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ABSTRACT

A technique has recently been developed for tracking short-term spectral variations in Galactic

cosmic rays (GCRs) using data from a single neutron monitor (NM), by collecting histograms of the

time delay between successive neutron counts and extracting the leader fraction L as a proxy of the

spectral index. Here we analyze L from four Antarctic NMs during 2015 March to 2023 September.

We have calibrated L from the South Pole NM with respect to a daily spectral index determined from

published data of GCR proton fluxes during 2015–2019 from the Alpha Magnetic Spectrometer (AMS-

02) aboard the International Space Station. Our results demonstrate a robust correlation between

the leader fraction and the spectral index fit over the rigidity range 2.97–16.6 GV for AMS-02 data,

with uncertainty 0.018 in the daily spectral index as inferred from L. In addition to the 11-year

solar activity cycle, a wavelet analysis confirms a 27-day periodicity in the GCR flux and spectral

index corresponding to solar rotation, especially near sunspot minimum, while the flux occasionally

exhibited a strong harmonic at 13.5 days, and that the magnetic field component along a nominal

Parker spiral (i.e., the magnetic sector structure) is a strong determinant of such spectral and flux

variations, with the solar wind speed exerting an additional, nearly rigidity-independent influence on

flux variations. Our investigation affirms the capability of ground-based NM stations to accurately

and continuously monitor cosmic ray spectral variations in the long-term future.

Keywords: Neutron monitor — Cosmic rays — Leader fraction — Spectral variations

1. INTRODUCTION

When cosmic ray ions with energy ≳ 1 GeV interact in the Earth’s atmosphere, they create showers containing var-

ious sub-atomic particles. The flux of these secondary particles, including neutrons, has been continuously monitored

by ground-based detectors including neutron monitors (NMs) (Simpson 1948; Hatton & Carmichael 1964) across time

scales up to decades (Usoskin et al. 2005). The primary cosmic ray ions are mostly Galactic cosmic rays (GCRs),

which traverse extensive regions of the heliosphere before reaching Earth. Accordingly, measurements of the temporal

variation of the GCR spectrum (i.e., the flux as a function of particle energy or rigidity R = pc/q, related to the parti-

cle’s momentum per unit charge) can provide distinctive insights into particle transport conditions in the heliosphere

as influenced by the solar wind speed and magnetic field and their fluctuations, which in turn are influenced by the

solar activity cycle, solar storms, shocks, rotating solar wind streams, and their interactions. The flux variations over

short time scales can be of the order of 1%, so large detectors are required to provide sufficient statistical precision.
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Ground-based cosmic ray detectors monitor variations in the cosmic ray flux above a certain threshold or “cutoff”

with a detector-specific yield function (Clem & Dorman 2000). For NMs, which are mostly sensitive to atmospheric

secondary neutrons from cosmic ray showers, there are two types of cutoffs. The geomagnetic cutoff relates to a

charged particle’s rigidity, which determines its trajectory in Earth’s magnetic field regardless of the particle species.

Locations near Earth’s geomagnetic equator, and especially Southeast Asia, have the highest cutoff rigidity, up to 17

GV (Smart & Shea 2009; Ruffolo 2020), while locations near Earth’s poles have a geomagnetic cutoff below 1 GV.

Polar NMs are affected by the other type of cutoff, an atmospheric cutoff at ∼1 GV, related to the kinetic energy

per nucleon needed to generate a detectable flux of secondary particles at ground level (e.g., Mangeard et al. 2016b).

Historically, GeV-range spectral variations were tracked over monthly or yearly time scales by comparing the fluxes

from NMs at different cutoff rigidities (Usoskin et al. 2005) or based on repeated balloon flights (Abe et al. 2016).

Simple estimates of spectral variation based on the count rate ratio between two NMs at different cutoffs were found

to be unreliable over shorter time scales, presumably due to different systematic effects (Ruffolo et al. 2016).

New techniques have recently been developed for tracking variations of the GeV-range GCR spectrum. Special

electronics can record the distribution of the time delay between successive neutron counts in a NM, in effect measuring

the neutron multiplicity (Bieber et al. 2004), which relates to the energy of secondaries from cosmic-ray showers and

in turn the primary cosmic ray energy. From such distributions, the effect of chance coincidences between neutron

counts associated with different cosmic ray showers can be removed to extract the leader fraction, L, i.e., the fraction

of neutron counts that did not follow a previous neutron count from the same cosmic ray shower, which represents the

inverse multiplicity (Ruffolo et al. 2016). The leader fraction can serve as a proxy of the spectral index, as demonstrated

by an analysis of data from a ship-borne NM for latitude surveys during 2000-2007 (Mangeard et al. 2016b) and allows

a measurement of spectral variations over time scales as short as days (Ruffolo et al. 2016) or as long as a decade

(Banglieng et al. 2020). In principle these data can be made available in near-real time.

