1769. G.M.M. acknowledges
80NSSC22K0374.

B.L.A. dedicates this Letter to Mr. Thomas Francis Hocker,
who was his first science teacher and who passed away the day
this Letter was submitted. Thank you for inspiring and teaching
me to explore the Universe.

Software: IPython (Perez & Granger 2007), Jupyter (Kluyver
et al. 2016b), Matplotlib (Hunter 2007), Numpy (van der Walt
et al. 2011; Harris et al. 2020), SciPy (Jones et al. 2001;
Virtanen et al. 2020), Pandas (Mckinney 2010; McKinney
2011; Mckinney 2013), Python (Oliphant 2007; Millman &
Aivazis 2011).

ORCID iDs

B. L. Alterman https://orcid.org/0000-0001-6673-3432
Mihir I. Desai https://orcid.org/0000-0002-7318-6008
Maher A. Dayeh https://orcid.org/0000-0001-9323-1200
Glenn M. Mason https://orcid.org/0000-0003-2169-9618
George C. Ho https://orcid.org/0000-0003-1093-2066

References

Allen, R. C., Ho, G. C., & Mason, G. 2019, ApJL, 883, L10
Alterman, B. L., Desai, M. I., Dayeh, M. A., Mason, G. M., & Ho, G. 2023,

ApJ, 952, 42
Antecki, T., Schlickeiser, R., & Zhang, M. 2013, ApJ, 764, 89
Blum, P. W., & Fahr, H. J. 1970, A&A, 4, 280
Chotoo, K., Schwadron, N. A., Mason, G. M., et al. 2000, JGRA, 105, 23107
Dayeh, M. A., Desai, M., Dwyer, J. R., et al. 2009, ApJ, 693, 1588
Dayeh, M. A., Desai, M., Mason, G., Ebert, R. W., & Farahat, A. 2017, ApJ,

835, 155
Dayeh, M. A., Desai, M. I., Ebert, R. W., & Mason, G. M. 2016, in AIP Conf.

Proc., Solar Wind 14 (Melville, NY: AIP), 070001
Desai, M., & Giacalone, J. 2016, LRSP, 13, 3

Desai, M., & Mason, G. 2001, ApJ, 553, L89
Desai, M., Mason, G., Dayeh, M. A., et al. 2016, ApJ, 828, 106
Desai, M., Mason, G., Gold, R. E., et al. 2006a, ApJ, 649, 470
Desai, M., Mason, G., Gold, R. E., et al. 2007, SSRv, 130, 243
Desai, M., Mason, G., Mazur, J. E., & Dwyer, J. R. 2006b, SSRv, 124, 261
Desai, M., Mason, G., Mazur, J. E., & Dwyer, J. R. 2006c, ApJL, 645, L81
Desai, M., Mason, G., Wiedenbeck, M. E., et al. 2004, ApJ, 611, 1156
Desai, M. I., Dayeh, M. A., & Ebert, R. W. 2016, in AIP Conf. Proc. (Melville,

NY: AIP), 060002
Desai, M. I., Mason, G. M., Dwyer, J. R., et al. 2003, ApJ, 588, 1149
Drake, J. F., Swisdak, M., & Fermo, R. 2013, ApJL, 763, L5
Ebert, R. W., Dayeh, M. A., Desai, M., & Mason, G. 2012, ApJ, 749, 73
Fahr, H. J., Chashei, I. V., & Siewert, M. 2012, A&A, 537, 95
Feldman, W. C., Asbridge, J. R., Bame, S. J., & Kearney, P. D. 1974, JGR,

79, 1808
Filwett, R. J., Desai, M., Dayeh, M. A., & Broiles, T. W. 2017, ApJ, 838,

23
Filwett, R. J., Desai, M., Ebert, R. W., & Dayeh, M. A. 2019, ApJ, 876, 88
Fisk, L. A., & Gloeckler, G. 2006, ApJL, 640, L79
Fisk, L. A., & Gloeckler, G. 2008, ApJ, 686, 1466
Fisk, L. A., & Gloeckler, G. 2012, in AIP Conf. Proc. 1436, Physics of the

Heliosphere: A 10 Year Retrospective (Melville, NY: AIP), 116
Fisk, L. A., & Gloeckler, G. 2014, JGRA, 119, 8733
Fisk, L. A., & Lee, M. A. 1980, ApJ, 237, 620
Gloeckler, G. 1999, SSRv, 89, 91
Gloeckler, G. 2003, in AIP Conf. Proc. 679, Solar Wind 10 (Melville, NY:

AIP), 583
Gloeckler, G., Cain, J., Ipavich, F. M., et al. 1998, SSRv, 86, 497
Gloeckler, G., Fisk, L. A., Mason, G., & Hill, M. E. 2008, in AIP Conf. Proc.

