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ABSTRACT

Solar activity d@fects the whole heliosphere and near-Earth space envirdntnleas been reported
in the literature that the mechanism responsible for tharsattivity modulation behaves like a
low-dimensional chaotic system. Studying these kind ofsptat systems and, in particular, their
temporal evolution requires non-linear analysis meth@dsghis regard, in this work we apply the
recurrence quantification analysis (RQA) to the study of tfiehe most commonly used solar
cycle indicators; i.e. the series of the sunspots numbeN)S&hd the radio flux 10.7 cm, with
the aim of identifying possible dynamical transitions i tystem. A task which is particularly
suited to the RQA. The outcome of this analysis reveals thegurce of large fluctuations of two
RQA measures; namely the determinism and the laminaritgdtition, large dierences are also
seen between the evolution of the RQA measures of the SSNhandhdio flux. That suggests
the presence of transitions in the dynamics underlying olhee sictivity. Besides it also shows and
quantifies the dferent nature of these two solar indices.

Furthermore, in order to check whether our results dfected by data artifacts, we have also
applied the RQA to both the recently recalibrated SSN senekthe previous one, unveiling the
main diferences between the two data sets. The results are dis¢udighd of the recent literature
on the subject.

Key words. Sun: activity

1. Introduction

The impact of solar magnetism and its activity cycle on thikobphere and near-Earth space is
nowadays well recognized. Magnetic fields generated byrmgrnaocesses in the interior of the Sun
(Charbonneau, 2014; Karak et al., 2014), and emerging tedlae atmosphere, modulates the flux
of particles, radiation, and magnetic field in the heliogphé&n our current technology-dependent
society, the impact of heliospheric changes driven by thar sactivity is becoming increasingly
important (Baker and Kanekal, 2008; Hathaway and Wilsol®42Qones et al., 2012), as well as
the need for accurate forecasting of the conditions in thies$ghere [(Hapgood, 2012; Schrijver,
2015).
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Fig. 1. Time series of the weekly averaged values of SSN2 and Fl1@lysad in our study.

Solar activity clearly shows a mean period of about elevearsgjeand variations in amplitude oc-
curring on time scales longer than the main period.

Non-linear analysis methods applied tdfdrent solar indices have shown that the solar ac-
tivity cycle behaves as a low-dimensional chaotic and cemplystem|(Consolini et al., 2009;
Hanslmeier and Brajsa, 2010; Hanslmeier et al., 2013; Ztal, 2014). Hence, linear data anal-
ysis techniques, like Fast Fourier Transform (FFT) or wetyelpplied to solar indices time series,
can fail to give a complete description of the process repriesl by the investigated data. This is
because in such techniques, non-linearities are not mexameaning that a fundamental property
of the system (i.e. its non-linear behavior), cannot beistlidt all. For a complete description and
analysis of the shortcomings of applying linear technigoe®n-linear systems, we refer the reader
tolHuang et al.[ (1998).

To this regard, the analysis of the solar cycle indices inghase space allowed a significant
step forward in the understanding of the solar activity asdunderlying dynamics (see for in-
stance_Consolini et al., 2009; HansImeier etial., 2013)hAlgh, studying dynamical processes
and gathering physical information from their phase spanbeglding is generally not straight-
forward, robust non-linear techniques are available nayadin particular, over the last 30 years,
a method of non-linear data analysis has been developedatttifyjuthe information contained in
the phase space representation of a dynamical system. Htisd) which is called Recurrence
Quantification Analysis (RQA, Marwan, 2003), is based orathalysis of the recurrence plots (RP,
Eckmann et all, 1987) derived from the phase portraits @ siaties. Recurrence plots are diagrams
representing in a 2D plot the distance between couplestefstathe phase space, thus representing
the recurrences of a system, a general property of dynasyséems already noticed by Poincaré
(1890).

Many authors have already studied RPs dfaitent solar indices (e.g. Sparavigha, 2008; Deng,
2015; Ghosh and Chatterjee, 2015), or used them to invéspgaiodicities and hemispheric phase
relationships of the indices themselves (see for instamtet@dva and Ponyavin, 2007; Li, 2008;
Zolotova et al., 2010; Deng etlal., 2013).