Even more recently, daily direct measurements from the AMS-02 detector on the International Space Station (ISS)

have been published, including spectra of protons (Aguilar et al. 2021) and helium nuclei (Aguilar et al. 2022) during

2011-2019. These direct measurements have the advantages of identification of the primary cosmic ray species and

accurate measurement of the energy. AMS-02 can be expected to continue operation along with the ISS at least

through the year 2030. Another recent innovation is the refinement of the comparison of historical NM count rates

from different cutoff rigidities, using several stations and paying careful attention to systematic effects on individual

NM rates. With assumptions of a specific interstellar cosmic ray spectrum and the force-field model of solar modulation

(i.e., of solar effects on GCRs), Väisänen et al. (2023) provide a daily tabulation of the modulation potential ϕ during

1964-2021 that expresses the long-term and short-term spectral variation of GCRs. However, it should be noted

that a solar magnetic polarity reversal occurs near each solar activity maximum, which causes charge-sign-dependent

solar modulation (Garcia-Munoz et al. 1986; Adriani et al. 2016; Aguilar et al. 2023) and the “crossover” effect when

comparing spectra for the same particle population from times of opposite polarity (Moraal et al. 1989; Nuntiyakul

et al. 2014; Poopakun et al. 2023), while the force-field model assumes a standard functional form and precludes such

effects.

The interstellar spectrum is believed to be close to a power law over about 10-1000 GV, and as the rigidity decreases

below ∼10 GV, the spectrum rolls downward (Ghelfi et al. 2016). Due to inhomogeneity and structures in the

interplanetary magnetic field, as GCRs enter the heliosphere they experience scattering and mirroring in their motion

along the large-scale magnetic field and also undergo perpendicular diffusion and drift motions (Engelbrecht et al.

2022), which can collectively be called solar modulation (Potgieter 2013). This causes the GCR spectrum to roll down

further at lower rigidity, with quasi-periodic variations across a range of timescales. When the sunspot number is

higher, on average there are more frequent solar storms and the solar wind has a higher speed and a stronger mean

magnetic field strength and magnetic fluctuations. All of these features serve to further inhibit the access of GCR to

the inner heliosphere, especially at lower rigidity, resulting in an anti-correlation with the sunspot number according

to the 11-year solar activity cycle (Forbush 1954). There is also an effect of solar magnetic polarity, e.g., on large-scale

drift motions in the heliosphere, resulting in spectral variation with the roughly 22-year solar magnetic cycle (Jokipii

& Thomas 1981; Moraal et al. 1989; Nuntiyakul et al. 2014). Variations in the GCR spectrum also include the 27-day

variation (Fonger 1953) and its harmonics, Forbush decreases due to solar storms (Forbush 1937), and diurnal variation

(Hess & Graziadei 1936) and its harmonics due to Earth’s rotation in the presence of cosmic ray anisotropy.

The variation with a period of roughly 27 days, i.e., the synodic solar rotation period relevant to the recurrence of

solar wind structures, is stronger near sunspot minimum and is associated with heliolongitudinal asymmetry in the
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Figure 1. Map of Antarctica indicating the locations of NMs used in this work (red dots): the South Pole station at an altitude
of 2820 meters; and McMurdo, Jang Bogo, and Mawson stations near sea level. In each case, the rigidity-dependent response
to primary cosmic rays has an atmospheric cutoff (i.e., threshold) at ∼1 GV.

solar wind. For example, at some times there are one or more coronal holes that generate equatorial high speed streams

in the solar wind along certain heliographic longitudes. (Note that Earth’s orbital plane is tilted only 7◦ from the Sun’s

equatorial plane.) As scattering centers (magnetic fluctuations) convect with the solar wind, the solar wind speed near

Earth may directly affect the GCR flux, and an antiphase correlation between these has been reported (Modzelewska

et al. 2019). Furthermore, as the Sun rotates a high speed stream may rotate to a longitude previously occupied by a

slower stream, leading to an interaction region that can generate shocks; such corotating interactions (CIRs) may also

explain a periodic modulation of the cosmic ray spectrum (Moses 1987; Ghanbari et al. 2019). Furthermore, the solar

wind has a magnetic sector structure, with a magnetic field predominantly toward or away from the Sun according to

the polarity of the solar source region, a pattern that tends to repeat with the 27-day rotation period. The heliospheric

current sheet (HCS) is found at the boundary between magnetic sectors. The HCS has been observed to act as a

barrier to low-energy energetic particle transport (Dröge et al. 1990), while in the GeV-range there is a significant drift

along the HCS, the direction of which depends on the polarity of the preceding and following magnetic sectors; this

drift process is believed to play a major role in solar modulation as a whole (Jokipii & Thomas 1981). When examining

the amplitudes of 27-day variations during sunspot minimum periods of different magnetic polarity, Modzelewska &

Gil (2021) found similar amplitudes in spacecraft observations of cosmic rays of < 1 GeV, which they attributed to
a dominant effect of turbulent diffusion, but different amplitudes for more energetic cosmic rays observed by NMs,

which was attributed to the large-scale drift effect.

The longest record of leader fraction data (2007-present) is from the Princess Sirindhorn Neutron Monitor at 2560

m altitude at Doi Inthanon, Thailand (Ruffolo et al. 2016; Banglieng et al. 2020), the fixed station with the world’s

highest vertical cutoff rigidity, ∼17 GV. In the present study, we provide complementary leader fraction information

since 2015 from four Antarctic NMs, with several qualitatively different features; preliminary reports were presented

by Muangha et al. (2022, 2023). One is that these polar NMs near sea level have atmosphere-limited cutoffs at ∼1

GV and therefore have similar response functions, so their variations in L should be directly comparable, although the

absolute value of L may depend on the electronic dead time for time delay data, the software and firmware versions

used for data acquisition, etc. Another feature is that the Antarctic stations are quite dry so there is no need to

correct L for atmospheric water vapor; at Doi Inthanon, the need for such a correction dominates the uncertainty in

L. Furthermore, GCR spectral variations due to solar modulation are much stronger at lower rigidity, making them

easier to measure accurately for both NMs and AMS-02.

