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Abstract

We investigate the evolution of the Rieger periodicity at 152—156 days, the 27-day syn-
odic rotation period as well as the 13.5- and 9-day harmonic periodicities in anomalous
cosmic ray (ACR) oxygen (O) fluxes at the energy range between 8§ —25 MeV/n observed
by the Advanced Composition Explorer (ACE) satellite during Solar Cycles 23 and 24. The
ACR oxygen flux data is analysed using the Lomb-Scargle periodogram and Morlet wavelet
spectral analysis techniques. Daily mean oxygen fluxes during solar quiet times are used to
identify how the ACR oxygen at different energies varies with the Rieger periodicity and the
solar rotation periodicities in each year. This is the first investigation of the periodicity evo-
Iution of ACR oxygen ions. Previous investigations have mostly concentrated on the spectral
behaviour of GCR particles during various solar cycles of opposite polarities, in particular
the 27-day and 13.5-day periodicities. Our analysis revealed a significant temporal and en-
ergy dependence in the spectral behaviour of ACR oxygen during both cycles. An important
finding of this investigation, not reported before in the literature, is the significant increase
in the power of the different ACR oxygen periodicities during the minimum of Cycle 24/25
(characterised by a positive solar polarity) in comparison to the minimum of Cycle 23/34
(dominated by a negative solar polarity).

1. Introduction

Anomalous cosmic ray (ACR) particles are high first-ionization-potential (FIP) neutrals,
such as oxygen, that have their origin outside the solar system and drift inwards towards
the Sun. In the heliosphere, they become singly ionized ions that have a typical energy in
the range of 5-50 MeV/n (Klecker et al. 1998; Potgieter 2013a; Giacalone et al. 2022).
Temporal variation of cosmic ray particles correlates closely with solar activity at different
timescales (Potgieter 2013b), with the 11-year solar sunspot cycle being the most dominant
long-term variation. On the other hand, shorter-period variations like the 27-day synodic ro-
tation and the first harmonics of this period, the 13.5-day and 9-day periodicities, correlate
with the passage of co-rotating interaction regions which have their origin in solar coronal
holes (Sabbah and Kudela 2011; Kotzé 2020; Modzelewska and Gil 2021). Solar activity
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variations within the 0.3 -2 year periodicity timescale, which includes the Rieger period
(150-160 days), have recently been attributed to magnetic Rossby waves (Korsds et al.
2023). Dikpati et al. (2018) reported that Rossby waves provide evidence of magnetic pat-
terns around the solar tacholine, the region where the solar magnetic field is accumulated.
A recent study by Gurgenashvili et al. (2016) showed that the Rieger period has a strong
dependence on solar activity level, and Feng et al. (2017) showed that these periodicities in
sunspot indices have a strong correlation with the solar magnetic field.

The modulation of cosmic ray (CR) particles in the heliosphere is influenced by proper-
ties of the solar wind as well as the orientation of the solar magnetic field and solar activity
level. Around solar minima CR modulation is predominantly driven by drifts, while around
solar maximum it is affected by enhanced diffusion resulting from a complex magnetic
structure (Potgieter 2013b). Drift effects are also responsible for the 22-year cycle in CR
modulation, as CR ions are sensitive to the polarity of the solar magnetic field. Particularly,
positively charged particles drift inward along the near-equatorial heliospheric current sheet
(HCS) when the solar magnetic field is negatively orientated (QA < 0 minima), e.g., dur-
ing the minimum of solar cycle 23/24 (SC23/24), while these particles drift outward along
the HCS during positively oriented solar magnetic fields (qA > 0 minima), e.g., during the
minimum of solar cycle 24/25 (SC24/25). Solar activity levels were anomalously low during
both the minima of SC23/24 and SC24/25, resulting in much lower than usual interplanetary
magnetic field strengths which was accompanied by unusually small tilt angle values of the
heliospheric current sheet. In fact, during the minimum of SC24/25 the tilt angle was more
than 50% lower than during the minimum of SC23/24 (Rankin et al. 2022). This resulted
in the highest recorded levels of GCR intensities (Rankin et al. 2022) as observed by both
spacecraft and ground-based neutron monitors (NM). A recent study by Rankin et al. (2022)
of CR oxygen particles, using the Parker Solar Probe, revealed that the ACR component is
remarkably similar across the minima of Solar Cycle 23/24 and Solar Cycle 24/25.

The periodicity behaviour and modulation, particularly, of GCR’s has been a topic of
investigation for several decades, using both ground-based NM data (Gil and Mursula 2017;
Kotz¢ 2020) as well as space-based satellite data using, e.g., the Advanced Composition Ex-
plorer (ACE) satellite (Leske et al. 2010; Kotz€ 2021). A recent study by Kotzé (2023) found
an energy and solar-polarity dependence for the 27-day and 13.5-day periodicities of proton,
carbon, and oxygen GCR particles observed by ACE/CRIS and SOHO/EPHIN spacecraft
during SC23 and SC24. Larger powers of these periodicities were observed during positive
polarity intervals (qA > 0; SC24) than negative polarity (qA < 0; SC23).