1039 (Melville, NY: AIP), 367
Harris, C. R., Millman, K. J., van der Walt, S. J., et al. 2020, Natur, 585, 357
Holzer, T. E., & Axford, W. I. 1971, JGR, 76, 6965
Hovestadt, D., Klecker, B., Scholer, M., & Gloeckler, G. 1984a, ApJ, 281,

463
Hovestadt, D., Klecker, B., Scholer, M., Gloeckler, G., & Ipavich, F. M.

1984b, ApJL, 282, L39
Hunter, J. D. 2007, CSE, 9, 90
Jokipii, J. R., & Lee, M. A. 2010, ApJ, 713, 475
Jones, E., Oliphant, T. E., Peterson, P., et al. 2001, {SciPy}: Open Source

Scientific Tools for {Python}, http://www.scipy.org/
Jones, F. C., & Ellison, D. C. 1991, SSRv, 58, 259
Kahler, S. W., & Ling, A. G. 2019, ApJ, 872, 89
Kluyver, T., Ragan-Kelley, B., Pérez, F., et al. 2016b, Positioning and Power in

Academic Publishing: Players, Agents and Agendas (Amsterdam: IOS
Press), 87

Lario, D., Berger, L., Decker, R. B., et al. 2019, AJ, 158, 12
Mason, G., & Gloeckler, G. 2012, SSRv, 172, 241
Mason, G., Gold, R. E., Krimigis, S. M., et al. 1998, SSRv, 86, 409
Mason, G., Leske, R., Desai, M., et al. 2008, ApJ, 678, 1458
Mason, G., Mazur, J. E., Dwyer, J. R., et al. 2004, ApJ, 606, 555
Mason, G., Nitta, N. V., Wiedenbeck, M. E., & Innes, D. E. 2016, ApJ,

823, 138
Mason, G., Wiedenbeck, M. E., Miller, J. A., et al. 2002, ApJ, 574, 1039
Mason, G. M., Mazur, J. E., & Dwyer, J. R. 1999, ApJL, 525, L133
McComas, D. J., Christian, E. R., Schwadron, N. A., et al. 2018, SSRv,

214, 116
Mckinney, W. 2010, in Proc. 9th Python in Science Conf., ed.

S. van der Walt & J. Millman, 56
McKinney, W. 2011, in pandas: a Foundational Python Library for Data

Analysis and Statistics, https://api.semanticscholar.org/CorpusID:61539023
Mckinney, W. 2013, Python for Data Analysis (Sebastopol, CA: O'Reilly Media)
Mewaldt, R., Mason, G., & Cohen, C. 2012, in AIP Conf. Proc. 1500, Space

Weather: The Space Radiation Environment (Melville, NY: AIP), 128
Millman, K. J., & Aivazis, M. 2011, CSE, 13, 9
Möbius, E., Rucinski, D., Hovestadt, D., & Klecker, B. 1995, A&A, 304, 505
Oliphant, T. E. 2007, CSE, 9, 10
Perez, F., & Granger, B. E. 2007, CSE, 9, 21
Randol, B. M., & Christian, E. R. 2014, JGRA, 119, 7025
Reames, D. V. 1999, SSRv, 90, 413
Reames, D. V., Meyer, J. P., & von Rosenvinge, T. T. 1994, ApJS, 90, 649
Richardson, I. G. 2004, SSRv, 111, 267
Schwadron, N. A., Dayeh, M. A., Desai, M., et al. 2010, ApJ, 713, 1386
SILSO World Data Center 2023, SILSO Sunspot number series, http://sidc.

oma.be/silso/
Stone, E. C., Frandsen, A. M., Mewaldt, R., et al. 1998, SSRv, 86, 1
Tsurutani, B. T., & Lin, R. P. 1985, JGR, 90, 1
van der Walt, S., Colbert, S. C., & Varoquaux, G. 2011, CSE, 13, 22

5

The Astrophysical Journal Letters, 964:L31 (6pp), 2024 April 1 Alterman et al.

