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Abstract

The diurnal anisotropy of galactic cosmic ray intensity provides an important diagnostic of solar modulation processes operating
in the heliosphere. In the present work, a comprehensive long-term investigation of the diurnal anisotropy has been carried out
using pressure-corrected hourly neutron monitor data from two high-latitude stations, Moscow and Kiel, covering a period of 52
years (1965-2016) corresponding to solar cycles 20 to 24. Daily values of the first harmonic diurnal amplitude and phase were
obtained through harmonic analysis, from which annual mean values were derived. The long-term relationship between the
diurnal amplitude and phase has been examined on annual, solar-cycle, and solar magnetic polarity bases. While day-to-day
variations of amplitude and phase are found to be statistically independent, their annual averages exhibit clear solar-cycle-
dependent behavior. A weak positive correlation between the diurnal amplitude and phase is observed when all years are
considered together. However, a pronounced odd—even solar cycle asymmetry emerges when the data are segregated into odd
and even cycles. Strong and statistically significant positive correlations characterize the odd solar cycles, whereas even solar
cycles display weak and insignificant correlations. Furthermore, a clear dependence on solar magnetic polarity is observed, with
large positive correlations during positive polarity epochs (A > 0) and reduced or reversed correlations during negative polarity
epochs (A < 0). These results provide strong observational evidence that long-term variations of cosmic ray diurnal anisotropy
are governed not only by solar activity but also by heliospheric magnetic polarity and particle drift effects.
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1. Introduction

Galactic cosmic rays (GCRs) entering the heliosphere are sig-
nificantly modulated by their interaction with the solar wind, the
interplanetary magnetic field (IMF), and large-scale heliospheric
structures. One of the most persistent and well-observed manifes-
tations of this modulation is the solar diurnal anisotropy of cos-
mic ray intensity, which appears as a systematic daily variation in
ground-based neutron monitor observations [1, 2, 7-10, 15].

The average diurnal anisotropy has traditionally been inter-
preted within the framework of the convection—diffusion
model. In this model, an equilibrium is established between the
outward convection of cosmic ray particles by the solar wind
and their inward diffusion along the IMF. This balance produces
an apparent co-rotation of cosmic rays with the heliospheric
magnetic field, leading to the observed diurnal variation [4-6].
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Although the convection—diffusion model successfully explains
the general features of the diurnal anisotropy, numerous long-
term observational studies have revealed systematic devia-
tions that cannot be fully accounted for by this simplified ap-
proach. In particular, significant temporal shifts in the phase
of the diurnal anisotropy and variations in its amplitude sug-
gest the influence of additional physical mechanisms, such as
gradient, curvature, and current-sheet drifts associated with
the large-scale heliospheric magnetic field.

Earlier investigations have demonstrated that the amplitude
of the diurnal anisotropy exhibits a dominant 11-year perio-
dicity associated with the solar activity cycle, whereas the
phase shows a 22-year periodicity corresponding to the solar
magnetic cycle. Systematic shifts of the diurnal phase toward
earlier or later local times have been shown to be closely
linked to changes in the polarity of the solar magnetic field [3,
16].

Subsequent studies have emphasized the role of particle
drift effects in explaining these polarity-dependent behaviors,
indicating that the configuration of the heliospheric magnetic
field plays a crucial role in shaping the long-term characteris-
tics of cosmic ray anisotropy [11-14].

Despite extensive investigations of the amplitude and phase
of the diurnal anisotropy, relatively little attention has been
paid to the mutual relationship between these two parameters
over extended time scales, particularly with respect to odd—
even solar cycle asymmetry and solar magnetic polarity de-
pendence. The present study addresses this gap by examining
the long-term correlation between the diurnal amplitude and
phase using 52 years of neutron monitor data from two high-
latitude stations.

