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We investigate to what extent the wings of solar butterfiigdhians can be separated without an explicit usage of Hale’s
polarity law as well as the location of the solar equator. \fWplyatwo algorithms of cluster analysis for this purpose,
namely DBSCAN and C-means, and demonstrate their abilisefmrate the wings of contemporary butterfly diagrams
based on the sunspot group density in the diagram only. Tleespply the method to historical data concerning the solar
activity in the 18th century (Staudacher data). The metlepdusates the two wings for Cycle 2, but fails to separate them
for Cycle 1. In our opinion, this finding supports the inteation of the Staudacher data as an indication of the uhusua
nature of the solar cycle in the 18th century.
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1 Introduction branches are determined visually. Li et al. (2001) suggeste
to identify the wings of butterfly diagram using the migra-
The physical nature of the solar activity cycle is assodiat&ion rate of sunspot groups in the course of a solar cycle.
with an activity wave propagation from solar mid-latitudes e ability of the visual method is limited, however.
to the solar equator. The waves can be easily seen in t§gyeral percent of the sunspot groups do not follow Hale’s
well-known butterfly diagram as inclined wide strips of in‘polarity law (Khlystova & Sokoloff 2009; Sokoloff &
creased sunspot density. More specifically, a cycle cositaignlystova 2010 and references therein). A consistent de-
one wave in each solar hemisphere. Sunspots, as plaggnination of the exact number of the groups which vio-
where magnetic lines of an initially toroidal magnetic fieldste the law requires, however, a well-defined algorithm for
rise above the solar surface or return back into the solar ife activity wave identification. Sometimes it is not obvi-
terior, can be associated with each other in sunspot grouggs to which cycle and activity wave a particular sunspot
A polarity of a given group can be introduced according tgroup belongs. This makes an explicit formulation of an al-
the magnetic field direction in the leading spot of the grouiorithm desirable which separates the groups between cy-
The polarity law by Hale says that each of the activity waveges and activity waves. The desired algorithm is expected
(wings of the butterfly diagram) in a given cycle has a preg avoid an explicit usage of the group polarities to be used
ferred polarity of sunspot groups, while the northern angh particular to estimate the accuracy of Hale’s polarity.la
southern activity waves of a given cycle have opposite pgy course, the activity waves isolated by the desired algo-
larities. Activity waves in a given hemisphere in two Contithm should agree in general with the visual impression, bu
secutive cycles have opposite polarities as well. a deviation from the traditional identification may be used
In previous studies, two approaches were employed {§ extract some physical information concerning the under-
separate cycle wings. The first approach relies on the Maging dynamo action.
netic field sign in the leading polarity of suNSpot groups e gesired algorithm being of some interest for con-

or HaIe’s.poIarity [aw (Hale & Nicholson 1925; RiChard'temporary activity cycles becomes especially important fo
son 1948; Mourad|§n & Soru_—Esc.aut 1993). The second e historical butterfly diagrams obtained from archiveadat
proach uses the latitudinal migration of the emergenceloc(%_g. Ribes & Nesme-Ribes 1993; Arlt 2009) because the

tions of sunspot groups, also known as Sporer's law. It i, i of the groups can be determined for the last century
plies that sunspots appear at mid-latitudes at the beg;nnlgn

of a sunspot cycle; the sunspot formation zone then gradu- . : .
ally migrates to the equator, reaching latitudes bel6vat The aim .Of th|s. paper is to present a method.for the
gove described aim and discuss how it works with con-

the end of the cycle. The mean latitudes of sunspot grouLEem orarv as well as historical data. The method suadested
are usually determined by the center of mass for the north- porary as w Istorl : g9

IS based on the cluster analysis technique which has already
een exploited to study sunspot nests. Brouwer & Zwaan
* Corresponding author: rarlt@aip.de (1990) examined the properties of sunspot nests using a

ern and southern hemispheres, but boundaries of the cy
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2 E. lllarionov et al.: Cluster analysis for butterfly diagrmam

single-linkage clustering technique. Petrovay & Abuzeithese cluster points are sunspot groups, while in the istor
(1991) found the existence of several levels of sunspot clusal record, the cluster points are individual sunspots.

ters by means of a Bayesian iteration procedure associated Speaking more specifically, the algorithm works as fol-
with the cluster analysis. Note however that the identificaows. Let B, (p) be a circle with the centgrand the radius
tion of wings in butterfly diagrams was out of the scope of. We refer to a poiny which belongs taB, (p) as directly
these papers. attainable fronp if B, (p) contains more them points. A
pointgq is referred to as density-reachable frori there is

a sequences, ..., pn, p1 = b, Pn = ¢ SO that the following
point is directly attainable from the previous one. We refer
to two pointsp andg as density-connected if both of them

