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Secular variation of hemispheric phase differencesin the solar cycle
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We investigate the phase difference of the sunspot cyclegitwo hemispheres and compare it with the latitudinal goins
distribution. If the north-south phase difference exfsildtiong-term tendency, it should not be regarded as a stichas
phenomenon. We use datasets of historical sunspot recodddrawings made by Staudacher, Hamilton, Gimingham,
Carrington, Sporer, and Greenwich observers, as welleasthspot activity during the Maunder minimum reconstlicte
by Ribes and Nesme-Ribes. We employ cross-recurrence tplasalyse north-south phase differences. We show that
during the last 300 years, the persistence of phase-leadinge of the hemispheres exhibits a secular variation. Gésn
from one hemisphere to the other leading in phase were eegsnear 1928 and 1968 as well as two historical ones
near 1783 and 1875. A long-term anticorrelation betweermémispheric phase differences in the sunspot cycles and the
latitudinal distribution of sunspots was traced since 1750
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1 Introduction ference before the 12th cycle. In the present paper we ex-
tend our previous studies of historical hemispheric sunspo
In order to deal with the asymmetry of hemispheric sunspasynchrony as far back as to the Maunder minimum. Direct
distributions, separate observations for the northern an8servations of the Sun by Staudacher (Arlt 2008, 2009a),
southern hemispherical activities are required. Suitabléamilton & Gimingham (Arlt 2009b), Carrington (1863),
monitoring was started by the Royal Greenwich Observand Sporer (1874, 1878, 1880, 1886, 1894) are involved.
tory in 1874. Now daily information about size, position andrurther, we reconstruct and discuss the temporal variation
area of sunspots are comprised by the RGO/USAF/NOA# the phase difference and the latitudinal distributiothef
dataset. Unfortunately, both the International SunspahNu sunspots during the last 300 years.
bers and the Group Sunspot Numbers are defined for the
entire visible solar disk only.
Applying the cross-recurrence plot technique to thé Data and methods
smoothed sunspot area data, we compared the time-varying
phase differences between the northern and southern heRur the analysis we use the following list of daily data:
spheres with the latitudinal distribution of the sunspots _ ) )
(Zolotova et al. 2009). If the phase difference between the- The drawing of the butterfly diagram during the
northern and southern hemispheres is positive, we refer to Maunder minimum constructed by Ribes & Nesme-
the northern hemisphere as ‘leading in phase’. If the dif- Ribes (1993). .
ference is negative, the southern hemisphere is ‘leading im The sunspot drawings by J.C. Staudacher for the pe-
phase’. We observed a long-term persistence of one hemi- fiod 1749-1796. Their digitization, determination of
sphere exhibiting a leading phase, which lasts almost four heliographic latitudes and longitudes in the Carring-
solar cycles, while after that, the opposite hemisphemsiea ~ ton rlotatlon frame, and reconstruction of the butter-
in phase. The full period corresponds to the secular cycle fly diagram was done by Arlt (2008, 2009a). These
first described by Gleissberg (1967). We also verified that data were extended with a few solar observations by
these long-term variations in the hemispheric phase differ J-A- Hamilton and W. Gimingham for the period 1795
ences are in anticorrelation with the long-term variatiohs 1797 (Arlt 2009b).

the latitudinal distribution of the sunspotsthe magnetic ~ — The records by R.C. Carrington for the period 1853
equator (Pulkkinen et al. 1999). 1861. His famous book contains the heliographic coor-

dinates of individual sunspots (Carrington 1863). The
last part of the book represents sunspot group drawings
for each rotation, starting from the first in 9 November
* Corresponding author: ned@geo.phys.spbu.ru 1853. One of Carrington’s books was presented by the

Since the analysed time series starts in May 1874, we
were unable to detect the change in sign of the phase dif-
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Royal Astronomical Society to the Russian Imperial Li3 Results
brary (now the Library of the Russian Academy of Sci-
ence), and one to the Helsinki University library. From the analysis of the Greenwich sunspot area data it was
— The records of heliographic sunspot positions bghown that the consecutive sign changes in the phase dif-
G. Sporer for the period 1861-1894 (Sporer 1874, 187farence between the two hemispheres occurred at the maxi-
1880, 1886, 1894). All books consist of a descriptionmum of the 16th cycle and then at the minimum between the
tables with positions, and drawings of sunspot groups jcles 19 and 20 (Zolotova et al. 2009). At the same times
their latitudes; the longitude is not shown in the drawthe latitudinal distribution of the sunspots (expressethiey
ings, instead, the horizontal axis is used for the datmagnetic equator, defined by the sunspot latitudes) changed
These observations are not ordered by calendar datis.sign (Pulkkinen et al. 1999). It is notable that the phase
but by a sequence of group numbers. This data agifference between the northern and southern hemispheres
Carrington’s were digitized in the Helsinki Observatorys in anticorrelation with the latitude of the magnetic equa
about 20-30 years ago and arranged as a function tgf.