Here we have compared L from the South Pole (SP) NM with the available AMS-02 data during their period of

overlap, 2015-2019, confirming that it provides a reliable and accurate measure of the cosmic ray spectral index. The

specialized electronics for accumulating neutron time delay distributions have also been deployed to three other NMs in
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Antarctica at McMurdo, Jang Bogo, and Mawson stations; see Figure 1. We expect them to exhibit a similar energy-

dependent response to primary cosmic rays, and checked for consistent variations in L among these three monitors,

noting that the response of the SP NM is somewhat different because of the higher altitude and lower atmospheric

depth at the South Pole. Then a wavelet analysis was used to describe periodic variations during 2015-2023 in the

SP NM count rate and leader fraction, and also in relevant properties of the solar wind: its speed, magnetic field

magnitude, and magnetic field component along the Parker spiral direction as a measure of the sector structure. This

allows us to draw conclusions as to which of the physical processes described above can explain the observed periodic

variations in the cosmic ray flux and spectral index.

2. NEUTRON TIME-DELAY MEASUREMENTS

2.1. Neutron Monitor Data

Neutron monitors (NMs) are ground-based detectors of secondary particles produced in atmospheric cascades from

primary cosmic ray ions. They consist of several proportional counters filled with 10BF3 or 3He gas, which are sensitive

to the neutrons produced by the interaction of the secondary particles with a dense lead producer. About 80% of the

count rate is due to atmospheric secondary neutrons of energy > 10 MeV (Mangeard et al. 2016a). Each interaction

typically produces ∼6 neutrons of MeV-range energy, which are further moderated in the polyethylene moderator

immediately surrounding the proportional counters and/or the polyethylene reflector that surrounds the monitor. The

key function of an NM is to register the count rate of neutron capture events in the proportional counters.

The NM at the US Amundsen-Scott South Pole station, at an altitude of 2828 m, has three 1NM64 detectors

(i.e., each is a detector of NM64 design with one proportional counter) on an outdoor platform. Each proportional

counter and its surrounding moderator, lead, and reflector are in a separate insulated, heated box with a regulated

temperature. The proportional counter tubes are filled with 3He gas to detect neutrons via the induced fission reaction

n +3He → p +3H, which produces kinetic energy Q = 764 keV. The SP NM started using electronics to record the

time-delay histograms on one NM tube in 2013 December, and useful data were recorded until 2014 November. Then

electronics with newer firmware were installed on the complete set of 3 counter tubes in 2015 March. Because of an

uncertain relative calibration between L from the two sets of electronics (Banglieng et al. 2020), here we only analyze

data starting in 2015.

The South Korean Jang Bogo (JB) Station is located at latitude 74.6°S, longitude 164.2°E, and altitude 29 m. The

JB NM is effectively a 6×3NM64 neutron monitor, with a reflector almost completely surrounding each of six sets of

three 10BF3 gas counters, which detect neutrons via the induced fission reaction n+10B →4He +7Li, which produces

kinetic energy Q = 2.31 or 2.79 MeV. The neutron monitor that is now at JB station was moved there in stages from

the US McMurdo (MC) Station. The JB station and the MC station are quite close to each other geographically, at

a distance of about 360 km. Specialized electronics that record time delay distributions were installed after the first

stage of the move, providing time delay histograms from 6 of the 11 remaining counters in the MC NM and all 5

functioning counters at JB (Jung et al. 2016). The remaining 12 counters (11 NM counters and 1 bare counter without

surrounding lead or polyethylene) at MC were removed in 2017 January and installed at JB in 2019 January. Since

then, JB time delay histogram data have been recorded from 11 counter tubes, but such data from one of the tubes

have been unreliable, so we used L from 10 tubes in this analysis.

The NM at the Australian Mawson (MA) Station, at latitude 67.6°S, longitude 62.8°E, and altitude 30 m, has a

3×6NM64 configuration with 10BF3 gas counters. The MA NM was upgraded in 2020 February to record time-delay

histograms from all 18 counter tubes, though one of the counters stopped working in 2020 September.

2.2. Extracting the Leader Fraction and Correction for Atmospheric Pressure

A specialized electronic data acquisition system has been developed to record hourly distributions of time interval

between consecutive neutron captures in the same counter (as used in this work), hourly distributions of the interval

between an event on one counter and the next event on a second counter (Sáiz et al. 2017, 2019), and the absolute

timing of each neutron detection on every counter for selected events (Evenson et al. 2022).

The leader fraction, L, is a statistical measure representing the proportion of neutron counts that do not follow

another count in the same tube, stemming from the same primary cosmic ray. More energetic primary cosmic rays

give rise to more energetic secondary particles, leading to the production of more neutrons interactions within the

neutron monitor (typically in the lead producer). Consequently, these neutrons manifest as sequences of multiple

counts in the same tube with shorter time delays. Thus the cosmic ray spectrum’s hardness, characterized by a
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lower spectral index, contributes to a low value of the leader fraction. In addition, L can be identified as an inverse

multiplicity, where the multiplicity is the number of neutron counts from one counter tube that were associated with

the same cosmic ray shower.