N Ak density-reachable from a point The algorithm under
the USAF/NOAA for the Cycles 14-22 (1874-2010) andyiscssion identifies a set of density-connected pointsdn t

the historical data from the Staudacher sunspot record (Aaiagram as a cluster. If a spot located in a pimioes not
2009) for the Cycles 1-4 (1749-1797) were used. While WSslong to a cluster an#, (p) contains less them points

tested the method for the Cycles 14-22, we will show the ;s onsidered as noise. The subtle distinction between
results for the Cycles 21 an_d 22_ exemplarily below_and aqfbnsity-reachable and density-connected points is iraport
Cycles 1 and 2 from the historical data. For the first dajg, c|yster contains two parts connected by a short and nar-

set we used the time of the first observation of a sunspgj,, bridge. This can happen in principle, however, is not
group and corresponding latitude. Historical data are hov\\;éry realistic for the butterfly shapes. ' ’

ever much less detailed and sunspots are not separated IN\ote that the above defined clusters do not depend on
sunspot groups. For the second data set we used the Igti- . . .

. . e starting point chosen to build a cluster nor on the order
tude and time of observation of each sunspot. For the sak

of consistence, we applied the same approach for the fiEttestmg the points on attainment with the cluster points.

data set to conclude that the shape of the clusters identiﬁqa attragtlve property of the method is _alsp that the form of
clusters is not prescribed from the beginning.

are stable after such modification of the data set (see below, _
Sect. 4). The choice of the parametersand m affects the re-

sult as follows. By reducing (for a givenm) we repro-
duce more details of the shape of a cluster. Howeverisf
3 Clusters of sunspot groups too small, a cluster which represents a physical entity can
be artificially separated into several clusters. By entaggi
According to the aim of this study, we have to base the dée reduce the number of points which are not included in
sired method on the expectation that the sunspot group détisters (reduce the noise), but we take the risk to join sev-
sity in a wing of the butterfly diagram is higher than the onéral real clusters to a single, artificial one. In particuiee
in the surrounding area. We do not prescribe the expecti@ke the risk of joining artificially the northern and southe
shape of the wing, so we refer to the wings just as cluster&ings of a butterfly.

In order to determine the sunspot group density in the By enlargingm (for a givenr) we enlarge the density
butterfly diagram, we have to define how to calculate thef points in clusters, reduce the spatial size of the clsster
areas in the diagram. The point is that the timend the enlarge the noise and take the risk of separating a physical
latitude 3 have different units. We introduce dimensionlesgluster into several artificial ones. By playing with and
quantities by measuring time in units of the nominal cyclg, one can match the shape of the cluster obtained with the
length (11 years) and latitude in units of the typical maxivisual impression.
mum latitude at which sunspot groups occti9). The algorithm was initially developed for a general

We start the process of cluster identification fron¢ase where napriori information concerning the expected
the most straightforward algorithm known as DBScANshape of the clusters is available. The choice ahdm is
(Sander et al. 1998; the GDBSCAN algorithm mentionethen based on the shape of the cumulative distribution func-

in the title of their paper is a generalization of DBSCANtion of the distances between the neighboring points in the
which is unimportant for our aims). diagram. Applying the recommendations given to Cycle 21

yieldsr = 0.03 andm = 4. We tested the algorithm with
) these values aof andm to learn that it separates the follow-
3.1 The DBSCAN algorithm ing cycle from the preceding one reasonably well, but fails

The underlying idea of the algorithm can be described Ja separate the northern and southern wings of the butterfly.

follows: two points in the butterfly diagram belong to the ~Then we chose andm deviating from the expected
same cluster if they can be connected by a sequenceV@fues for the shape of a typical wing. We presumed that
circles of a given radius, where each of them containsthe diameterZr) should be about/10 of the expected size

at leastm cluster points. In the Greenwich/USAF record©f the wing (i.e. about 1.1 yr in time and abolit in lat-
itude according to our above definition) and should be

1 http://solarscience.msfc.nasa.gov/greenwch.shtml aboutl% of the total amount of the spots in the wing (about
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40 groups) and varied the parameters in the vicinity of these
raw estimates to get a separation between cycles and wings)| _—
i.e. to obtain a result which resembles the visual impressio | * - iigee oo
Note that the raw estimates ofandm (r = # = 0.05and .. - - "
m = m = 40) mean that the critical point density is closef “| &= 4.
to the mean density of sunspot groups in the diagram in tHe'| ;&4
course of the cycle. This looks like a natural choice.