time. The raw daily sunspot counts reconstructed from the ob-
— The RGO/USAF/NOAA dataset from 1874 to theseryations by Carrington, Sporer, Staudacher, Hamiétod,

present, originally in the Royal Observatory, Greengimingham are not as uniform as the Greenwich data. Stau-

wich 1874-1976). dacher made his drawings at rather irregular time intervals

Finally, we compiled a list of heliographic positions 0f(_)nly sometimes, he carried out more that 20-30 observa-

sunspots for those days, when observations occur (excifps during a year. Carrington and Sporer usually did not

for the Maunder minimum, when only the butterfly dia-2dmit gaps longer than 10 days, but they did not report day-

gram is available; Ribes & Nesme-Ribes 1993). To coully-day observations either.
sunspots for each hemisphere we replaced the latitude val- Averaging a time series with observational gaps is
ues by plus+41) and minus £1) respectively for the north- @ commonly encountered problem when historical solar
ern and southern hemispheres. Next, we added numbers®ata are used (Vaquero 2007; Usoskin 2003). Since raw
longing to the same day but separately for the hemispherggily sunspot counts vary strongly, but we are interested
To measure the phases differences of sunspot cyclednduite smooth curves, we used simple sliding averages
the two hemispheres we have used @ress-Recurrence  ©Ver 500 days (for the Carrington and Sporer data) and
Plot (CRP) method (Marwan et al. 2007), where two tim&@Ver 1000 days (for the Staudacher, Hamilton, and Giming-

series are embedded in the same phase space. The dgp data). Smoothing with such wide windows influences

analyses the parallel occurrence of states as describée byf'€ cycle minimum and maximum levels, and causes time

time series; andy; and is defined by the cross-recurrencéhifts- Thus, a strict numerical estimation of the ampktud

matrix CR: of the northern and southern hemispheres or absolute phases
may be incorrect. However, we are interested in phase dif-
CR,; = O(g; — |lzi — y;il)), i,j=1,...,N, (1) ferences and the hemispheres’ behaviour during their as-
cending and descending phases of the solar cycle evolution
whereN is the length of the time seriesandy, || - || is a (Zolotova et al. 2009).

norm, andd is the Heaviside function (Marwan etal. 2007).  Smoothed sunspot counts reconstructed from the obser-
The adjustable parametey is called the recurrence pointyations by Carrington and Sporer for the north (blue), sout

density. (red), and the entire solar disk (black) are shown in Fig. 1.
In the special case af = y, the main diagonal CR  The smoothing procedure shortens the time-series by half
consists ofones (CR=1,i =1, ..., N). For this reason of the window length at the beginning and the end of the

it is called thdine of identity. Applying a transformation of raw data. Therefore, the smoothed Carrington and Sporer
the timescale (e.g., a phase shift) to the second time sersemspot counts do not overlap (Fig. 1), although Carrington
y, the line of identity becomes bowed or shifted (Marwafinished observing by the end of March 1861 and Sporer
et al. 2002; Marwan & Kurths 2005). It is called thi@e started in January 1861. During these about three months
of synchronisation (LOS), because one can use it to rescal€arrington registered systematically more sunspots in-com
the timescale of the second time series and determine therison to Sporer. We suggest that the discrepancies can
closest match (synchronisation) of the two time series. be explained by a difference in detecting small sunspots or

The extraction of the LOS with the CRP is performed bjpores on the solar disc.

the algorithm proposed in Marwan et al. (2002), available The Sporer and Greenwich data overlap during a period
in the CRP Toolbox for Matla®. When plotting the matrix of about 19.5 years. Both data sets were averaged with the
with 4 andj being the axes of a diagram (see Sect. 3), ttmame 500-day window. The Greenwich data are given by
LOS can be understood as a construction from the lower lefashed lines in Fig. 1. During the maximum of the 12th cy-
to the upper right corner of the CRP-pattern, using theidisticle, Sporer registered on average two more sunspots in each
bution of recurrence points within a window of sizex dy hemisphere than the Greenwich observers. The next cycle
with its origin at the identified recurrence poit 5 ). does not show this difference. Nevertheless, both Sparcer a
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Fig.1 Smoothed daily sunspot counts according to the obsenglipiCarrington and Sporer for the north (blue), south (raadjl the
entire solar disk (black). The Greenwich data are markedasphed lines in light colours (light-blue, pink and grey espondingly).
The cycle numbers refer to the Zirich numbering.