At long time delay t, a time-delay distribution exhibits an exponential tail (see Figure 3 of Ruffolo et al. 2016),

indicative of the random time delay between neutron counts associated with different primary cosmic rays. The tail

can be fit by n(t) = Ae−αt over the range 5 ms < t < tmax = 142 ms, where n(t) is the probability density (corrected

for missing data at t > tmax) and A and α are fit parameters. In contrast, at short time delays, the distribution has

a strong excess over that exponential function. This non-exponential behavior is attributed to temporally associated

neutron counts originating from the same primary cosmic ray events (Bieber et al. 2004). For each hourly histogram

from each counter, we determined L from fit parameters of the exponential tail following Banglieng et al. (2020):

L = A/(αeαtd) where td is the effective electronic dead time. L is also normalized to account for changes in the data

acquisition system and physical configuration; see Appendix A for details.

NMs are very stable and are suitable for studies of long-term solar modulation of cosmic rays. However, both the

NM count rate C and leader fraction L must be corrected for changes in atmospheric pressure, which is a proxy for

air mass, due to absorption of secondary particles in the atmosphere. While C is anti-correlated with pressure, L has

a positive correlation (Ruffolo et al. 2016). To account for atmospheric pressure variations, we employ a standard

barometric correction method:

Ccor = Cuncor exp[β(P − P0)], (1)

where Ccor is the pressure corrected count rate, Cuncor is uncorrected C, β is a pressure coefficient, P is pressure,

and P0 is the reference pressure that has historically been used for each station. Values of (β, P0) in units of % hPa−1

and hPa, respectively, are (0.74%, 680) for SP, (0.74%, 973.25) for MC, (0.74%, 978) for JB, and (0.708%, 990) for

MA.

We use a similar formula for pressure correction of the leader fraction:

Lcor = Luncor exp[−b(P − P0)], (2)

where the pressure coefficient for L is expressed as b = −β to stress the positive correlation of the measured (uncor-

rected) L with atmospheric pressure. The determination of the pressure coefficient applies a linear fit to ∆ lnL versus

∆P , where “∆” indicates the deviation from a 13-day running average. It is noteworthy that different b values are

obtained for different data acquisition software versions and for different counter tubes, depending on a tube’s position

and electronic dead time. Mean values of b are 0.0187%hPa−1 for SP, 0.00934%hPa−1 for MC, 0.00865%hPa−1 for

JB, and 0.00821%hPa−1 for MA. Because atmospheric pressure can vary significantly from one hour to the next, we

applied the pressure correction to L for each hour and each counter; then L was averaged over all counters in the NM

to obtain an hourly L value. For improved statistics, these hourly values are usually combined into daily averages.

3. SOUTH POLE LEADER FRACTION COMPARED WITH AMS-02 SPECTRAL INDEX

To establish a meaningful comparison between the SP L and the cosmic ray spectral index determined by direct

space-based measurements, we calculated the spectral index γ through a power-law fit, utilizing the daily proton flux

as a function of rigidity, j(R), within a specified rigidity range. In other words, j(R) is fit to j0R
−γ with j0 and γ

determined as fit parameters. Useful data for this analysis are available from the AMS-02 detector, which provides

measurements of daily cosmic ray proton fluxes for rigidity intervals ranging from 1 to 100 GV, from the start of our SP

L data set, 2015 March 3, up until October 29, 2019 (Aguilar et al. 2021). We found a particularly strong correlation

between SP L and the AMS-02 spectral index when the latter was determined by fitting the measured spectrum over

the rigidity range of 2.97 to 16.6 GV.

For a more effective comparison of variations, both SP L and the AMS-02 proton spectral index were standardized

using the formula (daily data - average)/(standard deviation). The resulting time series, plotted in Figure 2, confirm

a close relationship between variations in the two parameters, with some minor differences. In general, SP L exhibits

greater short-term fluctuation compared to the AMS-02 proton spectral index. Furthermore, SP L occasionally exhibits

a minor systematic deviation from the AMS-02 proton spectral index, exhibiting a lower value during the austral

summer during some but not all years. These fluctuations may represent a seasonal atmospheric effect near the South

Pole; indeed, the polar atmosphere is systematically different during the winter (without sunlight) and summer (with

sunlight). Nevertheless, these seasonal variations are much weaker than the effect of solar modulation and no correction

for seasonal atmospheric effects (other than atmospheric pressure) are applied in this analysis.
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The relationship between the AMS-02 proton spectral index and SP L (Figure 3) over the entire data set from 2015

March to 2019 October, ranging from near sunspot maximum to near sunspot minimum, can be approximated as a

linear relationship. We can convert SP L into an estimate of the proton spectral index γ over 2.97–16.6 GV using that

relationship,

γ = −36.66 + 51.72L. (3)

To evaluate the accuracy of the leader fraction’s prediction of the spectral index, we computed the difference between

the predicted and measured γ. This difference was utilized to calculate the residual standard deviation of 0.018,

which can be considered as the uncertainty in estimating the spectral index using SP L. This includes both statistical

uncertainty and systematic deviations from a linear relationship. This low overall uncertainty implies that the leader

fraction provides an accurate estimate of the cosmic ray spectral index.
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Figure 4 presents time series of daily values of SP C and L from 2015 March to 2023 September. Overall, the GCR

count rate and spectral index display similar trends as enhanced solar modulation causes the spectrum to roll down

more strongly at lower rigidity; thus a lower flux is generally associated with a flatter spectrum and lower spectral

index (Banglieng et al. 2020). The label “FD” refers to a transient Forbush decrease in the GCR spectrum due to

passage of an interplanetary shock and/or coronal mass ejection from a solar storm. Note that different FD events

have different levels of spectral change relative to the flux change (Ruffolo et al. 2016). The label “GLE” refers to a

ground level enhancement, a solar radiation storm in which the flux of energetic solar particles is so strong that it can

be observed as an enhancement over the GCR flux in ground-based NM count rates (Poluianov et al. 2017). The two