RQA was also successfully employed in the analysis of nogali systems in many ftierent re-
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search fields (see for example Marwan etal., 2007, for a cet@pkview of the topic) and, in
particular, to uncover their dynamical transitions. Hoem\as far as the authors know, in solar
physics and heliophysics, this technique was only appbestudy the temporal evolution of the
deterministic states of the solar activity (Pastorek anddg; 2002). In particular, the latter authors
have applied the RQA to the SSN, with the aim of studying thermittent nature of the solar
activity cycle. The most interesting finding of their studgsshat, during the increasing phases of
solar activity cycles, the determinism of the system is cedy and this correlates with the high-
frequency fluctuations of the SSN data. This is evidencerianerease of the intermittency of the
analysed system, a feature which is easily uncovered by @& R

In this study, we extend the application of the RQA technitjusolar data, by also investigating
the laminarity of the solar cycle as represented by the masintonly used time series of solar
indices, namely the SSN and the radio flux at 10.7 cm (herealte F10.7). Our primary goal is
the study of the RQA measures in time, and highlight possiliferences between the two solar
indicators. In addition, the results of this analysis mapadvance our understanding of the under-
lying dynamics of the solar cycle, and provide useful infation to be incorporated in numerical
models and simulations. Our investigation can be also deghas a timely examination of solar
activity data available nowadays. Indeed, very recertt domplete sequence of the SSN has been
revised to account for several calibration issues that woetified in recent years (Clette et al.,
2014b; Clette and Lefevre, 2015). In this work we applieel RQA on both the previous and the
new SSN data series, hereafter also SSN1 and SSN2 resphestide this is done in order to test
the sensitivity of our results to the impact of data inaccigsand artifacts, this analysis is of more
general interest, serving as a non-linear comparison ditbe&SSN solar series.

2. Data set

Several indices have been introduced in order to repreBenntany diferent observables modu-
lated by the solar cycle (Hathaway, 2010; Ermolli etlal.,401

The data analysed in our study consist of two time seriesghvare by far the most widely em-
ployed in the literature, the SSN (see e.g. Clette et al.4apand the solar radio emission at 10.7
cm (Tapping, 2013, and references therein).

The SSN is defined accordingly to the formula introduced byf\I@51) asS S N= k(10G + N)
whereG is the number of sunspot grouds,is the number of individual sunspots in all groups
visible on the solar disk from visual inspection of the sglaptosphere in white-light integrated
radiation, andk denotes a correction factor that compensates féerdinces in observational tech-
nigues and instruments used by the observers in time.

SSN constitutes one of the longest continuous measuremamtgms in the history of science. It
is available since 1749 and although the seridgiessi discontinuities and uncertainties, it contin-
ues to be used as the most common index to describe and stadyggde properties. As already
mentioned, very recently, the SSN has been scrutinized lemddries has been significantly re-
vised (Cliver et al., 2013; Clette et/al., 2014a; Lefevre @hette, 2014; Clette and Lefevre, 2015;
Cliver et al.,[ 2015) to account for discontinuities due tstinmental and observational practices.
This led to the recent release (1st July 2015) of a new SSNgs#mias. The revised sequence is
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Fig. 2. (panel a): RP of the weekly unfiltered SSN2. (panel b): RP efweekly unfiltered F10.7.
The red box in the RP of the SSN identifies the period assatisiit the RP of the F10.7. (panel
c): RP of the low-frequency part of SSN2. (panel d): RP of tigiatirequency part of SSN2.

available at SILS. For detailed information on this series we refer the readehe review of
Clette et al.|(2014b). In this work we use this new data seagsvell as the previous one for com-
parison, to test our results against thEeets of the data revision. We restrict our attention to the

1 SILSO, httpf/www.sidc.bgsilsgdatafiles
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analysis to the longest uninterrupted SSN record spanhiadeist 167 years from 1849 to 2015
(SILSO World Data Center, 1949-2015). This is done in ordeavoid gaps that are not suited to
the RQA. Indeed, the presence of gaps would inject disroptilo the RPs that might befficult to
handle. In this regard, the use of gap-filling numerical tégbes (see for instance Dudok de |Wit,
2011) may allow the extension of the RQA to earlier epoch&efsunspot record, where the anal-
ysis of dynamical transitions mayffer interesting insights. However, in order to apply the RQA
on such data series, a detailed analysis of thects of gap-filling methods on the RPs and RQA
measures themselves is needed.

It is important to remark that SSN is not a physical quantdythis reason we complemented this
data with uninterrupted weekly-averaged measurementsea$alar radio flux from 1958 to 2015
(Benz, 2009; Tapping and Valdés, 2011). These measuresmesiilt from the synoptic observa-
tions of the solar radio emission made at the various obs®iea since 1945 (Sullivan, 2005) at
different frequencies, ranging from 0.1 to 15 GHz.