Greenwich datasets show that from the beginning of cyctecurrence plot (CRP) technique (Marwan et al. 2007). The
12, the northern hemisphere leads in time with respect to takgorithm is available in the CRP Toolbox for Mat@&b
southern. During the ascending phase of cycle 11, there is Since the original Staudacher, Hamilton, and Giming-
no hemisphere clearly leading, but the southern hemisphéram records are too long for the CRP analysis, the data
slightly predominates in leading continuously. The aseendvere resampleld We extracted each 30th value from the
ing phase of cycle 10 also shows a leading southern hersimoothed daily sunspot counts. In a simplified attempt to
sphere. Thus, we can claim the change of southern phagenstruct the CRP which is sufficient for our purposes,
leading into northern between the maximum of cycle 11 antlese resampled numbers go into the time serieand

the following minimum. We also confirm an earlier findingy;. Short resampled time series are practically identical to
(Pulkkinen et al. 1999; Zolotova et al. 2009) that the magron-resampled, smoothed data shown in Fig. 2b. Figure 2c
netic equator lies in the hemisphere which is not leading hows the cross-recurrence plot (gray pattern) of the resam
phase. pled, smoothed sunspot counts with a diagonal line for ori-

. entation. The CRP was calculated using a fixed recurrence
In Fig. 2a raw sunspot counts reconstructed from tg

4 : e oint density RR¢ = 0.1. For the construction of LOS, the
observations by Staudacher, Hamilton, and Gimingham grameterd);; _ ;0 anddy = 30 were used

shown for the northern (blue) and southern (red) hemi- LOS detects differences in timescales between two data

spheres. Day-to-day observations (without gaps) arequgeries or dynamical systems (black thick line in Fig. 2c).

by lines. Some periods (solar maxima) are covered by fre- . . . .
y P ( ) YPOS variations relative to the zero level (or line of iden-

quent observatllons, but the_re are several gaps longer tl?'?% are shown in Fig. 2d. The change in sign of LOS in-
half a year during solar minima. The average was not cal-

culated if within the 1000-day window more than 990 dayﬁ(ﬁ?]fso:;:eer(ztgnsieooi F;lr(')fhe'I?;‘ge'g%;rgzjti”el_ohgg'fphere
were without observations. Such periods correspond to the P '

minima before the cycles 1 and 3, and the descending phase matlab (and the CRP toolbox as its application) operatesiglwith

of the 4th cycle (Fig. 2b, the entire solar disk sunspot ceurnibops for big matrices. The cross-recurrence plot isharx N matrix

are shown in black colour) (ArIt 2008, 2009a). (where N is the time-series length). WheN is more then some value
(depends on the processor and RAM of the computer) Matlalbdgo

s : stops operation or produces errors. A personal computérésta process
Slmllarly to Zolotova & Ponyavin (2006) and ZO|0tovad ta withV equal to about 3500-5000. For the non-resampled Staudacher

et al. (2009), to study the time'\_/arying phase difference @famiiton and Gimingham datay = 16826. Fortunately, the plots of non-
the northern and southern hemispheres, we used the crassampled and resampled data are highly similar.
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south precedes north). During the period from near 1750 to
1783+ 1.5 yr (the uncertainty comes from half of the av-
eraging window), the southern hemisphere predominantly
leads. Afterwards, the entire 4th cycle is phase-led by
the northern hemisphere. To account for the effect of fi-
nite statistics, we used a crude approximation of errors
~ 1/C"/?, whereC' is the sunspot counts on the entire vis-
ible solar disk during a day.

Next, the magnetic equator was calculated as the sum of
the mean latitude§\) of sunspots in the northern and south-
ern hemisphereQ\(N)),, + (A(S))» (southern latitudes be-
ing negative), where is the time window, and is shown in
Fig. 2e. The window size is the same — 1000 days, the re-
quirement on free days from observations is also the same —
no more than 990 out of 1000 days. The uncertainty in the
sunspot latitude definition does not excésél (Arlt 2009a).

It is seen that from about 1750 to 1783 the magnetic equa-
tor was predominantly located in the northern hemisphere,
while after that, in the beginning of cycle 4, it rapidly malve

to the southern hemisphere. This again is in precise anti-
correlation with the hemisphere leading in phase (vertical
dashed line).