GLE events during this time period produced flux increases that were so small that they are not visually evident in the

long-term time series of C, yet they are visible in the time series of L because the spectrum of solar particles is much

steeper than that of GCRs (see also Banglieng et al. 2020). Figure 4(c) shows the AMS-02 proton spectral index γ over

the rigidity range 2.97–16.6 GV, which closely tracks the time series of SP L. [Note that data with relativistic solar

particles from the GLE of 2017 Sep 10 were not included in the published AMS-02 data.] The magenta line represents

our prediction, based on SP L using Equation (3), for the spectral index γ that can be expected from AMS-02 data

beyond 2019 October 29 when those data are made public. From panel (c) we see that γ had an overall increase from

≈2.1 in 2015, near sunspot maximum, to ≈2.4 in 2019, near sunspot minimum. Similarly, SP L mostly increased from

2015 to 2019 and then decreased again starting in 2022 as the sunspot cycle heads toward another maximum.

4. COMPARISON AMONG LEADER FRACTIONS FROM FOUR ANTARCTIC NEUTRON MONITORS

The four Antarctic NM stations considered here all have geomagnetic cutoffs so low that their count rate responses

as a function of primary cosmic ray rigidity are limited by the atmospheric cutoff rigidity. A key difference is that SP

is at 2820 m altitude while MC, JB, and MA are near sea level. Because of the altitude difference, SP NM observes a

much higher count rate per counter of secondary particles from cosmic ray showers as well as a higher multiplicity and
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Figure 5. Time series of daily data from 2015 January to 2023 September: (a) Count rate C and (b) leader fraction L from
four Antarctic NMs, at SP (red), MC (green), JB (blue), and MA (black). (c) Solar wind speed (yellow), (d) B magnitude
(blue) and (e) Bx −By. There are vertical grid lines every 81 days and minor ticks along the axis every 27 days. Note that for
ease of comparison, SP C data have been shifted downward by 15 s−1 and SP L data have been shifted upward by 0.091.

lower leader fraction, which is consistent with the positive pressure coefficient noted in Section 2.2. Despite having

only three neutron counters, the South Pole NM recorded the highest daily count rate C, ranging from 258 to 332 s−1,
while concurrently displaying the lowest daily leader fraction, L, ranging from 0.747 to 0.756 (see Figure 5).

We observe a strong correlation between the count rates at JB and MC NM stations during the period of simultaneous

operation from 2015 December to 2017 January (see also Kittiya et al. 2023) because these two stations are close to

each other, and indeed their time variations are quite similar to those at MA (which is also near sea level). The

different levels of C and L from MA relative to JB can mostly be attributed to its higher reference pressure P0 (see

Section 2.2). When we correct the data to the same P0, the C and L values from JB and MC are much closer. In any

case, the absolute C and L values from an NM depend on the number of operating counters and their configuration,

electronic dead times, computer and software version (for L), and surrounding structure and environment, so NM data

are generally interpreted in terms of variations rather than absolute values. Figure 5 shows a reasonable consistency

in the variations in L and especially in C among the three sea-level stations, while SP C and L exhibit stronger

variation over the sunspot cycle as well as stronger shorter-term variations because the high-altitude SP NM as a lower

atmospheric cutoff and is relatively more sensitive to primary cosmic rays at lower energy.

5. PERIODIC VARIATIONS IN THE COSMIC RAY FLUX AND SPECTRAL INDEX

In this section, we consider periodic variations in the cosmic flux, as indicated by C, and spectral index, as indicated

by L, from these four Antarctic NMs. Because our data set spans the years 2015 to 2023, which is shorter than

an 11-year sunspot cycle, we focus on their shorter-term variations. The 27-day variation is particularly prominent
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in the time series of C and L as shown in Figure 5. In addition, this figure shows time series of some relevant

solar wind parameters: the daily solar wind velocity, magnetic field magnitude (B), and the difference in magnetic

field components along the GSE x- and y-directions, Bx − By. The combination Bx − By indicates a magnetic field

component along a nominal Parker spiral field direction (Parker 1958) and therefore serves to indicate the magnetic

sector structure of magnetic fields directed toward the Sun (for Bx −By > 0) or away from the Sun (for Bx −By < 0

Buatthaisong et al. 2022). These daily values of solar wind parameters were obtained from the Advanced Composition

Explorer Real-Time Solar Wind database: (https://sohoftp.nascom.nasa.gov/sdb/goes/ace/). By examining these

possible solar wind determinants, we aim to understand the key physical properties that underlie GCR variability,

particularly for the ≈27-day period and its harmonics.

To investigate the temporal changes in periodicity associated with the Sun’s rotation, we compare the quasi-periodic

variations of C, L, and heliospheric parameters using the Morlet-wavelet analysis (Figure 6). We focus on results from

the SP NM, which collected nearly continuous data since 2015 March. Because the median rigidity of the SP NM

response to primary cosmic rays is at 11 GV (Munakata et al. 2022) and in Section 4 we showed that L reflects the

spectral index over 2.97–16.6 GV, roughly speaking one can say that SP C and L indicate the cosmic ray flux and

spectral index, respectively, at ∼10 GV.