https://orcid.org/0000-0001-6673-3432
https://orcid.org/0000-0001-6673-3432
https://orcid.org/0000-0001-6673-3432
https://orcid.org/0000-0001-6673-3432
https://orcid.org/0000-0001-6673-3432
https://orcid.org/0000-0001-6673-3432
https://orcid.org/0000-0001-6673-3432
https://orcid.org/0000-0001-6673-3432
https://orcid.org/0000-0002-7318-6008
https://orcid.org/0000-0002-7318-6008
https://orcid.org/0000-0002-7318-6008
https://orcid.org/0000-0002-7318-6008
https://orcid.org/0000-0002-7318-6008
https://orcid.org/0000-0002-7318-6008
https://orcid.org/0000-0002-7318-6008
https://orcid.org/0000-0002-7318-6008
https://orcid.org/0000-0001-9323-1200
https://orcid.org/0000-0001-9323-1200
https://orcid.org/0000-0001-9323-1200
https://orcid.org/0000-0001-9323-1200
https://orcid.org/0000-0001-9323-1200
https://orcid.org/0000-0001-9323-1200
https://orcid.org/0000-0001-9323-1200
https://orcid.org/0000-0001-9323-1200
https://orcid.org/0000-0003-2169-9618
https://orcid.org/0000-0003-2169-9618
https://orcid.org/0000-0003-2169-9618
https://orcid.org/0000-0003-2169-9618
https://orcid.org/0000-0003-2169-9618
https://orcid.org/0000-0003-2169-9618
https://orcid.org/0000-0003-2169-9618
https://orcid.org/0000-0003-2169-9618
https://orcid.org/0000-0003-1093-2066
https://orcid.org/0000-0003-1093-2066
https://orcid.org/0000-0003-1093-2066
https://orcid.org/0000-0003-1093-2066
https://orcid.org/0000-0003-1093-2066
https://orcid.org/0000-0003-1093-2066
https://orcid.org/0000-0003-1093-2066
https://orcid.org/0000-0003-1093-2066
https://doi.org/10.3847/2041-8213/ab3f2f
https://ui.adsabs.harvard.edu/abs/2019ApJ...883L..10A/abstract
https://doi.org/10.3847/1538-4357/acd24a
https://ui.adsabs.harvard.edu/abs/2023ApJ...952...42A/abstract
https://doi.org/10.1088/0004-637X/764/1/89
https://ui.adsabs.harvard.edu/abs/2013ApJ...764...89A/abstract
https://ui.adsabs.harvard.edu/abs/1970A&A.....4..280B/abstract
https://doi.org/10.1029/1998JA000015
https://ui.adsabs.harvard.edu/abs/2000JGR...10523107C/abstract
https://doi.org/10.1088/0004-637X/693/2/1588
https://ui.adsabs.harvard.edu/abs/2009ApJ...693.1588D/abstract
https://doi.org/10.3847/1538-4357/835/2/155
https://ui.adsabs.harvard.edu/abs/2017ApJ...835..155D/abstract
https://ui.adsabs.harvard.edu/abs/2017ApJ...835..155D/abstract
https://ui.adsabs.harvard.edu/abs/2016AIPC.1720g0001D/abstract
https://doi.org/10.1007/s41116-016-0002-5
https://ui.adsabs.harvard.edu/abs/2016LRSP...13....3D/abstract
https://doi.org/10.1086/320503
https://ui.adsabs.harvard.edu/abs/2001ApJ...553L..89D/abstract
https://doi.org/10.3847/0004-637X/828/2/106
https://ui.adsabs.harvard.edu/abs/2016ApJ...828..106D/abstract
https://doi.org/10.1086/505649
https://ui.adsabs.harvard.edu/abs/2006ApJ...649..470D/abstract
https://doi.org/10.1007/s11214-007-9219-x
https://ui.adsabs.harvard.edu/abs/2007SSRv..130..243D/abstract
https://doi.org/10.1007/s11214-006-9109-7
https://ui.adsabs.harvard.edu/abs/2006SSRv..124..261D/abstract
https://doi.org/10.1086/505935
https://ui.adsabs.harvard.edu/abs/2006ApJ...645L..81D/abstract
https://doi.org/10.1086/422211
https://ui.adsabs.harvard.edu/abs/2004ApJ...611.1156D/abstract
https://ui.adsabs.harvard.edu/abs/2016AIPC.1720f0002D/abstract
https://doi.org/10.1086/374310
https://ui.adsabs.harvard.edu/abs/2003ApJ...588.1149D/abstract
https://doi.org/10.1088/2041-8205/763/1/L5
https://ui.adsabs.harvard.edu/abs/2013ApJ...763L...5D/abstract
https://doi.org/10.1088/0004-637X/749/1/73
https://ui.adsabs.harvard.edu/abs/2012ApJ...749...73E/abstract
https://doi.org/10.1051/0004-6361/201117503
https://ui.adsabs.harvard.edu/abs/2012A&A...537A..95F/abstract
https://doi.org/10.1029/JA079i013p01808
https://ui.adsabs.harvard.edu/abs/1974JGR....79.1808F/abstract
https://ui.adsabs.harvard.edu/abs/1974JGR....79.1808F/abstract
https://doi.org/10.3847/1538-4357/aa5ca9
https://ui.adsabs.harvard.edu/abs/2017ApJ...838...23F/abstract
https://ui.adsabs.harvard.edu/abs/2017ApJ...838...23F/abstract
https://doi.org/10.3847/1538-4357/ab12cf
https://ui.adsabs.harvard.edu/abs/2019ApJ...876...88F/abstract
https://doi.org/10.1086/503293