2. Data Analysis

Hourly pressure-corrected neutron monitor data from the
Moscow and Kiel neutron monitor stations were obtained
from the NOAA National Geophysical Data Center database.
These two stations were selected due to their high geomag-
netic latitudes and long, continuous data records, making them
particularly suitable for studies of cosmic ray anisotropy. The
hourly data were subjected to harmonic analysis to extract the
first harmonic components of the solar diurnal variation. For
each day, the diurnal amplitude (expressed as a percentage)
and the diurnal phase (expressed in local solar time hours)
were calculated. Days associated with large transient cosmic
ray intensity variations, such as Forbush decreases and major
solar energetic particle events, were excluded from the analy-
sis to ensure the reliability of long-term averages.

Annual mean values of the diurnal amplitude and phase
were then computed for each station. The one-sigma standard
error of the annual mean diurnal vector is approximately 6%
of the amplitude value, indicating that the observed long-term
variations are statistically significant. To investigate the rela-
tionship between the diurnal amplitude and phase, correlation
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analyses were performed on both daily and annual average ba-
ses. The data were further classified according to solar activity
cycles (odd and even cycles) and solar magnetic polarity states
(A>0and A<0).

3. Discussion and Results

Figure 1 show the annual average diurnal vectors for the
Moscow and Kiel neutron monitor stations over the period
1965-2016 are presented in vector addition diagrams. Both
stations exhibit remarkably similar long-term behavior, con-
firming the reliability and consistency of high-latitude neutron
monitor observations.

FIRST HARMONIC MOSCOW/KIEL
Average diumnal vectors

MOSCOW(1965-2016): 1,;=(0.288+0.001)%, ,=(14.2740.22)h
KIEL(1965-2008): r;=(0.2670.001)%, b, =(13.80.24)h

Figure 1. Shows the vector addition diagram of the annual average
vectors of the first harmonic of the observed daily variation of cosmic
rays of Moscow N M stations for the years 1996-2016 and Kiel N M
station for the years 1996-2008. The overall average values are also
marked.

The diurnal amplitude shows a clear 11-year modulation as-
sociated with the solar activity cycle. The amplitude generally
attains minimum values near solar minima and reaches maxi-
mum values during the declining phase of solar activity. In
contrast, the diurnal phase exhibits a 22-year periodicity, with
systematic shifts linked to the reversal of the solar magnetic
field polarity. The overall average diurnal vector for the com-
plete solar cycle 23 for Moscow and Kiel neutron monitor sta-
tions have also been deduced and these are found to be:

Moscow: 11 (1965-16) = (0.288 £0.001) %, ¢p1=(14.27+0.21)
hrs

Kiel: 11 (1965-08) = (0.267 £0.001) %, ¢1= (13.87+0.23) hrs

Figure 2 shows the yearly average vectors for Moscow neu-
tron monitor from 1965 to 2016. The figure reveals the 22-
year recurrence of the phase and the 11-year recurrence of the
amplitude with the lowest values occurring at solar minima
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and the highest values occurring at declining phase of solar activity.
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Figure 2. Shows the yearly average of cosmic ray diurnal amplitude (in %) and diurnal time of maximum (in hrs.) obtained using two neutron
monitor data for Moscow during the years 1965 to 2016 and Kiel during the years 1965-2008. Shows the yearly average of Sunspot number

(Rz).
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Crossplot between diurnal amplitude vs diurnal phase for solar cycles 20 to
24(1965-2016) .
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Figure 3. Shows the relationships between the annual average diurnal amplitudes and diurnal phase for Moscow neutron monitor station (a)
for the solar cycles 20 to 24, (b) for the even solar cycles 20, 22 and 24, and (c) for the odd solar cycles 21 and 23. In each case, the regression
lines are also shown. The correlation coefficients (r) are also marked.
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In earlier studies, any significant correlation between the
observed amplitude and phase of the diurnal variation has not
been reported. However, it is necessary to study such a rela-
tionship for the entire period of 52 years of data of Moscow
station. The study has been performed both on the annual av-
erage basis as well as on a day-to-day basis, for the entire pe-
riod (1965-2016).

When we derive the correlation coefficients on a day-to-day
basis on each year basis, starting from the year 1965 up to
2016, we surprisingly find that in none of the years the value
of “r” is > + 0.15, which is highly insignificant. As such, we
can state very confidently that on each day basis, the ampli-
tude and phase of the observed diurnal variation vary inde-
pendently and have no correlation.