Recently it was suggested that the unusual length of the
4th solar cycle can be explained by an outstanding phase
asynchrony between the northern and southern hemispheric
activities reaching a delay of up to 4.5 years during the
course of its ascending phase (Zolotova & Ponyavin 2007).
However, from Fig. 2d it is seen that the delay, during the
first half of the cycle 4, between north and south does not
exceed two years. The hypothesis about the lost cycle 4
just before the Dalton minimum is actually discussed by
Usoskin et al. (2009).

During the Maunder minimum (1645-1715) the but-
terfly symmetry was broken, and a significant ampli-
tude difference between the hemispheres became evident.
Sunspots were commonly observed in the southern hemi-
sphere (Ribes & Nesme-Ribes 1993; Sokoloff & Nesme-
Ribes 1994). But what about the phase difference of hemi-
spheres during that epoch?

Figure 3 is a copy of the butterfly diagram from Ribes
& Nesme-Ribes (1993). Vertical blue lines mark activity
onsets and ends in the northern hemisphere, red lines — in
the southern hemisphere. From 1683 to 1718 Philippe de
la Hire conducted solar observations at the Observatoire de
Paris. He carried out at least 10 observations (usually )nore
in each month.

Year The north-south phase differences before the 1680s are

Fig.2 &) Raw daily sunspot counts according to the observaitficult to fix, because sunspots lie very near the equator.

tions by Staudacher, Hamilton, and Gimingham for the northy, aqdition to that, the observations, before the 1680sewer
ern (blue) and southern (red) hemisphet®sSmoothed sunspot iregular and rare (Ribes & Nesme-Ribes 1993).

counts based on the same data set for the north (blue), south L .
(red), and the entire solar disk (black). The cycle numbefsrr Near 1701 the activity in the southern hemisphere starts

to the Ziirich numberingc) Cross-recurrence plot of the resam-about two years earlier than in the opposite one. The next
pled, smoothed sunspot counts. The line of synchronizgti@s) Solar cycle starts near 1715 and the north leads the south
is presented as black thick lind) Extracted LOSe) Latitude dif- by about one year. Thus, the sign change in the hemispheric
ference of sunspots distribution (the magnetic equategugetime  phase difference probably occurred between 1706 and 1715.

variations. Error bars indicated by gray colour. The vettitashed However, up to 1714 the northern activity was very weak.
line denotes the change of leading near 18RB35 yr.
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Fig.3 Bultterfly diagram of sunspots reconstructed for the peri@@d0+1719 according to Ribes & Nesme-Ribes (1993). Vertical
coloured lines mark activity onsets and ends in hemisphameth — blue, south — red.

Hence, our hypothesis of the change of phase-leading fraomewhat longer or somewhat shorter than 4 cycles. Thus,
south to north should be considered a tentative suggestitime northern hemisphere preceded the southern one from the
At the same time, up to 1714 the latitudinal distribution obeginning of the cycle 4, probably for 45-55 years. Accord-

sunspots was evidently shifted to the southern hemispheriagly, the southern hemisphere then preceded the northern

