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After the sunspot maximum and the reversal of solar polani8014, the Sun is now in the early
declining phase of cycle 24. Soon after the polarity revetisa galactic cosmic ray intensity, as
observed, e.g., by neutron monitors at several latitudgsdft rigidities) depict an exceptionally

large variation at the solar rotation period. This recuceestarted in mid-2014 and continues until
now (the first half of March 2015). Several parameters char&ing solar activity, like sunspots

and F10.7 radio flux, also depict similar enhanced varigbilvhich started slightly earlier than

in neutron monitors. Some solar wind properties also shaspteriodicity, although less system-
atically and for a shorter time. This excessively strongqaicity in GCR can be related to the

rapid growth of an asymmetric polar coronal hole in the seithemisphere, leading to a very
asymmetric magnetic configuration at mid- to high heliosjghlatitudes. This also leads to the

fact that the tilt angle of the heliospheric current sheetdse changeable, during this cycle than
at similar early declining phases of the previous solarey.cl
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1. Introduction

Galactic cosmic rays (GCR) measured on the ground by thedwimé network of neutron
monitors (NMs) or by space-probes like AMS (e.qg., [1]) or PEMA (e.qg., [2]) present variability
in different time scales. As GCR stream is modulated by thetBose variations coincide with so-
lar cycles and other solar periodicities. Among them, tlief@CR recurrence at solar rotation rate
[3]. Although the rotation periodicity is often affected bther phenomena, there are sometimes
periods when the solar rotation recurrence is very cleauasglthe solar cycle 23 in 2007-2008
(e.g., [4, 5]). The strong variation of GCR intensity at salatation period was also very clearly
seen after the maximum of solar cycle 24, which is the topitisfpaper.

2. Data and analysis

Solar rotation, the source of 27-day recurrence of GCR #itgris not rigid, but differential,
i.e. at various latitudes the rate of rotation is differefihere are still many open questions about
the solar differential rotation, such as its dependenceotar sictivity or the North-South asym-
metry in differential rotation (e.g., [6],[7]). Investigan of recurrence of GCR intensity at solar
rotation can help to shed some light on those issues.
To study the exceptionally strong variability of GCR int#ysat solar rotation period we anal-
yse daily NM count rates from the following stations at diffiet latitudes and altitudes: Ap-
atity (latitude 6757° N, altitude 181 m asl, with effective vertical cutoff rigigi0.65 GV, from
nmdb.eu), Jungfraujoch (&5°N, 3475 m asl, 4.49 GV, from cosray.unibe.ch), Oulu.Q&BN,
15 m asl, 0.8 GV, from cosmicrays.oulu.fi) and Rome.8&1N, sea level, 6.27 GV, from we-
busers.fis.uniroma3.it). Fig. la presents normalised d@ailint rates from Apatity NM (yellow
curve with squares), Jungfraujoch (blue curve with crgss®silu (red curve with circles) and
Rome (violet curve with vertical marks) in 01.01.2014-3D2D15. Fig. 1b-1h display the main
heliospheric and solar variability parameters (from onethwgsfc.nasa.gov), viz. strength of the
heliospheric magnetic field (HMF) (B, Fig. 1b), component$diMF Bx, By, Bz (Fig. 1c-e, re-
spectively), solar wind speed (Fig. 1f), sunspot numbey.(Bi), solar radio flux (F 10.7-index,
Fig. 1h) and, for comparison, the geomagnetic Kp index (Bigy. Fig. 1 shows that recurrence
at solar rotation period is prominent in GCR intensity analirconsidered data during this early
declining phase. In sunspot number (Fig. 1g) and solar riako(Fig. 1h) the solar rotation pe-
riodicity started to be clearly visible in April 2014 and ted to January 2015, with a short break
around November 2014. Cosmic rays (Fig. 1a) presented dhiability a few months later, from
August 2014 up to February 2015. The same behaviour as GCépistdd by Bx (Fig. 1c) and
By (Fig. 1d) components of HMF and solar wind speed (Fig. $fjoradic Forbush decreases and
other transients during that period (e.g., 10.09.2014ethers a strong solar flare associated with a
coronal mass ejection on 13.09.2014 ) made the recurreniteliatorbed, but still clearly visible.
To show this periodicity even more evidently Fig. 2 displ#ys same data as Fig. 1, but detrended
by subtracting a 41-days running average. To emphasisgésatf variability connected with solar
rotation we performed a wavelet analysis (wavelet softweaas provided by Torrence and Compo
[8], and is available at URL: paos.colorado.edu/reseataVelets/). Figs. 3-6 present examples of
the wavelet analysis. Fig. 3 reveals strong solar rotatemmafility in Oulu NM daily data from
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Figure 1. Daily data of a) cosmic rays NM count rates for differentistas: Apatity (yellow curve with

squares), Jungfraujoch (blue curve with crosses), Outliqueve with circles) and Rome (violet curve with
vertical marks), b) strength of the heliospheric magneéldfB, c-e) components of HMF Bx, By, Bz, f)
solar wind speed, g) sunspot number, h) solar radio flux (¥)Ehd i) geomagnetic Kp-index during period
01.01.2014-30.04.2015.