Both SP C and L exhibited much weaker periodic variations during 2018–2020, near sunspot minimum, than during

earlier or later years with a higher sunspot number and stronger solar activity. This is also true for the magnetic

field magnitude B and for Bx − By, but not clearly the case for the solar wind speed, which sporadically indicates

strong periodicity throughout the entire time period. This argues against the solar wind speed being the dominant

determinant of variations associated with solar rotation in the GCR spectrum at ∼10 GV, which also applies to related

phenomena such as CIRs, which occur when slower solar wind precedes faster solar wind.

The count rate C, representing the cosmic ray flux, exhibits strong periodicities at approximately 27 days and 13.5

days (i.e., the first harmonic of the solar rotation period). Note that there are strong broadband signals in 2015 June,

2017 September, and 2021 October. These were times of strong solar storms and Forbush decreases. These broadband

signals reflect sudden changes that are physically distinct from the periodicity associated with solar rotation. While

the 27-day signal is frequently strong during times near solar maximum, the 13.5-day signal is strong in C during only

two time periods: in late 2016, when the 13.5-day signal temporarily replaced the 27-day signal, and in mid-2022,

when both signals were particularly strong. Interestingly, the wavelet power for L is strongly correlated in time with

that for C at the 27-day period, but almost never displays a strong signal at the first harmonic (at 13.5 days). The

same can be said of Bx − By. Indeed, among the solar wind parameters, Bx − By provides the clearest match to the

wavelet power map for SP C and especially L. Excluding the times with sharp Forbush decreases as noted above, the

wavelet power patterns of C, L, and Bx − By are all strong only during times near solar maximum (i.e., up to early

2017 and after late 2021) and are all dominated by the 27-day period, with a sporadic and much weaker signal at 13.5

days. The 27-day period of SP L is most strongly associated with Bx −By, and the relationship with the magnitude

B is much weaker. Occasionally, the solar wind speed may exhibit some influence on L, although it is generally less

significant.

These trends are confirmed by the cross wavelet spectrum for each solar parameter, paired with C and L, as depicted

in Figure 7. The direction of the arrows indicates the phase relationship; arrows pointing to the right denote signals

in phase or with zero delay. Arrows are only shown where the magnitude of the cross wavelet spectrum (indicated by

the color scale) exceeds 20% of the maximum magnitude. In Figure 7(a), it is evident that the 27-day variations in

SP C and solar wind speed mostly exhibited a phase difference between approximately 90◦ to 260◦ from March 2015

to September 2017 and from April 2022 to June 2023. Other time intervals show fluctuating phase differences, mostly

in antiphase. Similar variations were observed for the 13.5-day period, but mostly in antiphase. During periods when

SP L and the solar wind speed exhibited high cross power, the observed phase difference fluctuated significantly. The

temporal evolution of high power at the 27-day period in both SP L and SP C with Bx −By, as shown in Figure 7(e)

and (f), clearly exhibits a solar cycle dependence. Phase relationships sometimes occurred in antiphase and sometimes

in phase, with B exhibiting a weaker relationship with both SP C and SP L. The phase between SP L and solar wind

speed fluctuates, indicating a variable phase relationship.

Let us return to the two exceptional time periods when C had a strong signal at the 13.5-day period. During

mid-2022, both C and L exhibited both 27-day and 13.5-day signals, though the 13.5-day signal is weaker. The origin

of this dual-period pattern is unclear because none of the solar wind parameters exhibited a similar pattern. Indeed

this is the only time period when L exhibited a clear enhancement in wavelet power at 13.5 days. In contrast, during

https://sohoftp.nascom.nasa.gov/sdb/goes/ace/
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Figure 6. Wavelet power as a function of period and time from 2015 March to 2023 September for daily values of (a) SP C
as a measure of cosmic ray flux at ∼10 GV, (b) SP L as a measure of the cosmic ray spectral index at ∼10 GV, and solar
wind parameters: (c) speed, (d) magnetic field magnitude B, and (e) Bx − By as a measure of the magnetic sector structure.
Horizontal black dashed lines in each panel represent the periods of 27 days and 13.5 days. The white dashed line near the
edge corresponds to the 95% confidence level of the wavelet analysis. The color bar indicates the power of a period range from
low to high power (blue to red). Bx − By is the solar wind parameter that best matches the SP C and L wavelet power,
with dominant periodicity at the ≈27-day solar rotation period, only during times near solar maximum, and little power at
the 13.5-day harmonic. We conclude that the magnetic sector structure is the key determinant of 27-day variation in the GCR
spectrum at ∼10 GV and suggest drift along the HCS as the key physical process. The solar wind speed also makes a nearly
rigidity-independent contribution to the variation in C, or the cosmic ray flux, as evidenced by an occasional 13.5-day periodicity
in both quantities.

late 2016, while C had a dominant 13.5-day signal, L exhibited a 27-day period as usual. Interestingly, at that time

the solar wind speed and B also exhibited a strong 13.5 day period. Now B cannot be said to closely represent the

wavelet power for either C or L, because it has almost no power at the 27-day period. But the solar wind speed does

exhibit a 27-day period most frequently, and during late 2016 it switched to 13.5 days just like C did. Therefore it

seems that the solar wind speed did play a role in determining variations in the cosmic ray flux during late 2016, even

if Bx − By seems to serve as a better determinant overall. In contrast, the strong dominance of the 27-day period in

L, specifically during times near solar maximum, corresponds closely to the pattern for Bx −By, which therefore can

be considered as the best determinant of variation in the spectral index at ∼10 GV.
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Figure 7. (Left) Cross wavelet spectrum between SP C and solar wind parameters from March 2015 to September 2023: (a)
solar wind speed, (c) B, (e) Bx −By. (Right) Cross wavelet spectrum between SP L and solar wind parameters: (b) solar wind
speed, (d) B, (f) Bx − By. Horizontal white dashed lines in each panel represent the periods of 27 days and 13.5 days. Where
the magnitude exceeds 20% of the maximum magnitude, the phase difference between the two quantities is indicated by the
direction of an arrow, with zero phase difference indicated by an arrow to the right.