Among the various radio measurements, we analysed thotsreg the flux in the wavelength
range of 2.8 GHz or, equivalently, 10.7 cm, near the peakesbtiserved solar radio emission, made
by the National Research Council (NRC) of Canada from 1940l in Ottawa and thereafter in
Penticton. These measurements constitute the longedtstabte and well-calibrated, almost unin-
terrupted record of direct physical data of the solar agtavailable to date (Svalgaard and Hudson,
2010). The solar radio flux is measured using the Solar Fluk ($FU, 1022WnT?Hz1). A pre-
liminary analysis of the féect of the averaging temporal window (not shown here) deinatesi
that, as far as localization of the dynamical transitioriscerned, the choice of a weekly-average
of the data represented a good tratiéetween the signal-to-noise ratio and the number of samples
used. Although the F10.7 record is available since 1947, atedhthat before 1958 a number of
null samples was present. For this reason, and in order tafeewse focused on the data starting
from 1958 where the number of unavailable measurements wak more limited.

Figure[l shows the weekly SSN2 and F10.7 values analysed istady. Specifically the weekly
averages were obtained with a seven-day average of the\ddilgs. The SSN (both SSN1 and
SSN2) and F10.7 data analysed derive from the archives &uthgpot Index and Long-term Solar
Observation Centre at the Royal Observatory of Belgium aada@ian Space Weather Forecast
Centré, respectively. The series analysed in this study wereeratd in September 2015.

3. Methods

The starting point of our analysis is the evaluation andstidthe RPs from the phase recon-
struction of the SSN2 and F10.7 series. Introduced by Eckmeaal. (1987), RPs are diagrams
that visualize the trajectory of the system, representetthéynalysed data series, in a 2D domain
(lwanski and Bradley, 1998). In RPs, each point (i,j) of thegdam is shaded according to the dis-
tance between two poink andX; on the trajectory in the phase space. The closeness of thes sta
of the system at dlierent times (recurrences) determines specific featureslasigr of points in the
plot, which describe the nature of the dynamical systemeénd recurrences are a characterizing
property of any dynamical system (Kac, 1947).

Figure[2 shows the thresholded RPs derived from the SSNZ(Upfi) and F10.7 (upper right).

2 CSWFC, http/www.spaceweather.(solarfluysx-5-eng.php



M. Stangalini et al.: Recurrence analysis of solar cycle

X R X A TR % KK
2000 T o Dmom o X | K R
T, e e e e | T W e
TR OO O X R X
xmxﬁﬁxxﬁjmimgaﬁ
1950 | AJF-FHH)&HJ m

N

e e M R
1:;::
X XX
)gl
2
|
1338
7 ERR
?‘HP‘

W

S 8 b w ) "

XX REIAXX

Year

WO X X

1900 -

__,x'i
L RRRRER
rarataiataalamals
1850 P‘\ P'Q'i,i'm}t

1850 1900 1950 2000
Year

P

ma _'Ii._.IlLﬁ. e .I |
[ SO K >

O 00

Fig. 3. RP of of the weekly unfiltered SSN1 (no embedding).

For the seek of simplicity, the embedding parametemis= 1 (no embedding), while the time
delay parameter used to produce the phase portrait, frormtmthe RP are obtained, 1s = 1.
Indeed, Iwanski and Bradley (1998) has shown that, quiziétigt features of RPs generated from
high embedding dimensions, are also seen when using smb#dding dimensions. This point
will be further discussed in the next sections. The threshekd to construct the RPs is 15. In Fig.
we show for comparison the RP of the unfiltered SSN1. Theertian adopted throughout the
manuscript is such that a recurrence state is marked by & td6n the RPs. It is worth mention-
ing that transitions markers in the RQA measures are rattsensitive to the exact choice of the
embedding parameters, as demonstrated by Iwanski andegrdd93). The main features of plots
of Fig. 2 are discussed in section 4.

In order to extract quantitative information from RPs, welag the RQA technique (see for exam-
plelZbilut and Webber Jr, 1992; Trulla et al., 1996; Thiellet2004; Webber Jr and Zbilut, 2005).
This method is based on the analysis of the distributiongcfinrence points in the vertical lines
and the diagonal lines of RPs (for a review see le.g. Marwad3;20arwan et al., 2007). Indeed,
diagonal lines in RPs identify trajectories that regulaslit the same region of the phase space at
different times. This is a characteristic feature of determmsystems. For this reason, the lenght
of the diagonal lines in RPs represents a measure of determ({(ET). In contrast to this, vertical
lines in RPs mark states which are trapped for some time. freuenght of vertical lines in RPs
can be regarded as a measure of the laminarity of the systam)(L

The RQA also allows the study of other complexity indicatmrdynamical systems, although these
are not relevant to our aim (for a review see e.g. Marwan/g2@07; Zbilut and Webber, 2006). In
this work, we restricted our attention to DET, and LAM. Thés® measures have been success-
fully used several times to identify dynamical transitigesy. Marwan et all, 2013).

