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Abstract The daily sunspot numbers of the whole disk as well as theneortand
southern hemispheres from 1945 January 1 to 2010 Decemlzge3sed to investi-
gate the temporal variation of rotational cycle length thyle the continuous wavelet
transformation analysis method. Auto-correlation fumictanalysis of daily hemi-
spheric sunspot numbers shows that the southern hemispitates faster than the
northern hemisphere. The results obtained from the watr@lesformation analysis
are that no direct relationship exists between the varidtiend of the rotational cy-
cle length and the solar activity in the two hemispheres aatithe rotational cycle
length of both hemispheres has no significant period appgatill yr, but has a sig-
nificant period of about 7.6 yr. Analysis concerning the solale dependence of the
rotational cycle length shows that acceleration seems peapbefore the minimum
time of solar activity in the whole disk and the northern hgphiere, respectively.
Furthermore, the cross-correlation study indicates tatotational cycle length of
the two hemispheres has different phases, and that théoraihtycle length of the
whole disk as well as the northern and southern hemisphaseshas phase shifts with
corresponding solar activity. In addition, the temporalaton of the north-south (N-
S) asymmetry of the rotational cycle length is also studigds displays the same
variation trend as the N-S asymmetry of solar activity inlasoycle, as well as in the
considered time interval, and has two significant periods ofind 17.5yr. Moreover,
the rotational cycle length and the N-S asymmetry of sol&iviacare highly corre-
lated. It is inferred that the northern hemisphere shoulatecfaster at the beginning
of solar cycle 24.
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1 INTRODUCTION

There are two main methods used in investigating the sotation rate: the trace method and the
spectroscopic method (Paternd 2010). It is found that thetfas a higher rotation rate in the equato-
rial region: 26 d at the equator and 30 dat latitude (Lawrence et al. 2008; Le Mouél et al. 2007).
More details about different measures of the Sun’s rotatid@ can be found in the review papers
(Howard 1984; Schroeter 1985; Snodgrass 1992; Beck 20@6rra2010). In hoping to reach a
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more synthetic view of solar rotation, Heristchi & Mouradié2009) suggested a method called
global rotation that was applied to structures of solawvigtiUsing this method, they indicated that
individual structures, local proper motions, meridiarftdst differential rotation could be analyzed

together in the considered time.

How solar differential rotation varies in a solar cycle, asllvas over a long period, is still an
unsolved problem. Li et al. (2011a,b) used a continuous ¢exridorlet wavelet transformation to
investigate the temporal variations of the rotational eyehgth of daily sunspot areas and sunspot
numbers from a global point of view, and indicated that thational cycle length of the Sun had a
secular trend and that the rotational period had no relatitinthe Schwabe cycle. Li et al. (2011b)
pointed out that a lower than average rotation velocity &hstatistically appear around the max-
imum time of solar activity, while around the minimum timeettotation velocity was very close
to the average. However, Gilman & Howard (1984), Zuccar@libappala (2003) and Brajsa et al.
(2006) claimed that a higher than average rotation velagifyears in the minimum time of solar
activity.

North-south (N-S) asymmetry in solar activity is an impattpart of solar physics. A lot of
research has been done based on various solar activityegdit the solar surface. More details
about N-S asymmetry can be found in Vizoso & Ballester (1998jma (1993), Carbonell et al.
(1993, 2007), Li et al. (2001, 2002, 2010) and Sykora & Ry(#010). Besides, rotational periods
are also subjected to an N-S asymmetry (Temmer et al. 2008)a6 & Howard (1984) found that
in the northern hemisphere rotation is more solid-bodg-lilavaraiah & Ulrich (2006) indicated that
differences exist in the hemispheric rotation rates. Hovediral. (1984) analyzed the large spot data
and found that the rotation rate increases less in the northemisphere. Antonucci et al. (1990)
investigated the rotational period of the photosphericmetig field during cycle 21 and their results
showed that the two hemispheres have different dominaitgee26.9 d for the northern hemisphere
and 28.1d for the southern hemisphere. Also, the resultewiiier et al. (2002a,b) concerning the
rotational periods of K flare and sunspot numbers accorded with the periods founchibgnaicci
et al. (1990). However, the observational results of Baltinat al. (1986) indicated that sunspots
have a slightly higher rotation rate in the southern hemasphand this was discovered by analyzing
sunspot groups of all types in the period 1874-1976. GeaagieKirov (2003) indicated that the
two hemispheres not only rotate differently but also havéeint periodicities in the variations
of the rotation parameters. The N-S asymmetry in hydrogaméht rotation has been studied by
Gigolashvili (2001) and Gigolashvili et al. (2003). Thewfal that the sign of asymmetry changes
with the hale period, and they suggested that the N-S asymuifetolar rotation might be connected
with the N-S asymmetry of solar activity.