As a result we find that we have to takeandr some- L S
what larger thanm and 7, i.e. = 0.07 andm = 80 I R
(Fig. 1). Note that the density of points in the circles re-~] - . -, . T
mained the same as fau, 7, since both- andm were in- ' S '
creased. Smaller values afandm result in a breakup of .
the wing into several smaller clusters. e 98 e o8¢

Latitude, negat
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8

Fig.2 The DBSCAN algorithm fails to separate the northern and
southern wings of the butterfly for large(r = 0.12, m = 80)
for Cycle 21. Green and blue colors indicate the clusterdhién t
. adjacent cycle and red is for sunspot groups which do nonigelo
to any cluster.
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Fig.1 Clustersisolated by the DBSCAN algorithm for Cycle 21 _z,
(r = 0.07, m = 80). Green and blue colors indicates the two _, .
clusters of each cycle, while red is for sunspot groups which
not belong to any cluster. Here and below time is measureearsy

and latitude is measured in degrees. 1 % e 9%
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Fig.3 The DBSCAN algorithm artificially enhances the noise

We learn from Fig. 1 that large clusters isolated by thg" 'arg€m (r = 0.07, m = 160) for Cycle 21. Green and blue
. . : . . lors indicate the clusters in adjacent cycles and wingtewéd
algorithm reproduce the visual impression of the wings (iffor sunspot groups which do not belong to any cluster.
the butterfly reasonably well. The amount of points whic
was identified as noise is rather small, about 5% of the total
number of spots. 3.2 TheC-means clustering algorithm

We checked that increasingor m reduces the quality _ _ _
of the pattern recognition. In particular, an increase fifr  We tried to improve the results of the DBSCAN algorithm

a givenm (up tor = 0.12) prevents the algorithm from for contemporary cycles in order to attribute as many points
separating the northern and southern wings of the butterfly Possible in any of the wings of a butterfly. For this pur-
(Fig. 2). On the other hand, an increasenoffor a given POse we also used the widely exploit€eémeans clustering

r (up tom = 160) reduces the sizes of the clusters andlgorithm (e.g. Bezdek 1981).

considers many spots which belonged to the cluster before The C-means algorithm is designed to isolate clusters
as noise (contrary to the visual impression; Fig. 3). of elliptical shape (which is realistic for the wings of but-

We applied the above method of choosing the governirigrflies) provided the number of clusters and approximate
parameters: andm to several other contemporary cyclegosition of the cluster centers are known. We presume that
from number 14 to 22 and arrived at the conclusion th& butterfly has two wings of elliptical form and take the po-
the method successfully separates cycles and wings of $ition of the centers from the results of the DBSCAN algo-
butterfly shapes. rithm for the centers of mass of each cluster.

The cluster identification based on the DBSCAN algo- The C-means algorithm works as follows. We consider
rithm is not completely perfect though. It would be desira cluster isolated by the DBSCAN algorithm as a realiza-
able to include the halo of red points (noise) surroundintipn of a 2D Gaussian random quantity. The coordinates of
each wing in the clusters as far as possible. all the spots belonging to the cluster are considered inde-
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4 E. lllarionov et al.: Cluster analysis for butterfly diagrmam

pendent measurements of that random quantity. Following
standard methods, we calculate the mean posjifoand
the covariance matrixg; (i, j = 1,2 where the first coor-
dinate is time and the second is latitude) of the 2D random|
quantity which correspond to each cluster. Heenumer- %
ates the clusters. (We recall that the diagonal element$ of
are variances of the temporal and latitudinal coordinpates.

Then we re-define the distance of a sp8dtwhich be-
longs to the given cluster from the center of this clustér,
as

H
5]
e o,
i

Latitude, negative to the Sot
|

(@, 1) = ag; (af — p§) (2h — pS), @
wherea;j1 is the inversion ofi;; andp is the number of an ] i
individual spot in the:=-th cluster. ) Date ¢

The following step of the algorithm consists of a "®Fig.4  Clusters (plotted in green and blue) isolated by e

distribution of the spots among the clusters (for a constaﬁ]] ans clustering algorithm for Cycle 21. Red shows the sansp

number of clusterg{ and given quantitiegs andag;) by groups attributed to noise.
minimizing the function

S=Y"> r(a"ub), 2)

where the first sum is taken over the clustérs=(1... K)

while the second one is taken over the spots which are in-

cluded in thek-th cluster. ¥
Then the algorithm corrects the valueggfandas; ac-

cording to the spots which are included in the cluster at th

stage and perform the above steps once more. The algorit

iterates until the positions of the cluster centeg$) (and

their shapesd;) are not changing significantly anymore.