In order to estimate DET and LAM from RPs, in this work we udeel well tested command-line
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recurrence plots code, which is part of the TOCSY (ToolbdwesComplex Systems) toolbBx
and, more in particular, its RQA utility and the time-delayl@edding of the time series. For more
information about the algorithms and methods employed énttlolbox (time-delay embedding,
generation of RPs, and RQA application) we refer the reambtarwan et al.[(2007). In this code
the embedding is performed through a time-delay techniGueen a time-discrete measurement of
an observable; = u(iAt), wherei = 1,...,N andAt is the sampling time, the phase space can be
reconstructed as follows:

m
X = Z Ui+(j+1)r s 1)
j=i

wheremis the embedding dimensionthe time delay, and are unit vectors spanning an orthog-
onal coordinate system.

We applied the command-line recurrence plots code to theemfentioned solar indices with a
moving window of 100 weeks and a step of 1 week. This was dorstuiy the evolution of the
RQA measures in time.

In order to quantify the féects of the new recalibration of SSN2, we also made use ot Join
Recurrence Plots (JRPs Marwan and Kurths, 2004) that aedsior studying the similarities be-
tween two data series in the phase space, and specificatiifidieg times at which they share the
same recurrences. A JRP is a plot showing all the times athadni@currence in one dynamical
system occurs simultaneously with a recurrence in anotyreaudical system. Indeed, a JRP is the
Hadamard product of two RPs representing two dynamicaésyst

In Fig.[2 (upper panels) it is clear that RPs of the time sesfesich two indices are almost com-
pletely dominated by the low-frequency modulation of thiasactivity cycle (11 years). In order
not to make the RQA measures biased by this modulation, betliSEN2 and F10.7 were high-
pass filtered. This was done, at first, by FFT filtering the dath a filter whose cut-fi was set at
2x 1072 days? (see Figl#). In panel (c) and (d) of Fig. 2 we show the RP ofdhefrequency and
high-frequency part, respectively. However, we note thatpntrast to the RQA, the FFT technique
is a linear method, thus it might not represent a suitablegm@itioning technique to be used on
the data. For this reason, and in order to independentlykctinecreliability of the results, we also
used the empirical mode decomposition (EMD Huang et al.g8)1 8®filter out the low-frequency
dynamics. This was done only on the SSN2 to check the consistd the results obtained from the
FFT filtering. Indeed, the EMD technique preserves the mogafities of the signal, thus represents
a more safe option for the pre-processing of the data exahnirthis work. The EMD analysis was
already applied to decompose the solar cycle (to the SSNxarias of intrinsic mode functions
(IMFs;|Gao, 2016). It consists of an iterative process thi@rting from the envelopes of maxima
and minima estimates each IMF as the mean value of these twetopes. The signal is therefore
decomposed in a sequence of IMFs which are locally defined the signal, without making use
of any predefined decomposition basis or assumption, aridfifea a data-driven decomposition
of the signal. In Figl b we show the EMD decomposition of thé&N3$lata series. By co-adding
the low frequency IMFs and the high-frequency IMFs, one aacodple the eleven-year long-term
periodicity from the rest. In Fid.l6 we show the result of tivalhere the high-frequency part of the

3 The command-line recurrence plots code is freely availattlehe following link: httpy/tocsy.pik-
potsdam.de
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Fig. 4. Power spectrum of SSN2 and high-pass filter (left panel)oRsitucted low-frequency (up-
per right) and high-frequency (lower right) part of SSN2.

signal (the one used in this work) is obtained by co-addiedfitist 7 IMFs (see blue box in Figl 5).
The high-frequency part of the data sequences are theredtudtih the RQA analysis.

As pointed out by many authors (see for instance Schinkél,é2@08), the choice of the optimal
embedding may have some impact on the exact value of RQA me=adwt only a negligible ef-
fect on the position of the markers of dynamical transitifims&nski and Bradley, 1998). Indeed,
lwanski and Bradley (1998), by analysing the RPs of well ustb®d physical systems, have shown

a good structural stability of RPs forfterent values of the embedding parameter. This means that,
gualitatively, features in RPs are rather independent®fkttact choice of the embedding. This is
the case at least for those recurrence points that do nattvamthe RPs due to the change of the
embedding itself. This property of RQA is recognized by thme authors as "counterintuitive”.