We have further analyzed the relationship on the yearly av-
erage basis using the Moscow data for the five solar cycles.
First of all, we have drawn in Figure 3(a) the scatter-plot of
the observed diurnal amplitude and diurnal phase for all the
52 years from 1965-2016 positive correlation (r=0.15% 0.07)
is evident from Figure 3(a). The positive correlation means
that when the annual average diurnal amplitude is larger, the
diurnal phase is also larger (i.e. the diurnal phase is in the later
hours). When we divide the complete period of four solar cy-
cles into two sets: odd and even cycles, we still get the positive
correlation, but the value of “r” is very significantly different
in the two sets. The scatter-plots are shown in Figure 3(b) for

even cycles and in Figure 3(c) for the two odd solar cycles 21
and 23 taken together. The correlation coefficient for the even
cycle is - 0.05+0.12, and for the odd solar cycles the value of
“r” is 0.64+0.06. The striking difference in the value of “r”
once again points out the asymmetry in the odd and even cy-
cles. Moreover, the regression lines are also significantly dif-
ferent between odd and even cycles. The slope in the case of
even cycles is very small as compared to the slope observed
for the odd solar cycles. It means that the annual average di-
urnal phase increases much faster with the increase of the di-
urnal amplitude in the odd solar cycles.

We have further investigated, the relationship between the
observed diurnal amplitude and the diurnal phase on annual
average basis, for the said values of the Moscow data, on the
basis of the state of the solar magnetic field polarity (i.e. for
A<0 and for A>0, separately). The cross-plots shown in Figure
4 (a & b) are for the two states. The upper panel (a) is for the
polarity state A<0, whereas the lower panel (b) is for A>0. The
difference observed in the correlation are very striking, with
very high and significant value of the correlation coefficient
(r=0.77 £0.091) for the polarity state A>0, whereas absolutely
no correlation (r= - 0.3+0.223) for the case of A<(. Such a
result of differential variability, once again reveals that various
effects in the diurnal anisotropy are quite different on solar
field polarity basis.

Crossplot between diurnal amplitude vs diurnal phase in polarity
16 state A<0 (1965-69, 1981-89, 2002-2016) (a)
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Figure 4. Shows the relationship between the annual average diurnal amplitude and the annual average diurnal phase for Moscow neutron
monitor station (a) for the negative polarity state A<0 (b) for the positive polarity state A>0. In each case, the regression lines are also shown.

The correlation coefficients (r) are also marked.
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The relationship between the diurnal amplitude and phase
was further examined on the basis of the solar magnetic field
polarity. During positive polarity epochs (A > 0), a strong and
statistically significant positive correlation is observed. In
contrast, during negative polarity epochs (A < 0), the correla-
tion is weak or negative.

This pronounced polarity dependence strongly suggests the
influence of particle drift effects associated with the large-
scale heliospheric magnetic field on the long-term behavior of
cosmic ray diurnal anisotropy.

4. Conclusions

From the present long-term study of cosmic ray diurnal an-

isotropy, the following conclusions are drawn:

1) The diurnal amplitude exhibits an 11-year periodicity as-
sociated with the solar activity cycle, while the diurnal
phase follows a 22-year solar magnetic cycle.

2) On daily time scales, the diurnal amplitude and phase
vary independently and show no significant correlation.

3) On annual time scales, a weak positive correlation exists
between the diurnal amplitude and phase.

4) Strong and statistically significant positive correlations
are observed during odd solar cycles, whereas even solar
cycles show weak or insignificant correlations.

5) The amplitude—phase relationship is strongly dependent
on solar magnetic polarity, with large positive correla-
tions during A > 0 epochs and reduced or reversed corre-
lations during A < 0 epochs.

These findings highlight the crucial role of heliospheric

magnetic field configuration and particle drift effects in gov-
erning the long-term behavior of cosmic ray diurnal anisot-

ropy.

Abbreviations

GCR Galactic Cosmic Ray

IMF Interplanetary Magnetic Field

NM Neutron Monitor

NOAA  National Oceanic and Atmospheric

Administration

AMP Amplitude
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