F10.7

Kp

August 2014 up to February 2015. Fig. 5 shows that this reage appeared in solar wind speed
slightly later, around October 2014, experiencing a skmamtg of duration. Fig. 6 confirms that
recurrence at solar rotation period emerged in solar ragiairfl April 2014 and was clearly visible
till January 2015. Fig. 4 displays that the solar rotatiocureence was rather weakly visible in
the HMF strength. To conform the wavelet analysis result€aeulated power spectrum density
(PSD) of all of the considered data using Lomb-Scargle &lgor[9, 10]. Figs. 7-10 present the
PSDs for the same parameters as shown in Figs. 3-6 for a shidesal 13.08.2014-03.03.2015,
and Figs. 11-14 for the longer interval 01.01.2014-30.0452 The most significant periodicities
for all of the considered data are gathered in Table 1. TabdlFég. 7 show that the main period-
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Figure2: Detrended with 41- days moving average daily data of a) cosays NM count rates for different

stations: Apatity (yellow curve with squares), Jungfratjg¢blue curve with crosses), Oulu (red curve with
circles) and Rome (violet curve with vertical marks), besgth of the heliospheric magnetic field B, c-e)
components of HMF Bx, By, Bz, f) solar wind speed, g) sunspwhhber, h) solar radio flux (F 10.7) and i)
geomagnetic Kp-index during period 01.01.2014-30.045201

icity in GCR intensity during 13.08.2014-03.03.2015 was8838 days. The periodicities in other
parameters during this period are shorter, especiallyn®tHMF strength. For the longer period,
01.01.2014-30.04.2015, Figs. 11-14 and Tab. 1 displaydan a main periodicity of cosmic
rays is longer than in all other heliospheric and solar dlitg parameters, except for the HMF
strength.

3. Polar coronal holesand GCR recurrence at solar rotation period.

It is well known that a recurrence at solar rotation perio®i@R intensity is related to coro-
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Figure 3: Wavelet analysis for Oulu NM daily data
during period 01.01.2014-30.04.2015.
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Figure5: Wavelet analysis for solar wind speed daily
data during period 01.01.2014-30.04.2015.
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Figure7: PSD of Oulu NM daily data during period
13.08.2014-03.03.2015.
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Figure9: PSD of solar wind speed daily data during
period 13.08.2014-03.03.2015.
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Figure4: Wavelet analysis for the HMF strength, B,
daily data during period 01.01.2014-30.04.2015.
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Figure 6: Wavelet analysis for solar radio flux (F
10.7) daily data during period 01.01.2014-30.04.2015.
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Figure 8. PSD of the HMF strength, B daily data
during period 13.08.2014-03.03.2015.
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Figure 10: PSD of solar radio flux daily data during
period 13.08.2014-03.03.2015.
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nal holes and their development in time (e.qg., [11]). Thedifyothe structure of the high-speed
solar wind streams and modulate GCR stream. During peridesthere exists one predominant
coronal hole producing high-speed solar wind near the taglifhe first harmonic in recurrence of
GCR intensity is likely to enhance.

We analysed the EUV full-disk images obtained by SoHO El@rffumbra.nascom.nasa.gov) for
a few days before each minimum in the cosmic rays during thiegef 13.08.2014-03.03.2015.
We found that every time before a decrease in cosmic raysaagmethree-four days earlier there
was a large coronal hole visible in the southern hemisphidres, a clear North-South asymmetry
in polar coronal hole occurrence leading to a very asymmetagnetic configuration at mid- to
high heliospheric latitudes is a very probable source & $fiong periodicity in GCR. Moreover,
it is worth mentioning that polar field reversal process wiae asymmetric. Sun et al. [12] de-
scribed that the reversal of northern polar fields was in Kdyer 2012 and southern, about sixteen
months later, in March 2014. This asymmetric magnetic condigon at mid- to high heliospheric
latitudes also led to the fact that the tilt angle of the hsdloeric current sheet, as shown in Fig.
15 (from wso.stanford.edu), was more variable during thisyedeclining phase compared to the
three previous solar cycles.

4. Summary

During the early declining phase of solar cycle 24 GCR intgmaeasured by neutron moni-
tors with different cut-off rigidities presented a veryosig variability at solar rotation period. This
periodicity started in August 2014 and continued to the treigig of March 2015. Parameters in-
dicating solar activity, as sunspot number and solar radiq #lso displayed similar recurrence,
which started earlier than in neutron monitors, in April 20 Moreover, Bx and By components
of HMF, as well as, solar wind speed also showed this vaiigbiVe explain this enhanced solar
rotation periodicity in GCR with the fairly rapid growth ohaasymmetric southern polar coronal
hole, which led to an asymmetric magnetic configuration at-rto high heliolatitudes. We also
note that the tilt angle of the HCS was more variable in thideeyhan during the similar epoch of
the recent solar cycles.
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Figure11l: PSD of Oulu NM daily data during period
01.01.2014-30.04.2015.
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Figure13: PSD of solar wind speed daily data during
period 01.01.2014-30.04.2015.
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Figure 12: PSD of the HMF strength, B, daily data
during period 01.01.2014-30.04.2015.
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Figure 14: PSD of solar radio flux daily data during
period 01.01.2014-30.04.2015.

Figure 15: Changes of the heliospheric current sheet tilt angle iryaedatlining phases during the recent
four solar cycles. For each SC a 0 rotation on the ordinatenmaarotation during which the sunspots
maximum occurred, namely Carrington rotation no. 2149 in2Z8CCR 1961 in SC 23, CR 1818 in SC 22

and CR 1690in SC 21.
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