This work follows the previous study of Li et al. (2011a,b)e#fill use the continuous complex
Morlet wavelet transformation to obtain the rotationalnsity reflected in the daily hemispheric
sunspots’ wavelet power spectrum from a global point of yeswd then conduct further research on
the temporal variation of solar rotation separately in tbehern and southern hemispheres and on
their relationship with hemispheric solar activity. In &éth, we investigate the N-S asymmetry of
the solar rotational cycle length, including its time-aion, periodicity, and relationship with the
N-S asymmetry of solar activity.

2 THE ROTATIONAL SIGNAL IN DAILY HEMISPHERIC SUNSPOT NUMBERS
2.1 Data

The time series data analyzed in our study are the following.

(1) The daily northern and southern hemispheric sunspotbeusn(1945 January 1 to 2004
December 3%) compiled by Temmer et al. (2006).

1 ftp://cdsarc.u-strashg.fr/publcats/J/ A+ A/447/735/



Temporal Variation of Hemispheric Solar Rotation 189

(2) The daily northern and southern hemispheric intermatieunspot numbers (2005 January 1
to 2010 December 31) This time series actually starts from 1992 January 1, thagetis an
overlapping time span from 1992 January 1 through 2004 Dbeef1 with the first time series.
However, in general, the first one renders the second verly(feeldetails see Temmer et al.
2006).

Figure 1 shows the data and their linear regressions agames{the daily sunspot number on
the whole solar disk at a certain time is the number in theheonthemisphere plus that in the south
at the same time). It is obvious that the daily sunspot numbithe whole solar disk, as well as the
northern and southern hemispheres all have a decreasimfydueing the time interval considered.
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Fig.1 Daily sunspot numbers of the whole digkyg panel), the northern hemisphermiddle panel),
and the southern hemisphetmitom panel) from 1945 January 1 to 2010 December 31. The thick
solid lines are their corresponding linear regression lines.

2.2 Rotational Period

The auto-correlation function is used here to detect thegieity of daily hemispheric sunspot
numbers, which is shown in Figure 2. The auto-correlatioeffaients of the daily hemispheric
sunspot numbers show that the rotational period is the oalipg@ within a time scale shorter than
1yr, whose value is 26, 27 and 26 d for the whole disk, the eontland the southern hemispheres,
respectively. This means that the southern hemispheresdtster over the considered time interval.
We also employ the continuous complex Morlet (dimensiafesquencyw, = 6) wavelet
transformation (Torrence & Compo 1998) here to study theopaity of daily hemispheric sunspot

2 hitp://sidc.oma.be/sunspot-data/
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Fig.2 Auto-correlation function of the daily hemispheric sunspombers for the period from 1945
January 1 to 2010 December 31, plotted up to a time lag of 385€etop panel is for the whole
disk, themiddle panel the northern hemisphere, and thatom panel the southern hemisphere.

numbers. The wavelet analysis decomposes a transform frome-@limensional time series into a
two-dimensional time-frequency space. Therefore, thigwtdetermines not only the periodicities
of the dominant modes of variability, but also shows how tleeles vary in time (Torrence & Compo
1998; Chowdhury & Dwivedi 2011). The Morlet wavelet usedtie paper is defined as

Wo(n) = 7 a2, (1)

wherewy is the dimensionless frequency ands the dimensionless time. When using wavelets for
feature-extraction purposes, the Morlet wavelet (with= 6) is a good choice, since it provides
a good balance between time and frequency localizationrémoe & Compo 1998; Grinsted et al.
2004).