https://ui.adsabs.harvard.edu/abs/2006ApJ...640L..79F/abstract
https://doi.org/10.1086/591543
https://ui.adsabs.harvard.edu/abs/2008ApJ...686.1466F/abstract
https://ui.adsabs.harvard.edu/abs/2012AIPC.1436..116F/abstract
https://doi.org/10.1002/2014JA020426
https://ui.adsabs.harvard.edu/abs/2014JGRA..119.8733F/abstract
https://doi.org/10.1086/157907
https://ui.adsabs.harvard.edu/abs/1980ApJ...237..620F/abstract
https://doi.org/10.1007/978-94-017-1179-1_7
https://ui.adsabs.harvard.edu/abs/1999SSRv...89...91G/abstract
https://ui.adsabs.harvard.edu/abs/2003AIPC..679..583G/abstract
https://doi.org/10.1023/A:1005036131689
https://ui.adsabs.harvard.edu/abs/1998SSRv...86..497G/abstract
https://ui.adsabs.harvard.edu/abs/2008AIPC.1039..367G/abstract
https://doi.org/10.1038/s41586-020-2649-2
https://ui.adsabs.harvard.edu/abs/2020Natur.585..357H/abstract
https://doi.org/10.1029/JA076i028p06965
https://ui.adsabs.harvard.edu/abs/1971JGR....76.6965H/abstract
https://doi.org/10.1086/162118
https://ui.adsabs.harvard.edu/abs/1984ApJ...281..463H/abstract
https://ui.adsabs.harvard.edu/abs/1984ApJ...281..463H/abstract
https://doi.org/10.1086/184300
https://ui.adsabs.harvard.edu/abs/1984ApJ...282L..39H/abstract
https://doi.org/10.1109/MCSE.2007.55
https://ui.adsabs.harvard.edu/abs/2007CSE.....9...90H/abstract
https://doi.org/10.1088/0004-637X/713/1/475
https://ui.adsabs.harvard.edu/abs/2010ApJ...713..475J/abstract
http://www.scipy.org/
https://doi.org/10.1007/BF01206003
https://ui.adsabs.harvard.edu/abs/1991SSRv...58..259J/abstract
https://doi.org/10.3847/1538-4357/aafb03
https://ui.adsabs.harvard.edu/abs/2019ApJ...872...89K/abstract
https://ui.adsabs.harvard.edu/abs/2016ppap.book...87K/abstract
https://doi.org/10.3847/1538-3881/ab1e49
https://ui.adsabs.harvard.edu/abs/2019AJ....158...12L/abstract
https://doi.org/10.1007/s11214-010-9741-0
https://ui.adsabs.harvard.edu/abs/2012SSRv..172..241M/abstract
https://doi.org/10.1023/A:1005079930780
https://ui.adsabs.harvard.edu/abs/1998SSRv...86..409M/abstract
https://doi.org/10.1086/533524
https://ui.adsabs.harvard.edu/abs/2008ApJ...678.1458M/abstract
https://doi.org/10.1086/382864
https://ui.adsabs.harvard.edu/abs/2004ApJ...606..555M/abstract
https://doi.org/10.3847/0004-637x/823/2/138
https://ui.adsabs.harvard.edu/abs/2016ApJ...823..138M/abstract
https://ui.adsabs.harvard.edu/abs/2016ApJ...823..138M/abstract
https://doi.org/10.1086/341112
https://ui.adsabs.harvard.edu/abs/2002ApJ...574.1039M/abstract
https://doi.org/10.1086/312349
https://ui.adsabs.harvard.edu/abs/1999ApJ...525L.133M/abstract
https://doi.org/10.1007/s11214-018-0550-1
https://ui.adsabs.harvard.edu/abs/2018SSRv..214..116M/abstract
https://ui.adsabs.harvard.edu/abs/2018SSRv..214..116M/abstract
https://api.semanticscholar.org/CorpusID:61539023
https://ui.adsabs.harvard.edu/abs/2012AIPC.1500..128M/abstract
https://doi.org/10.1109/MCSE.2011.36
https://ui.adsabs.harvard.edu/abs/2011CSE....13b...9M/abstract
https://ui.adsabs.harvard.edu/abs/1995A&A...304..505M/abstract
https://doi.org/10.1109/MCSE.2007.58
https://ui.adsabs.harvard.edu/abs/2007CSE.....9c..10O/abstract
https://doi.org/10.1109/MCSE.2007.53
https://ui.adsabs.harvard.edu/abs/2007CSE.....9c..21P/abstract
https://doi.org/10.1002/2014JA020095
https://ui.adsabs.harvard.edu/abs/2014JGRA..119.7025R/abstract
https://doi.org/10.1023/A:1005105831781
https://ui.adsabs.harvard.edu/abs/1999SSRv...90..413R/abstract
https://doi.org/10.1086/191887
https://ui.adsabs.harvard.edu/abs/1994ApJS...90..649R/abstract
https://doi.org/10.1023/B:SPAC.0000032689.52830.3e
https://ui.adsabs.harvard.edu/abs/2004SSRv..111..267R/abstract
https://doi.org/10.1088/0004-637X/713/2/1386
https://ui.adsabs.harvard.edu/abs/2010ApJ...713.1386S/abstract
http://sidc.oma.be/silso/
http://sidc.oma.be/silso/
https://doi.org/10.1023/A:1005082526237
https://ui.adsabs.harvard.edu/abs/1998SSRv...86....1S/abstract
https://doi.org/10.1029/JA090iA01p00001
https://ui.adsabs.harvard.edu/abs/1985JGR....90....1T/abstract
https://doi.org/10.1109/MCSE.2011.37
https://ui.adsabs.harvard.edu/abs/2011CSE....13b..22V/abstract