6. DISCUSSION

In the present work we have further explored the use of a recently developed indicator of cosmic ray spectral variation,

the NM leader fraction (L). Analyzing L from four Antarctic NMs has allowed us to verify that L exhibits similar

variations for monitors with a similar response (especially for the sea level stations, MC, JB, and MA). The nearly

continuous time series of L from the South Pole NM since 2015 is shown to have a linear relationship with the spectral

index inferred by fitting daily proton spectra over 2.97–16.6 GV from the space-based AMS-02 detector up to 2019

October, which were published recently. This provides further confirmation (see also Mangeard et al. 2016b) that L

serves as a proxy for the spectral index. We estimate an overall (statistical plus systematic) uncertainty of 0.018 in

the spectral index as inferred from L.

We have also performed a wavelet analysis to examine periodic variations in the South Pole NM’s count rate C, which

reflects GCR flux variations at ∼10 GV, and L, which reflects variations in the spectral index, during 2015 March to

2023 September, along with relevant solar wind parameters that could serve as drivers of such variations. Variations

in the spectral index exhibit a pattern that is quite similar to Bx−By, which serves as an indicator of magnetic sector

structure. In particular, L and Bx−By exhibit a dominant period at ≈27 days, corresponding to solar rotation, which

is much stronger near sunspot maximum than near sunspot minimum. This implies that during this 8.5-year time

interval, the solar wind predominantly had a two-sector structure, rather than the four-sector structure (as in a classic

figure by Wilcox & Ness 1967) that would have a 13.5-day periodicity. The GCR flux also exhibits a pattern that is

most similar to that of Bx −By, but with behavior during a specific time period that indicates an additional influence

from the solar wind speed. In contrast, the magnetic field magnitude B has a moderately dominant periodicity at 13.5

days, which is consistent with the two-sector structure, as B should approach zero at sector boundaries, which occur

twice per solar rotation. This pattern is inconsistent with those of C and L, which argues against the magnetic field

magnitude as a source of their 27-day variations. Because the cosmic ray diffusion coefficient is generally considered to

vary inversely with B, this argues against a dominant role for a diffusive process in the 27-day modulation of cosmic

rays at ∼10 GV.
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The wavelet power pattern of the solar wind speed is also quite distinct from the pattern of the SP NM leader fraction.

The solar wind speed varies with either a dominant 27-day period or a dominant 13.5-day period, alternating at different

time periods, and maintains significant periodicity sporadically throughout the sunspot minimum period. Physically, a

high speed solar wind stream at Earth usually results from a near-equatorial coronal hole or an equatorward extension

of a polar coronal hole. The presence of one coronal hole near the solar equator, in a specific range of heliolongitude,

can lead to a 27-day period, whereas the presence of two such coronal holes at nearly opposite longitudes leads to a

dominant 13.5-day period. The alternating (non-simultaneous) nature of the solar wind speed wavelet power observed

at 27 days or 13.5 days supports this interpretation. However, the spectral index as indicated by L does not exhibit

such alternation, but retains a dominant 27-day power (as does Bx − By) throughout these events, such as the time

period in late 2016 that was discussed in detail in Section 5. To the extent that the solar wind speed influences the

cosmic ray spectrum, such influences are apparently nearly rigidity-independent, perhaps substantially affecting the

cosmic ray flux (e.g., during late 2016 as described above) but not its spectral index. The possible influences of the

solar wind speed periodicity – which apparently do not affect the GCR spectral index at ∼10 GV – include solar

wind convection of scattering centers and interactions between faster solar wind streams and preceding slower streams

(including CIRs).

This analysis implies that 27-day periodicity in L and the spectral index relates to the magnetic sector structure,

which was predominantly a two-sector structure. A possible physical mechanism for such an influence would be drifts

along the HCS at the sector boundary. The direction of the drift - i.e., outward to inhibit the access of GCRs to the

inner heliosphere or inward to enhance such access - depends on the polarity of the preceding and following magnetic

sectors. Indeed, in a two-sector structure, the radial drift speed would positive during one HCS crossing and negative

during the other, resulting in a 27-day periodicity. In contrast, as noted above, a diffusive effect would respond to

the magnetic field magnitude B, which exhibits a 13.5-day period for the same two-sector structure. We therefore

consider HCS drift to be a prime candidate to fully explain variations in the GCR spectral index at rigidity ∼10 GV.

HCS drift can also largely explain the flux variations in this rigidity range, though it seems that at times they are

substantially affected by the periodic variation of the solar wind speed, presumably associated with coronal holes in

the solar equatorial region, which can influence GCRs by means of convection or CIRs.

Finally, we note other applications of the leader fraction from polar NMs that can be expected in the near future.