As the wavelet is not completely localized in time, the contius wavelet transformation is sub-
ject to edge artifacts. It is thus useful to introduce a cdnaftuence (COI) in which the transform
suffers from these edge effects. COl is defined as the wapeleer for a discontinuity at the edges
which decreases by a factor©f2. Portions of the transform that are outside the area encesaga
by the time axis and the COI are subject to these edge effedtara therefore unreliable (Torrence
& Compo 1998; Grinsted et al. 2004; De Moortel et al. 2004;tlale2006; Chowdhury & Dwivedi
2011).

The significance levels for the wavelet power spectra areutated assuming a mean back-
ground spectrum modelled with a univariate lag-1 autorgsive process. To determine the signifi-
cance levels, one first needs to choose an appropriate lmacidyjspectrum. For many time series,
an appropriate background spectrum is either white noigsednoise. Throughout this paper, the
statistical significance test is carried out by assumingtti@noise has a red spectrum, that is a red
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Fig.3 Top panel: the continuous wavelet power
spectrum of the daily sunspot numbebgttom
panel: the global power spectrunsdid line) of
daily sunspot numbers. Tlilashed line shows the
95% confidence level.
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Fig.4 Top pand: the continuous wavelet power
spectrum of the daily northern sunspot numbers;
bottom panel: the global power spectrunsdlid
line) of daily northern sunspot numbers. The
dashed line shows the 95% confidence level.
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Fig.5 Top panel: the continuous wavelet power spectrum of the daily soutlsenspot numbers;
bottom panel: the global power spectrunsdlid line) of daily southern sunspot numbers. Tdashed

line shows the 95% confidence level.
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noise background is considered. In a red noise spectrundjsheste Fourier power spectrum, after
normalizing, is

P 1—a? 2
"7 1+ a2 = 2acos(21k/N)’
wherek = 0, ..., N/2 is the frequency indexy is the data number and is the assumed lag-1

autocorrelation. When = 0, we obtain the white-noise spectrum with an expectationesaf one
at all frequencies (Torrence & Compo 1998; Chowdhury & Dwlive011).

Presented in Figures 3 to 5 are the local wavelet power spacind the global power spec-
trum of the daily sunspot numbers for the whole disk, the hreart hemisphere and the southern
hemisphere, respectively. Before performing the wavesetdformation, the raw data need to be
normalized, that is the process of subtracting the mearewaithe data and then dividing it by the
variance of the data. As the local wavelet power spectrunvshthe highest power belt appears
around the rotational cycle of the Sun, and this can be seanlglaround the maximum time of the
sunspot cycle. The global power spectrum figures also itgliteat the rotation period is the only
period (at the 95% confidence level), in the time scale shtréan 64 d. From a global point of view,
the values of the rotational periods are 27.2, 27.6, and@faPthe whole disk, the northern and the
southern hemispheres, respectively.

2.3 Long-Term Variations of the Solar Rotation

How the period length of the rotational cycle (PLRC) changéh time is presented in Figure 6.
At a certain time point, the rotational period (scale) hashtiyhest spectral power among the period
scales from 25 to 31d (the cycle length of the differentiéhtion of sunspots is also located within
this range (Temmer et al. 2002b; Yin et al. 2007) in the localelet power spectrum (see Figs. 3 to
5), and using that the rotational period at each time can termdeed. Next, a two-year smoothing
was introduced to the obtained temporal variation of thatromal cycle length, and the new time
series and linear regression lines are given in Figure 6rdtia¢ional cycle length of the northern and
southern hemispheres has different varying trends, buigasd-1 shows, the hemispheric sunspot
numbers have the same decreasing trends. Hence, we sugaesid trend of the rotation rate
possibly has no direct relation with the trend of the sunspotbers.