In fact, since the embedding process is employed to unf@diyfmamics, one would expect a dra-
matic change of the RP for fierent embeddings, but this is not the case. The same autiags h
also shown that, while the position of the dynamical marketbe RPs is insensitive to the choice
of the embedding, a gradual fading of the main features ofiRBbserved as the embedding di-
mension increases.

Formally, the optimal minimum embedding dimension is lidke the dimension of the chaotic
systemd, so thatm > 2d + 1 (see for instance Ma and Han, 2006, and references theféirs)
implies that the dynamical system should be perfectly kntwefore performing a phase space
reconstruction. But this obviously makes a contradictlarthis regard, several methods were pro-
posed to estimate the optimal embedding dimensiqsee for example Fredkin and Rice, 1995;
Rhodes and Moratri, 1997). In particular, Sello (2001), gsire false neighbors method (see for in-

8
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stance Kennel et al., 1992; Abarbanel et al., 1993), fouatittte minimum embedding dimension

for the sunspot number im = 5. This result indicates that the sunspot sequence is ¢ensi®
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a low-dimensional system, in agreement with other indepethdorks on the subject (e.g. Zhang,
1996).

IMFs 8-11

3007 ]
250F ]
200} 1

SSN

15011
100F

50

18601880190019201940196019802000
Date

SSN

-200

18601880190019201940196019802000
Date

Fig.6. EMD reconstruction of the low- (top) and high-frequencytfbm) part of the SSN2. The
high-frequency part of the signal is computed by co-addigfirst seven IMFs, while the low-
frequency part, not used in the RQA, by adding the remainimegso

4. Results

4.1. Analysis of the RQA measures DET and LAM

Fig.[2 shows the RPs derived from the SSN2 and F10.7 with needdibg (h = 1 andr = 1).
These RPs display the density of the recurrence states diyttemical system represented by the
two analysed series as a function of time. The RPs show angensity of recurrences and,
although most of the dynamics appears to be deterministi {lse large presence of diagonally
aligned features), sudden interruptions can also be sedny @xample between 1955 and 1960.
It is worth noting here that this period was identified as ansual solar cycle (Wilson, 1990;
Temmer et al., 2006). The RP of the SSN2 also shows an inteffesited by an increase of the
density of recurrence points, which is located roughly leetmv1875 and 1940. While over long
timescales, an almost constant eleven-year periodiciyigent as a repeating pattern of diagonal
states, some modulation of this period can be found, for @k@mround 1900 as a small distortion

10
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of the diagonal features. All these elements are even madem\vin the RP obtained from the low-
frequency part of SSN2 (panel c¢), and reflect the non-stationature of the process represented
by the analysed series. Another interesting aspect of tiseiREhe overdensity of recurrence points
between~ 2007 and 2010.

Fig.[1 shows that the evolution of DET (upper panel) and LAMgr panel) obtained by applying
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0.8 0.8 1
0.6 0.6 =

— — i : . ’

w w

o o L
0.4 04+ ¢

A i Ao *
- JUFAR U
0.0 00l . '«'“\ c N N [
1860 1880 1900 1920 1940 1960 1980 2000 1860 1880 1900 1920 1940 1960 1980 2000
Date Date
1.0 = 1.0
0.8 | 0.8 1
0.6

= =

g n A o S
" AT P
0.2
0.0’ \ 00l

1860 1880 1900 1920 1940 1960 1980 2000 1860 1880 1900 1920 1940 1960 1980 2000
Date Date

Fig. 7. Evolution of DET (top) and LAM (bottom) obtained from the S&kr both filtering strate-
gies (grey dots): FFT (left panels), and EMD (right panel®)e continuous line represents a
smoothed version of both DET and LAM. The shaded areas [lglghthe times at which signif-
icant mismatches in the evolution of DET and LAM are observidte orange curve represents a
rescaled version of the SSN2 to help the reader identifyliegsolar cycles. The horizontal blue
lines represent the 95% confidence level.