Following this demonstration of its utility, our team intends to make leader fraction data available in real time for

monitoring of the cosmic ray spectral index. Variations in the GCR spectral index are small, and in our experience

daily averaging of L from a polar NM is required for useful analysis, so for studies of GCR spectral variations “real-

time” really implies time scales on the order of a day. However, relativistic solar particles during a GLE event have a

dramatically different spectral index, and their flux can evolve over time scales of minutes, possibly leading to changes

in L over shorter time scales that exceed statistical fluctuations. Such a distinctive signal during a GLE event implies

that monitoring of L data from polar NM stations at hourly or finer time cadence could contribute to GLE alert

systems, a possibility that we will investigate in further work.
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Figure 8. Daily raw leader fraction L of South Pole (SP) NM during a time period with software changes, 2018 March through
2019 October. The daily L values were extracted from (a) computer 1 (PC1) and (b) computer 2 (PC2). L values from each of
3 counter tubes are indicated by colored lines. (c) SP pressure in hPa. The SP NM has recorded time-delay histograms on two
computers simultaneously. Vertical lines indicate the times when data acquisition software was changed.

APPENDIX

A. NORMALIZATION OF THE LEADER FRACTION

Banglieng et al. (2020) discussed the use of different series of electronics firmware; in the present work only data

from 800 series firmware are analyzed. However, as part of the development of our data acquisition system, there

have been changes in the version of the data acquisition software (called “LandMonitor”) at the South Pole (SP),

Jang Bogo (JB), and Mawson (MA) stations, as well as some physical changes to the JB NM configuration. Here we

describe such changes and show the raw leader fraction data. For subsequent analysis, the L values were averaged

over counter tubes (correcting for any tubes with missing data) and normalized to correct for changes in software or

physical configuration for any version or configuration used longer than two months. They were normalized to the

level of the latest software version and configuration, and were then corrected for variations in atmospheric pressure.

A.1. South Pole NM station

Figures 8(a) and (b) present the raw SP L for each NM counter from 2018 March through 2019 October. As described

in Section 2.2, the leader fraction was determined from a fit to the exponential tail of each hourly time delay histogram

from each counter tube. Banglieng et al. (2020) previously normalized the SP L from March 2015 to April 2018.

On 2018 April 20, the data acquisition software “LandMonitor” was switched from version 8.80 to 8.126. The fitting

chi-squared (χ2) when extracting L from the time-delay histograms was found to fluctuate strongly for LandMonitor

8.126. However, the value of L was not affected, as we did not observe a significantly change when changing from

8.80 to 8.126. Note that SP NM data were collected on two computers (PC1 and PC2) simultaneously. On 2019

March 8, computer number 2 (PC2) started running LandMonitor 8.132. On 2019 March 11, PC1 was switched to

also run LandMonitor 8.132 for our “simultaneous test.” Both PC1 and PC2 at the South Pole were updated to run

LandMonitor 8.134 on 2019 March 18. During the simultaneous test, we measured extremely small differences between

the hourly values of L between PC1 and PC2 when they operated the same software, with an average difference of

6.30 × 10−7 and a standard deviation of 1.94 × 10−5, perhaps associated with clock differences. For further analysis,

these differences are considered negligible, and only data from PC1 are used. On 2019 March 22, PC1 was switched

back to LandMonitor 8.80 with PC2 still running LandMonitor 8.134. Since 2019 Sep 12, PC2 has produced 2 sets of

histograms, one set like 8.80 and one set like 8.134 (the latter set is not shown in Figure 8).
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Figure 9. (a) Daily raw leader fraction L of Jang Bogo (JB) NM during a time period with changes in software and physical
configuration, 2018 November through 2021 April, indicated by a colored trace for each counter tube. (b) JB atmospheric
pressure in hPa. Vertical lines indicate the times of software or configuration changes.
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Figure 10. (a) Daily raw leader fraction L of Mawson (MA) NM during a time period with changes in software, 2020 October
through 2022 December, indicated by a colored trace for each counter tube. (b) MA atmospheric pressure in hPa. Vertical lines
indicate the times of software changes.

A.2. Jang Bogo NM station

Raw JB L values are shown in Figure 9 from 2018 January through 2021 April. Note that the end tube in each row

of three counter tubes has a lower value of L, as found in previous work (Ruffolo et al. 2016). From 2015 December

to 2019 January, JB NM had one container with 6 tubes (in two rows of three tubes each, at the front and back of

the container, separated by polyethylene reflector), including 5 NM tubes equipped with special electronics, and was

running LandMonitor 8.67. In 2019 January, two more containers of 6 tubes each were installed at Jang Bogo; all 3

container-loads of NM equipment came from McMurdo Station. From 2019 Jan 24 to 2020 Jan 5, JB NM operated

using 8.129. Initially physically separated, the containers were moved to be in contact with each other in 2020 January,

and the LandMonitor version reverted back to 8.67. After 2020 April 29, JB NM operated using 8.161.

A.3. Mawson NM station

Raw MA L values are shown in Figure 10 from 2020 October through 2022 December. Here we detail the primary

modifications made to the data acquisition software. MA time delay histograms were first recorded using LandMonitor
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8.161 starting in 2020 February, followed by a transition to LandMonitor 8.181 in 2021 June. Subsequent changes

occurred with LandMonitor shifting to 8.182 in 2021 July and 8.183a in 2021 September. Around 2021 September–

October, challenges emerged in writing histogram and pressure files, prompting a switch to LandMonitor 8.183n in 2021

November. Further updates transpired with LandMonitor changing to 8.183v, 8.183x, and 8.184 in 2021 December.

Further changes ensued with LandMonitor adopting 8.185b and 8.185c in 2022 January. In 2022 June, LandMonitor

transitioned to 8.186g. Presently, LandMonitor has been operating on version 8.186j, starting from 2022 September.
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