Moreover, as Brajsa et al. (2006) and Li et al. (2011b) die alo investigate the cycle-related
variation of the solar rotation rate, separated into the levldisk, the northern and the southern
hemispheres, respectively. As Figure 7 shows, in the whisle @hd the northern hemisphere, a
higher than average velocity appears before the minimura tinsolar activity. However, in the
southern hemisphere, the pattern is not clearly seen. Mawybaffected by the phase difference
between the northern and southern hemispheres (see Sect. 3)

2.4 ThePeriodicity in the Temporal PLRC

For further study, the complex Morlet (dimensionless frEeyw, = 6) wavelet transformation
(Torrence & Compo 1998) is again used to investigate thedaity in the temporal PLRC of daily
hemispheric sunspot numbers, and the results are showmgyimesi 8 to 10. PLRC is normalized
first too. For PLRC, no significant period (scale) seems t@appt the 11 yr Schwabe cycle in the
whole disk as well as in the northern and southern hemisph@tgs indicates that PLRC might
have no relation with the Schwabe cycle, which is in agreenvéh Li et al. (2011a). However, two
significant periods of 7.7 and 19.5yr can be seen for the eorthemisphere, while 4.7, 7.6, 17.2
and 25.1yr can be seen for the southern hemisphere and 428dngt for the whole disk (since the
data are smoothed over 2 yr, periods less than 2 yr are nable)i
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Fig.6 The period lengthttin lines) of the rotational cycle of daily sunspot numbers relativéhte
mean cycle length. The thick solid lines show their secukamds. The vertical soliddashed) lines
indicate the maximum (minimum) times of sunspot cycles. fhinee panels are, from top to bottom,
for the whole disk, the northern hemisphere and the southemisphere, respectively.
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Fig.7 Dependence of the period lengtol{d lines) of the rotational cycle (relative to mean cycle
length) on the phase of the solar cycle, with respect to theest preceding sunspot minimum. The
dashed lines show their corresponding standard errorsthifée panels are, from top to bottom, for
the whole disk, the northern hemisphere and the southerishbare, respectively.
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Fig. 8 Top panel: the continuous wavelet power spectrum of the period lenfitheorotational cycle
of the daily sunspot numbers. The black solid contours atdithe 95% confidence level. The region
below the thick dashed line indicates the COIl where edgetsffaight distort the picture (Torrence
& Compo 1998). The horizontal dashed line stands for theesafal 1.0 yr.Bottom panel: the global
power spectrumsplid line) of the period length of the rotational cycle of daily sunspambers.
The dashed line shows the 95% confidence level.
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Fig.9 Top panel: the continuous wavelet power spectrum of the period lenfjthe rotational cycle
of the daily northern sunspot numbers. The black solid amstindicate the 95% confidence level.
The region below the thick dashed line indicates the COIl whkelge effects might distort the picture
(Torrence & Compo 1998). The horizontal dashed line staodghe scale of 11.0 yBottom panel:
the global power spectrunsdlid line) of the period length of the rotational cycle of daily nonthe
sunspot numbers. The dashed line shows the 95% confiderate lev
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Fig.10 Top panel: the continuous wavelet power spectrum of the period len§the rotational
cycle of the daily southern sunspot numbers. The black solidours indicate the 95% confidence
level. The region below the thick dashed line indicates tfé @here edge effects might distort the
picture (Torrence & Compo 1998). The horizontal dasheddiaeads for the scale of 11.0 Bottom
panel: the global power spectrunsdlid line) of the period length of the rotational cycle of daily
southern sunspot numbers. The dashed line shows the 95% ecHilevel.

3 RELATIONSHIP OF PLRC WITH SOLAR ACTIVITY

Figure 11 shows the cross-correlation coefficient betwberstnoothed rotational cycle length of
the northern and southern hemispheres. In the figure, theésabdndicates the shift of the northern
hemispheric rotational cycle length with respect to thetlseun hemispheric rotational cycle length,
with negative values representing backward shifts. Froafifure, one can find that the northern
one lags the southern one by about 3 yr.