the RQA on the high-pass filtered SSN2 time series, for bal+r (left panels) and EMD (right
panels) filtering. The embedding parametersare5 andr = 15. In the same plots we also display
a not-to-scale version of the SSN2 (orange curve) to helpghéer in the comparison of the evo-
lution of LAM and DET with the solar activity cycle. FollomgiMarwan et al.[(2013), we used an
adaptive threshold in the sliding window employed to estérihe temporal variation of the RQA
measures. This is done to maintain an optimal constantnestee rate of the order of a few percent
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(10% in our case), and to keep the statistical sample cansttnin the sliding window. The adap-
tive threshold guarantees the stability of the recurrengesthe temporal window considered. This
is needed in order for the RQA measures not to reflect thensitrivariations of the density of the
recurrent points. Indeed, in the presence of a modulaticgrrence rate, this modulation can enter
the other RQA measures, preventing the analysis of the watufitions of DET and LAM. Since
the RQA measures are statistical values estimated fromisitiebdtion of points in the moving
temporal window, it is of paramount importance to dynantycatlapt the threshold in such a way
that the density of recurrent points irfidirent temporal windows in the RP remains constant. In our
case, the standard deviation of the recurrence rate is eddaid7% by the adaptive threshold.

The 10% is chosen in such a way that the RQA measures do not somation or clipping.
However| Marwan (2011) has shown that the selection of theshold is not critical.

As already mentioned, the size of the sliding window uset&RQA ( 2 years) is chosen to ac-
curately sample the underlying periodicity of the solarleyahile maintaining the computational
load at a reasonable level.

The results obtained by using the two filtering techniques GFT and EMD) are rather similar, and
both show large fluctuations of DET and LAM. Some of these tlatbns appear in correspondence
of the minima of SSN2 (see for example the peak within 19780)however this is not always the
case. More important, there exist specific times where LAM BET show a dferent behaviour.
This is the case, for instance, arourd 900 and during the last minimum (20853008). In these
two periods, in fact, LAM appears more pronounced than DEggssting a possible increase of
the laminarity of the system.

In the same plots, we also show with horizontal continuausdithe 95% confidence levels as ob-
tained from a significance test aslin Marwan etal. (2013).eMordepth, the significance test is
based upon a randomization (random permutation) of the S8§&t rid of any temporal correla-
tion in the signal. After the randomization of the time sgyiie RQA is applied in order to estimate
the 95% confidence level of each RQA measure. Since the iregs QA measures obtained from
the randomized signal show a non-gaussian distributionyseel the cumulative distribution func-
tion (CDF) to select the threshold corresponding to the 96%6idence level. This analysis reveals
that most of the peaks of DET and LAM are statistically sigaifit, as they exceed the upper confi-
dence level. In contrast, none of the "negative fluctuatignsnima) exceed the lower confidence
level, and can be considered statistically not significant.

In Fig.[8 we compared the DET and LAM of the SSN2, with thosehef F10.7 data sequence,
in the time window where both measures are available (siB&8)1 It is interesting to note here
that, while the filtering technique has a littlfext on the RQA measures, the DET and LAM of the
F10.7 present large flierences with respect to the SSN2 sequence. This can be fastegample,
during the last minima where the F10.7 shows a sharper pela@tbfLAM and DET with respect
to the SSN2. In addition, it is interesting to note that mdsthe pronounced peaks of DET and
LAM obtained from F10.7 are located in proximity of the salainima, although some is not (see
for example the peak around 1980).

12
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Fig. 8. Left panel:Comparison of DET obtained from SSN2 (both filtering stregepand F10.7

(FFT filtering). Right panel:Comparison of LAM obtained from SSN2 (both filtering straé=)

and F10.7 (FFT filtering). The dot-dashed vertical lineskthae position of the solar minima. The

different data sequences have been shifted by a constant varafical reasons.

4.2. Analysis of the fluctuations of the RQA measures

In order to investigate the oscillations seen in the RQA miesss here we study the power spectra of
DET and LAM obtained from SSN2 (both filtering techniques) &10.7 (see Fi¢.9). Interestingly,
the power spectra highlight fiierences between SSN2 and F10.7, and between DET and LAM.
Indeed, while the power spectrum of DET parameter from thidZS§hows three diierent peaks
around 1- 3 x 10* days?! (eleven-year period), 8 10 x 10* days? (three-year period), and
16 x 10* days? (two-year period), the last two peaks are absent in the pepectra of both
LAM and DET from F10.7. In addition, restricting our atteanito the power spectrum of the RQA
measures from the SSN2, we note that the last peak aforeanedtis much less pronounced in
the spectrum of DET with respect to that of LAM. This suggediféerent dynamical behaviour of
the RQA measures and, more important, of the investigated salices. These fierences will be
further investigated in a future work.