The different characteristics between the minima of SC23/24 and SC24/25, combined
with opposite drift patterns, provide a unique opportunity to investigate the periodicity be-
haviour of, particularly, ACR oxygen ions, and to compare their variation to the periodicity
behaviour of GCR particles during the same time interval (Kotzé 2023). Previous studies
(Fu et al., 2021, 2023) indicated that oxygen energy spectra below about 30 MeV/n are
dominated by ACRs, in contrast to the GCR components that occur at higher energies.

2. Data Selection and Analysis

Low-energy (less than about 35 MeV/n) oxygen ion data as measured by the Advanced
Composition Explorer / Solar Isotope Spectrometer (ACE/SIS) between 2000 and 2020
were utilized in this investigation. The main purpose of the ACE/SIS instrument (Stone et al.
1998), located at the L1 point in space, is to measure the isotope composition of energetic
particle nuclei from He to Ni in the energy range between about 10 and 100 MeV/n. Daily
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Figure 1 Quiet-time daily mean Oxygen ACR: 2000 - 2020
(flag = 0) ACR oxygen flux
observations at 8.5 MeV/n, 11.4 1.2e-5
MeV/n, 14.3 MeV/n, 18.1 MeV/n
and 24.8 MeV/n by ACE/SIS . 8.5 MeVin
during Solar Cycles 23 and 24. e 11.4 MeVin
1.0e-5 1 * 143 MeV/n .
e 18.1 MeVin .
e 248 MeVin . by
.."-
. AT N )
8.0e-6 1 it
LIOL
o
. e tete
x et b
= 6.0e-6 1
[

4.0e-6 1

2.0e-6 1

0.0 aliads e el
2000 2005 2010 2015 2020
Year

mean Level-2 verified data were downloaded from the ACE website https://izw1.caltech.
edu/ACE/ASC/level2/IlvI2DATA _SIS .html for further study. In general, low-energy CR par-
ticle data can be contaminated by solar energetic particles (SEPs) originating in solar erup-
tions. Daily solar activity levels have been flagged by the ACE Science Centre (ASC) to-
gether with the Level-2 verified particle flux data. The general rule applied by ASC was that
if the 3.43-7.29 MeV/n He flux exceeds 1.0 x 10~* particles/(cm? St sec MeV/n), the flag
is set to 1 (active period), and otherwise it is set to O (quiet period). All oxygen particle data
were selected here according to this criterion (flag = 0) to ensure the cleanest possible ACR
data for this study. Figure 1 shows a plot of the selected ACE/SIS oxygen quiet-time daily
mean fluxes as observed at energies below 30 MeV/n during SC23 and SC24. Figure 1 also
clearly shows that the highest daily mean fluxes are observed at 8.5 MeV/n during SC24.

Figure 1 shows that the 8 —25 MeV/n ACR oxygen flux (particles/(cm? Sr sec MeV/n)
during the SC24/25 minimum increased by an average of 49 4+ 17% in comparison to the
minimum of SC23/24. This is in a good agreement with results found by Fu et al. (2023),
who obtained an increase of 48 £+ 12% for ACR oxygen in the energy range of 6—13.4
MeV/n during the same time interval using WIND satellite data. A clear energy dependence
can also be observed in Figure 1, with distinct differences in profiles between lower and
higher energies. In addition, the sharp peaked profiles during SC24 are in sharp contrast to
the flat profiles of oxygen GCR, as reported by Fu et al. (2021). This indicates a distinct
difference between the modulation of ACR and GCR particles.

We use the Lomb—Scargle (Lomb 1976; Scargle 1982) periodogram spectrum analysis
technique to determine the behaviour of the roughly 155-day Rieger periodicity and 27-
day, 13.5-day and 9-day solar rotation periodicities for each energy level and for every year
in the time interval between 2000 and 2020. The Interactive Data Language (IDL) Mor-
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Figure 2 Lomb-Scargle power (L-S power) of 8.5 MeV/n oxygen ions for different periodicities in 2008
(top) and 2019 (bottom). The 95% confidence levels (dashed horizontal lines) denote the error.

let wavelet applet (https://www.13harrisgeospatial/docs/wv_applet.html) was used to calcu-
late the wavelet spectral analysis from the daily fluxes of ACR oxygen and to generate the
wavelet contour plots for each year. The energies reported and utilized in this study are the
means of the energy intervals measured by ACE/SIS. Only results complying with a 95%
confidence level are used and reported in this study.