The process usually takes 10-15 iterations. -39 . 3
While separating the spots into the clusters, we take into« IR SR

account the possibility that a spot can be very remote fromso

any cluster. Then the algorithm considers it noise. More pre P oae o

Cisely, we attribute a spot at the poit to thec-th cluster Fig.5 Clusters (plotted in green and blue) isolated by ¢he

i b e means clustering algorithm for Cycle 22. Red shows the sainsp
r(z? p ) <4, o . (3) _groups attributed to noise.
whereu is a number of standard deviations at which a point

can be remote from the cluster center to be still attributed

to this cluster. If a spot is located at a comparable distande Some modifications

from several clusters we compare witlthe weighted quan-

tity 7(x?, 1) 32, (2P, u¥)~1. The number of points at- Here we verify that the method suggested is stable under
tributed as noise decays withWe checked thatfar = 2.5 moderate variations in the approach.

the number of points attributed as noise is about 2% for all First, we demonstrate in Fig. 6 that the method gives
contemporary and historical cycles investigated. Takig i similar results if we use all individual sunspot groups in-
account that about several percent of sunspot groups&iolatead of only the positions at the time of the first observa-

the Hale polarity law (Khlystova & Sokoloff 2009) we con-tion of a group. For a comparison of the method applied to
sideru = 2.5 an appropriate value. the two sets, we choose the domain where the spots iden-
We show the clusters isolated by ttiemeans cluster- tified as noise are located. We see that these sets of points
ing algorithm for Cycles 21 and 22 in Figs. 4 and 5, respeéve slightly different in the two panels, but the main shape
tively. On the one hand, we conclude from these figures theft the clusters remains stable.
almost all sunspot groups are contained in two clusters for Secondly, we check how stably our method works when
each cycle. One of the cluster is located almost exclusivetiata sets contain less information since this is imporiant f
in the northern hemisphere while the other one is locatétistorical data. We first excluded in a random way two thirds
almost entirely in the southern hemisphere. These are thithe sunspot groups from the data of Cycle 21, then we ex-
wings of the butterfly shapes with their opposite polaritieslude from Cycle 21 the months missing at the same phase
On the other hand, the algorithm identifies some of the spaif Cycle 2 in the Staudacher data. The resulting data set
at the very end of the wings as noise. Several spots whitthus has the same scarcity of data as Cycle 2. Then we ap-
we would visually attribute to the past cycle are actually aply the cluster identification. As we can see in Fig. 7, the
sociated with the upcoming one. shape of the clusters as well as the positions of points asso-
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Fig.6 Comparison of the identification of the wings of the but- -+ - . -
terfly diagram of Cycle 21, once with all individual sunspotgps ) Date ’

left) and once only for the time of the first observation ofra
(left y ‘P Fig.8 Clusters identified for Cycle 22 by the EM-algorithm.

right).
(right) Points for which the probability of belonging to a clustetawer
than 85% are shown in red.

ciated with noise remain stable after the significant deszrea

in the number of points. and Arlt (2009). The difference to modern data is that the in-

formation concerning the polarity of sunspot groups is not

available so one cannot exploit Hale’s polarity law to sepa-
rate the wings of the butterfly shapes. There is also the pe-

: culiarity that the shape of the sunspot distribution in the b

TN . terfly diagram for Cycle 1 indicates that the magnetic con-

- : . figuration could have been that of a quadrupolar field rather

than a dipolar one at that time.