4.3. Comparison between the new SSN data series and theysevie

Most of the works in the literature on large scale solar méagmederive from the analysis, with
different techniques, of the previous SSN1 series. In orderitd pot diferences in the SSN1 and
SSN2 that may be ascribed to thefdient calibration, we applied the RQA on both SSN1 and
SSN2 series. Since we are interested in comparing the tvecseéaks, in this analysis we make use
of unfiltered data. This is done in order to keep the recusgmnd the system unchanged and allow
the comparison of the two time series. In Higl 10 (upper pamet show the evolution of DET

13
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Fig.9. Power spectrum of the DET obtained from SSN2 with FFT fillgr{opper panel), from
SSN2 with EMD filtering (middle panel), and from F10.7 with'Ffltering (bottom panel).

obtained from the RQA of both SSN1 and SSN2 with no embeddiagédmbedding parameters
m = 1 andr = 1), and constant threshotd= 5. The determinism of the SSN2 appears larger than
that of SSN1. This is the case in correspondence of both raimind maxima of the solar cycle. In
the same figure (lower panel) we also show the relative vanatf DET of SSN2 with respect to
DET of SSN1. The increase of DET is larger at the turning goafithe solar cycle. In other words,
the SSN2 data series shows a level of determinism signifyckmger than the determinism of the
previous SSN1 series; this is found at all times, but espgdaring the maxima of the solar cycle.

In addition, this plot also shows a period of decreased DEabdity between~ 1947 and 1980
(see Fig 1D lower panel). We note that this period corregpaevith the well-known "Waldmeier”
jump, an issue that was previously identified through a coiepawith the Sunspot Group Number,
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and finally corrected in the SSN2 release (Clette and Lefeg2015).

However, we note that in general the recalibration of the S&fies has the onlyffect of changing
the level of determinism of the system represented by the, da&eping the transition markers
unchanged.

In order to better visualize theftierences between the two SSN series, we made use of a JRP.
In Fig.[11 we show the JRP of SSN2 and SSN1 without embeddinig,Big.[2. A first look at the

P
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Fig. 10. Upper panel: Evolution of DET from SSN1 (black), and DET fr&8N2 (red). Lower
panel: relative increase of the determinism of SSN2 witpeesto SSN1.

JRP (Fig[Il) and the RPs in Fig. 2 does reveal a remarkabistynbetween SSN1 and SSN2.
In the following we compare the two time series SSN1 and SSit2the F10.7 time series by using
JRPs. Indeed, the comparison of the JRP obtained from SSiNR1£h7, and the JRP obtained from
SSN2 with F10.7, can reveal the presence of discrepancieeée the two SSN time series much
better than what the single JRP between SSN1 and SSN2 can.
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Fig.11. JRP between SSN1 and SSN2 data series (no embedding).

4.4. Comparison between the two SSN data series, and F10.7

With the aim of singling intrinsic variations of the systemt @f data artifacts, in Fig._ 12 we also
show the JRPs obtained from F10.7 and the previous SSN1 eaés gupper panel), and from
the F10.7 and the new SSN2 (lower panel). It is important te tioat the two JRPs show some
difference at specific epochs. More in particular, in the figurehigélight two specific regions
(blue and red boxes respectively) where the JRP of SSN1 add Bhows a smaller number of
simultaneous recurrences between the two time seriesnipaason, the JRP of SSN2 and F10.7
(see lower panel of the same figure) does show a more homagedestribution of simultaneous
recurrence points in the same regions selected. This diearttie &ect of the recent recalibration
of the SSN sequence as seen into the phase space.

5. Discussions

The results derived from our RQA of the two solar cycle indisbow that the determinism of the
system represented by these two data series undergoesluapictions in time. This behaviour is
consistent with previous findings by Pastorek and Vor&#223, who explained this fact in terms
of variation of the intermittency in the ascending and dedogg phases of the solar activity. In
our study we have also extended this analysis to the lanynairithe system. After filtering out

the low-frequency solar cycle modulation (eleven-yearquhr both LAM and DET show a mod-

ulation. While there exist some degree of correlation betwieAM and DET, we have identified

periods at which these two RQA measures presenffardnt behaviour. Interestingly, one of them
corresponds with last solar minimum, which has been lortgar the previous ones. More in detail,
during this times, the increase of LAM (increase level obdiker) is not accompanied by a similar
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Fig.12. JRPs of the SSN1 and F10.7 (upper panel), and SSN2 and Fa@ét (hanel). The boxes
highlight different epochs in the JRPs where a cleiedeénce between the two versions of SSN are
observed (see text for more details).

increase of DET, suggesting an overall increase of the lantynof the system.