After the Maunder Minimum during the period fromone for 38-48 years.
1715 to 1719 when the solar cycle recovered, the mag- According to the Carrington and Sporer data, the south-
netic equator cannot be determined easily simply by the eya#n hemisphere leads in phase during the 10th cycle and
However, the northern activity precedes the southern one @yring the ascending phase of the 11th cycle, but by the on-
about one year. set of the 12th cycle the northern hemisphere starts to pre-
cede the southern one. This sign-change in phase difference
_ _ happened gradually, during the descending part of the 11th
4 Discussion cycle. Note that, in contrast, another north-south change i
phase-leading occurring in the minimum between cycles 19
We investigate variations of the hemispheric phase diffeand 20 was abrupt (Zolotova et al. 2009).
ence in the solar cycle in the period of 1670-2009 by a com- Further long-term variations in the hemispheric phase
bination of positional sunspot data from various sourcegifferences are described by Zolotova et al. (2009): from
The results are shown in Fig. 4 together with the yearlhe beginning of the 12th to the maximum of the 16th cy-
group sunspot numbers by Hoyt & Schatten (1998) fatle, the northern hemisphere dominates in leading for about
1610-1995. 50-55 years period, after which, until the minimum before
We can summarize that during 1715-1719 the northerthe cycle 20, the southern hemisphere leads for about 35-40
hemisphere cycle precedes the southern one (Fig. 4, coryears, and then, till the present, in spite of depressecpsiins
sponding to the time interval coloured by light-blue). Qincactivity during the new solar cycle 24, the northern hemi-
this conclusion was made only from a visual analysis of trgphere leads in time. To keep pace with the proposed secu-
butterfly diagram during the Maunder minimum, it is notar variation in hemispheric leading, we expect the next sig
a robust result. The northern-hemisphere leading probalsigange in phase difference as well as the northward shift of
lasts 30—45 years until a sign change in the phase difféhe magnetic equator will happen no later than in the end of
ence occurs near 1745-1750. Then, according to the St#e current solar cycle (2018-2020). For convenience, the
daucher’s drawings, the southern hemisphere precedes fesults are also shown in Table 1. The hemispheres are not
35-40 years and hands over to the northern hemisph@gual in their duration of phase-leading. The duration ef th
near 1783. The next recurrent change in phase-leadingnigrthern hemisphere preceding the southern one is longer
supposed to lie somewhere between the maxima of the Titan the opposite case. The cause of such a skewness is un-
and 8th cycles (grey bar near 1833). This change in phaséear.
leading is not documented by data yet. Such a long interval From 1750 to 1796 and from 1853 to the present, phase-
for a sign change (roughly 10 years) is chosen because thading is found to be anticorrelated with the latitudinal
secular variations of phase asymmetry as well as of the matistribution of the sunspots. That is, the magnetic equator
netic equator are not symmetric sinusoidal functions. An irwill be located in the hemisphere which lags behind the
dividual phase-leading period by either hemisphere may lagther hemisphere in its activity. However, such relatigpsh
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Fig.4 Yearly group sunspot numbers versus time. Periods of th@éer hemisphere preceding the southern one are markediéy bl
colour, periods when the southern hemisphere precedesitiem one are marked by red colour. Vertical lines dertaesign changes
of the phase difference. Grey bars indicate probable signgds. The cycle numbers refer to the Ziirich numbering.

Tablel Preceding hemispheres over the last 300 years. 5 Conclusion

E;erﬁiesd'ﬂgre Onset End D[U:Tt'on We used historical documents by Staudacher, Hamilton,
P y Gimingham, Carrington, Sporer, and the Greenwich ob-
Northern 1706-1715 1745-1750  30-45 servers, as well as the sunspot activity reconstruction by
Sout:em 1745-1750 1783 35-40 Ribes & Nesme-Ribes (1993). We showed that one of the
Northern 1783 1829-1837  45-55 two hemispheres is always slightly advanced in the progress
Southern 1829-1837 1873-1877 38-48 . . . .
of its cyclic activity compared to the other hemisphere dur-

Northern 1873-1877 1928 50-55 . .
Southern 1928 1968 35-40 ing the last 300 years. After several cycles, the hemispghere
Northern 1968 _ _ change their roles. The long-term persistence of this phase

leading does not demonstrate a clear periodicity, but sarie
in duration around 8 solar cycles. The periodicity proba-
is not continuous, and was broken during the Maunder miRly corresponds to the Gleissberg cycle. Phase-leading is
imum. Probably it can be explained by qualitatively differfound to be anticorrelated with the latitudinal distrilmuti
ent dynamo behaviour during Grand minima compared wif the sunspots. This means that the sunspots in a preceding
the normal dynamo-states (Brandenburg & Spiegel 2008emisphere show a butterfly wing emerging on a slightly
Brooke et al. 1998; Kilker et al. 1999; Ossendrijver 2003)!ower latitudes as compared to the butterfly wing of the op-
Note that, interpreting the solar cycle as a pair of activitf©Site, delayed hemisphere, where the sunspots emerged at
waves travelling towards the equator and pole respectivefightly higher latitudes. Since the north-south asymgnetr
Pelt et al. (2000) found the Gleissberg cycle modulation n&¥NiPits a long-term persistence, it should not be regarded
only in the variations of the magnetic equator, but in th@S @ Stochastic phenomenon.

period length of the Schwabe cycle as well. Acknowledgements. For the calculation of CRP and LOS,

we have used the CRP Toolbox, developed by Norbert
Marwan, for Matla®, available at tocsy.pik-potsdam.de.
The Royal Greenwich Observatory USAF/NOAA daily
data of sunspot area and their latitudes separately for
the northern and southern hemispheres is available at
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http://solarscience.msfc.nasa.gov/greenwch.shtml.e Throup
sunspot numbers (GSN) data provided by Hoyt & Schat-
ten (1998) and tabulated by the National Geophysical Data
Center is available at http://www.ngdc.noaa.gov/stp/B8RL
ftpsunspotnumber.html.
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