U When applying the DBSCAN algorithm, we have to
take into account that the cycle in the 18th century was
weaker than the contemporary ones, and much fewer spots

To7e Toac Toat were noticed with Staudacher’'s small telescope. We thus
pate have to choose appropriate valuesfa@andm required for

Fig.7 Clustersisolated by the-means clustering algorithm for the DBSCAN algorithm. We tried several combinations and

Cycle 21 after two thirds of points were thrown out in a randonfoUnd that- = 0.2 andm = 200 are preferable for Cycle 2,

way and some months of observations were ignored, mimickinghile 7 = 0.18 andm = 100 are preferable for Cycles 3

the scarcity of data during Cycle 2. and 4. These values af mean that the density of the spots

in a circle should be about 3 times higher than the mean spot

density in the diagram. This choice allowed us to separate

We appreciate that there is a variety of particular clughe northern and southern wings of the butterflies (Fig. 9).
ter analysis methods similar to the one employed above. Wge were unable to separate the wings of the butterfly for
verified that the results obtained remain stable if we use thS/cle 1. This result supports the visual impression that the
so-called EM-algorithm (Dempster et al. 1977) instead @ymmetry properties of the magnetic configuration in Cy-
the similarC-means algorithm (Fig. 8, to be compared withle 1 was quite different from the one in later cycles. We

Fig. 5; the critical probability required by this method isconsider the butterfly diagram at Cycle 1 as just one cluster.

chosen as 85%). We see that both methods give similar rghe choice of- = 0.18 andm = 100 occurs adequate for

sults, while Fig. 8 exhibits a somewhat different set of aoissych an interpretation.

points than Fig. 5. Note that the EM-algorithm was previ-  Then we improved the results of DBSCAN using the

ously used by Petrovay & Abuzeid (1991) for their analysigneans algorithm and presumed that Cycle 1 contains just

one cluster while the butterfly for Cycle 2 contains two

wings (Fig. 10). Figure 11 shows the results for Cycle 3

and Cycle 4.

40

30

Latitude, negative to the Sot
o

5 Historical cycles

We applied the above methods to the historical data con-

cerning solar activity in the 18th century as observed by Conclusion and discussion

Johann Staudacher. The amateur astronomer in Nuremberg

collected about 1000 drawings of the solar disk and a nurBased on our results we conclude that the cluster analysis
ber of additional annotations in a book covering 1749-179Methods provide a reasonable tool to separate solar cycles
The drawings were digitized and measured by Arlt (200&s well as the wings of butterfly diagrams in an algorithmic

Www.an-journal.org © WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim



6 E. lllarionov et al.: Cluster analysis for butterfly diagrmam

! . el

LT ,
s % O
an ©y s, : .t
2 & 2 . .i.\ 'g- "é M . i
£ H Y.y B L
2 : P i E I A< L S U
2 e e E S Lt JUAN B
= T T, 1. LEey e I 2 4. AL B B . v
o . et - 1: LT . g | ‘:-:"f.;‘.'l.r E
e 4Ty s -12._\;; ) £19 o __.-|‘.-.‘||_. &
_ B J LB : H T I P ;
E . fa it .,p:'l" i~ 29 PIRYEC ISR AN
. I SES s O N Fitts KRR
_40 . N ,‘: 30 | 1 ] :,

1780 78 790
Date

176C 176t 177C 177e
Date

Fig.11 Clusters isolated by thé-means algorithm for Cycles 3
Fig.9 Clusters isolated by the DBSCAN algorithm for Cycles lang 4. The color coding is the same as in Fig. 9.

and 2. Green and blue are for the two wings of the butterfly of Cy

cle 2 which presumably have opposite polarities. The siclgieter

obtained for Cycle 1 is given in black. Red is for the spotsstdn  (Moss et al. 2008). The formal application of this method

ered noise. then means that the activity wave of this cycle is almost a
standing one. Note however that the shape of the wings of
Cycle 2 (Fig. 10) is quite different from the one of contem-
porary cycles. It looks plausible that the beginning of Cy-
cle 2 demonstrates something like a poleward propagating

. activity wave which can be regarded as yet another manifes-

L tation of the exceptional nature of solar activity in thehL8t

Y iﬁ;ﬁw i‘ " r century. Note that the ellipses which we obtain for the Cy-
g L .1:;.9% s cles 3 and 4 look unrealistically steep as well, and we did
SRR not include the corresponding estimates in Table 1.
-50 T
e 176t 77C 177 Table 1 The migration rate iffyear " for the individual wings
o in the butterfly diagram.
Fig.10 Clusters isolated by the-means algorithm for Cycles 1 Cycle 21 22
and 2. The color coding is the same as in the previous figure. Northern hemisphere 3.8 4.7

Southern hemisphere 3.4 4.0

way. The separation of the wings and cycles using the above

algorithms does not use any information about the polarity

of sunspot groups. The methods can thus be applied eveAg¢knowledgements. Partial financial support from RFBR under

the polarity is unknown. the grants 09-05-00076 and 10-02-00960-a is acknowledged.
The analysis supports the concept that Cycle 1 as it was
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