3. Results

The main aim of this investigation is to determine whether the 155-day Rieger, and the
27-day, 13.5-day and 9-day periodicities of ACR oxygen ions exhibit any energy or time
dependencies during SC23 and SC24, particularly around the respective minima after these
solar cycles. A Lomb—Scargle spectral analysis was performed for each energy range of O
ions measured by the ACE/SIS instrument (Stone et al. 1998) separately in each year from
2000 to 2020. As an example, the Lomb-Scargle periodograms of 8.5 MeV/n ACR oxygen
ions in 2008 and 2009 are displayed in Figure 2.

Figure 2 shows that the annual mean power of statistically significant periodicities dif-
fered quite substantially between the two sunspot minima. It is also evident that the power
of the Rieger periodicity and its harmonic during the SC24/25 minimum are much higher
than during the SC23/24 minimum. Rieger periodicity is below the 95% CL in 2008, the
deep minimum of SC23/24, but appears strongly in 2019 during the minimum of SC24/25.
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Figure3 Morlet wavelet spectrum (b) of daily fluxes of 8.5 MeV/n ACR oxygen ions in 2017 (a) as a function
of the day of the year, showing the 27-day solar rotation period, the 54-day period and the Rieger period at
152 days. Vertical axis represents the scale (period) in days. White contour lines represent the 95% confidence
level. Global wavelet spectrum (c) shows the relative integrated power of periodicities in 2017.

Morlet wavelet analysis confirmed the Lomb—Scargle periodogram analysis. Figure 3
shows, as an example, the Morlet wavelet spectrum analysis of 8.5 MeV/n oxygen ions in
2017. Figure 3c shows that the power of the Rieger period is largest in 2017, exceeding, e.g.
that of the 27-day periodicity.

Figure 4a shows the ACR oxygen Lomb—Scargle power at the Rieger period of approxi-
mately 155 days as a function of time (x-axis) from 2000 to 2020 and energy (y-axis) from
5 to 25 MeV/n. Figure 4a shows that the Rieger periodicity in ACR oxygen ions exhibits
a strong energy and temporal dependence. The strongest power occurs during the late de-
clining phase of both SC23/24 (2006—-2007) and SC24/25 (2015-2017), respectively. In
addition, it also appears that in SC23, the Lomb-Scargle maximum power is at slightly
higher energies (about 8 — 12 MeV/n) compared to SC24, where the maximum power is at
about 6-9 MeV/n.

Figure 4b depicts the behaviour of the 27-day rotational periodicity in the same way and
for the same time interval as Figure 4a shows the Rieger periodicity. Figure 4b shows that the
strongest power of the 27-day rotational periodicity is centred around the 8.5 MeV/n energy
during the late declining to minimum phase (2007 —2008) of SC23, and (2017 -2018) of
SC24. This gives further evidence for the fact that the strongest periodicities in ACR oxygen
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Figure 4a Power (in colour) of
Rieger periodicity of ACR
oxygen ions calculated by the
Lomb-Scargle periodogram
method annually from 2000 to
2020 as a function of energy
(5-25MeV/n).

Figure4b Lomb-Scargle
periodogram for the 27-day
rotational period in similar
presentation as Figure 4a for the
Rieger periodicity.
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Figure 5 Power (in colour) of Oxygen ACR: 2020
solar rotation periodicities in 25
ACR oxygen ions in 2020 as a
function of period (x-axis)
between 5—30 days and particle
energy between (y-axis) from 5
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ions occur in the late declining to minimum phase of the solar cycle and are limited to
energies below 15 MeV/n. Note also that a clearly larger power is found during SC24 than
SC23.

A further investigation into the evolution and relative strength of the 27-day, 13.5-day
and the 9-day solar rotation periodicities around the minima of SC23/24 (2007, 2008, 2009)
and SC24/25 (2018, 2019, 2020) was conducted using Lomb—Scargle periodogram analysis.

As an example, Figure 5 depicts the power of periodicities in ACR oxygen ions between
5 and 30 days in 2020 as a function of energy. The strongest rotational periodicities occur
at particle energies below 15 MeV/n. The 27-day period has its strongest activity centred
at about 11.5 MeV/n, while the 13.5-day period peaks around 14.5 MeV/n and the 9-day
period exhibits its strongest power around 8.5 MeV/n. Figure 5 also shows that the power of
the 27-day periodicity exceeds the power of the 13.5-day and the 9-day period. We note that
the power is considerably reduced above some 15— 17 MeV/n for all periods. This is likely
due to the fact that the relative fraction of GCR starts increasing at this energy range (Leske
et al. 2013), which dilutes the observed periodicities.

We have also calculated the difference of solar rotation periodicities between the SC23/24
minimum and the SC24/25 minimum. For this purpose, the average power for each period
at each energy level for the 3-year interval 2007 —2009 was calculated and subtracted from
the corresponding average for 2016 —2020. The results for the percentage differences for the
Rieger, 27-day, 13.5-day and 9-day period are shown in Figure 6.