Virtanen, P., Gommers, R., Oliphant, T. E., et al. 2020, NatMe, 17, 261
Wiedenbeck, M. E. 2003, in AIP Conf. Proc. 679, Solar Wind Ten, ed.

M. Velli (Melville, NY: AIP), 652
Wijsen, N., Li, G., Ding, Z., et al. 2023, JGRA, 128, e2022JA031203
Zank, G. P., Le Roux, J. A., Webb, G. M., Dosch, A., & Khabarova, O. 2014,

ApJ, 797, 28

Zank, G. P., Li, G., Florinski, V., et al. 2006, JGRA, 111, A06108
Zeldovich, M. A., Kecskeméty, K., & Logachev, Y. I. 2021, MNRAS,

502, 2961
Zeldovich, M. A., Logachev, Y. I., & Kecskeméty, K. 2018, SoPh, 293, 3
Zeldovich, M. A., Logachev, Y. I., & Surova, G. M. 2011, ARep, 55, 374
Zhang, M. 2010, JGRA, 115, A12102

6

The Astrophysical Journal Letters, 964:L31 (6pp), 2024 April 1 Alterman et al.

https://doi.org/10.1038/s41592-019-0686-2
https://ui.adsabs.harvard.edu/abs/2020NatMe..17..261V/abstract
https://ui.adsabs.harvard.edu/abs/2003AIPC..679..652W/abstract
https://doi.org/10.1029/2022JA031203
https://ui.adsabs.harvard.edu/abs/2023JGRA..12831203W/abstract
https://doi.org/10.1088/0004-637X/797/1/28
https://ui.adsabs.harvard.edu/abs/2014ApJ...797...28Z/abstract
https://doi.org/10.1029/2005JA011524
https://ui.adsabs.harvard.edu/abs/2006JGRA..111.6108Z/abstract
https://doi.org/10.1093/mnras/staa4029
https://ui.adsabs.harvard.edu/abs/2021MNRAS.502.2961Z/abstract
https://ui.adsabs.harvard.edu/abs/2021MNRAS.502.2961Z/abstract
https://doi.org/10.1007/s11207-017-1170-8
https://ui.adsabs.harvard.edu/abs/2018SoPh..293....3Z/abstract
https://doi.org/10.1134/S1063772911020090
https://ui.adsabs.harvard.edu/abs/2011ARep...55..374Z/abstract
https://doi.org/10.1029/2010JA015723
https://ui.adsabs.harvard.edu/abs/2010JGRA..11512102Z/abstract

	1. Introduction
	2. Observations
	3. Discussion
	4. Conclusion
	References