Besides, a randomization test of the data sequences has shatmost of the peaks of DET and
LAM, including those appearing during the last minimum, stegistically significant, with a confi-
dence level exceeding 95%. These large fluctuations mayesugge presence of dynamical transi-
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tions/Marwan et al. (2013). However, Schinkel et al. (200&ed that determinism does not relate
exactly to the mathematical notion of the term, but ratheteutines that deterministic processes
have usually a larger number of diagonal lines in RPs, if camag to purely stochastic processes.
This may also explain the periods at which the increase of BET LAM is synchronous. In this
regard/ Marwan et all (2013) have also argued that, in somsigdl systems, the increase of the
measure of DET together with that of LAM can be understoodslewing down of the dynamics,
typical of tipping points. These two facts together solve @ipparent contradiction of the simulta-
neous increase of LAM and DET.

It is worth stressing that these results are obtained inu#grely of the filtering technique (either
FFT or EMD) adopted to remove the low-frequency modulatibtie solar cycle indices.

However, the results of the RQA include much more infornratitan mentioned. Indeed, one of
the most clear indication emerging from them, is represtbyethe diferent dynamical behaviour
of the two solar cycle indices investigated (SSN and F107is is emerging not only from the tem-
poral behaviour of the RQA measures of F10.7, whose peaksaagharper than those obtained
from SSN2, but also from the power spectra of DET and LAM flatitons. In fact, while the power
spectrum of the RQA measures of SSN2 presents power up tasfiney of 17-2x 1072 days™ (or
equivalently periods in the range-12 years), the power spectrum of both LAM and DET of F10.7
appear limited to frequencies smaller tharb x 10* days?. These diferences between the two
indicators are not surprising. As already mentioned befanmgong the two, only F10.7 represents
a physical quantity, SSN being the weighted count of the potissappearing on the solar disk over
time. However, it is worth noting that the RQA provides a difaration of these dferences, which
in our opinion is helpful for uncovering the intrinsic meagiof the SSN.

In addition to this, in this work we also tested our resultgiagt the impact of the new SSN calibra-
tion. Although the above dynamical transitions occurrihgha minima of the solar cycle are not
sensitive to calibration issues, the JRP also reveals #ismm number of discrepancies between
the two data series which are, according to us, value-adekdts with respect to the main scope
of this work, providing information that can be of more geaieénterest to the community. Indeed,
since our analysis preserves the non-linearities of thega® this comparison provides useful in-
sight into the relationships between the SSN1 and SSN2,hnadrie the most used solar index so
far, and the one that will likely be the most commonly usedhmfuture, respectively.

In more detail, although on average the new data series eppsare deterministic, there ex-
ist specific times at which the SSN1 is characterized by lessltaneous recurrences with the
F10.7 than the SSN2. This witness the improvements maded$8N2 over the former SSN1
(Clette and Lefevre, 2015), although the residuffiedences between the F10.7 and SSN2 may of-
fer good reasons for further working on the revision of aalé series. However, it is useful to
remark once again that our analysis method is appropriatéécanalysis of the properties of non-
linear systems that might be particularhyffiult to unveil with other techniques. For this reason
the identification of dierences between the SSN1, SSN2, and F10.7 in terms of recars¢ates
may provide useful complementary information with respgedther techniques. We also note that
this topic deserves more attention and a more complete aatiyaanalysis of other solar indices,
which is beyond the scope here. This will be addressed inuaduwtork.
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6. Summary and Conclusions

In this work we have shown the results of the application efRQA on two indices of the solar
cycle, namely the SSN and the F10.7. The RQA is nowadays dynided technique to investigate
non-linear dynamical systems and their transitions, yéffuity exploited to investigate the solar
activity cycle. The RPs, as well as the RQA measures denaiastre non-stationarity of the system
governing the activity cycle itself, with a strong moduteitiof the RQA measures, and fluctuations
that may be linked to dynamical phase transition. BesidesRQA unveils significant fierences

in the dynamics of SSN and F10.7, which reflects thefiedent physical nature.

Furthermore, our application of the RQA to both SSN1 and SgM®ides a timely non-linear
comparison between the newly recalibrated SSN data serietha previous one. Indeed, we found
that SSN2, the new series, shows a larger degree of detemmith respect to the SSN1. Although
this analysis was mainly performed to test our findings aed@hability of the transition markers
of the dynamics, the results of the comparative study appleaore general validity and interest,
providing a key-reading for reconsidering the past literatbased upon the SSN1 data series, in
light of its recalibration.
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