Figure 6 shows that the Lomb—Scargle power of the four periodicities at the different en-
ergies between 5 and 25 MeV/n during the minimum of SC24/25 exceed the corresponding
power during the minimum of SC23/24, except in the case of the Rieger periodicity at 11.5
MeV/n when the power is 21% higher during SC23/24 than during SC24/25. Only results
that are statistically significant above the 95% confidence level are displayed in Figure 6.
In the case of the 155-day Rieger period, the maximum difference occurs at 8.5 MeV/n
(8%). In contrast, the 27-day period exhibits the strongest difference (36%) at 18 MeV/n.
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Figure 6 Percentage differences between the minima of SC23/24 and SC24/25 for the 155-day Rieger, 27-
day, 13.5-day and 9-day periodicities of ACR oxygen ions at various energy levels.

The 13.5-day period, on the other hand, experiences its greatest difference (25.5%) at 11.4
MeV/n. The 9-day period is the only periodicity that shows its maximum difference (28%)
at the highest energy of 24.8 MeV/n.

4, Discussion and Conclusions

We have used the Lomb—Scargle periodogram and a Morlet wavelet spectral method to
investigate the energy and time-dependence of the 155-day Rieger, and the 27-day, 13.5-day
and 9-day solar rotation periodicities in anomalous cosmic ray oxygen fluxes as measured
by the ACE/SIS instrument on board the ACE satellite during SC23 and SC24. Particular
attention has been paid to the late declining to minimum phases of SC23/24 (2006 —-2009)
and SC24/25 (2017 —-2020). Previous investigations of the evolution of ACR oxygen ions in
the energy range from 6.0 to 13.4 MeV/n observed by the WIND satellite (Fu et al. 2023)
revealed a clear increase in particle flux during SC24 in comparison to SC23. In contrast to
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this finding, a study by Rankin et al. (2022) on ACR oxygen particles in the energy range 6.7
to 27 MeV/n observed by Parker Solar Probe at 0.1 AU revealed no observable difference
between the minima of SC23/24 and SC24/25. Results obtained in this study (Figure 1)
using ACR oxygen data measured by ACE/SIS in the energy range between 8.5 and 24.8
MeV/n showed that the flux during SC24/25 increased by an average of 49 &+ 17% compared
to the minimum of SC23/24.

Spectral analysis results obtained in this investigation show both an energy dependence
(between 8.5 and 24.8 MeV/n) and a solar polarity dependence of the Rieger, 27-day, 13.5-
day and 9-day periodicities for ACR oxygen ions. A recent investigation (Kotzé 2023) re-
vealed a particularly strong time- and energy-dependent behaviour of both 27-day and 13.5-
day periodicities in GCR fluxes observed both by spacecraft and ground-based neutron mon-
itors. Periodicities of GCR fluxes observed during the minimum of SC24/25 (when qA > 0)
were larger than during the minimum of SC23/24 (when gA < 0).

Lomb-Scargle periodogram results for the Rieger, 27-day, 13.5-day and 9-day periodici-
ties obtained in this investigation for ACR oxygen ions show that these periods exhibit more
power in general during the minimum of SC24/25 than during the minimum of SC23/24.
An exception however has been observed at 11.5 MeV/n for the Rieger periodicity, which
forms part of a strong energy dependence, as displayed in Figure 6.

The recent minimum of SC24/25 forms a part of the weakest solar cycle (SC24) in the
history of space age with 77% spotless days observed during 2019 compared to 73% ob-
served during 2008. The slightly lower level of turbulence and weaker heliospheric mag-
netic field (Rankin et al. 2022) resulted in an estimated 10% increase in cosmic particle
mean free path compared to 2009. In addition, a change in the solar magnetic field dur-
ing this time interval can possibly serve as a signal of increasing solar activity towards the
next Gleissberg cycle, the Future Grand Maximum (Mursula 2023). According to a study
by Moraal and Stoker (2010), ACR particles, like GCRs, were therefore subjected to less
modulation during SC24/25 than during the previous solar minimum. These differences, to-
gether with opposite drift patterns during SC23/24 and SC24/25, provide an explanation for
the behaviour of the different periodicities revealed in this study. In the case of the Rieger
periodicity, an enhanced generation of Rossby waves during the increasing solar activity in
SC24/25 after the centennial low point in SC23/24 (Mursula 2023) could be the reason for
the larger power of this periodicity during the minimum of SC24/25 compared to SC23/24.
The larger power of rotational periodicities (27-day, 13.5-day, 9-day) during SC24/25, an
interval of positive solar polarity, indicates that large-scale drift effects play an important
role in the behaviour and modulation of ACR cosmic particles.
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