Figure 12 shows the cross-correlation coefficient betwblenrdtational cycle length and the
corresponding 2 yr smoothed daily hemispheric sunspot eusab the figure, the abscissa indicates
the shift of the rotational cycle length with respect to tladydhemispheric sunspot numbers, with
negative values representing backward shifts. From thedjgune can find that the rotational cycle
length lags the sunspot numbers by about 1.8yr in the whale, teads by about 190d in the
northern hemisphere, and lags by about 4.7 yr in the souttemisphere. The three phase shifts are
all different from one another, and the phase shifts in thele/Bun and in the northern hemisphere
are both small, therefore the solar-cycle related varmistaf the rotational cycle length on the whole
Sun and in the northern hemisphere look more similar to ettwr.o

4 NORTH-SOUTH ASYMMETRY OF THE ROTATIONAL CYCLE LENGTH
4.1 North-South Asymmetry

The N-S asymmetry is traditionally calculated by means afnfida (N — S)/(N + S), whereN
and S stand for the rotational cycle length (or the 2yr smootheitly dauinspot numbers) in the
northern and southern hemispheres, respectively. Thénebitsalues (the thin solid lines) and their
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Fig. 11 Cross-correlation coefficient between the smoothed mtaticycle length of the northern
and southern hemispheres, varying with the relative phaifts between the two.
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Fig. 12 The cross-correlation coefficient between the rotatiopeledength and the corresponding 2
year smoothed daily hemispheric sunspot numbers. The plaresls, from top to bottom, correspond
to the whole disk, the northern hemisphere and the souttemnisphere.

regression lines (the thick dashed lines) are plotted inifeid.3. From the figure, one can find that
the variation trend of the N-S asymmetry of the rotationaleyength displays the same variation
trend as the N-S asymmetry of the daily sunspot numbers iodhsidered time interval. This means
that in the considered time interval while solar activityhie southern hemisphere becomes stronger,
the southern hemisphere rotates more slowly.

As Vizoso & Ballester (1990), Ata¢ &zgiic (1996) and Li et al. (2002) did, here we fit a straight
line to the daily values of the asymmetry for each of solatey9 to 23 separately (cycles 18 and
24 are not a complete cycle in the considered time), stag@at) cycle with the time of the minimum
between two consecutive cycles (see the thick solid lin€sgn13). The panels show that the slopes
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Fig. 13 Fit of a regression line to the daily value of the N-S asymgnefithe rotational cycle length
(top panel) and that of the sunspot numbeilmitom panel) for solar cycles 19 to 23. The vertical
solid (dashed) lines indicate the maximum (minimum) times of the sunspotes.

of these fitted straight lines are positive for the first cydet negative for the subsequent four
cycles. Such a positive (negative) sign for a cycle herehértop panel of Figure 13, means that the
northern (southern) hemisphere rotates progressivelg siowly, relative to the southern (northern)
hemisphere, when solar activity is progressing in the cyklpositive (negative) sign for a cycle in
the bottom panel of Figure 13 means that the northern (sojthemispheric solar activity becomes
stronger, which is related to the southern (northern) hehasc solar activity, when solar activity
is progressing in the cycle. Comparing the two panels of fleidi3, we can conclude that, in a solar
cycle, when one hemispheric solar activity becomes stngtigis hemisphere rotates more slowly.
Vizoso & Ballester (1990) proposed a regularity that theslof the straight fitted line changes its
sign every four cycles, and there has been no exception sbrfan the preceding discussion and
the regularity condition, it is inferred that in cycle 24etN-S asymmetry of the hemispheric PLRC
should have a positive sign. At the beginning of cycle 24 ntbghern hemisphere thus should have
a shorter rotational period. Also the northern hemisphieogifsl rotate faster at first, and then more
slowly.

Moreover, we investigate the periodicity of the N-S asynmnef the daily hemispheric rota-
tional cycle length by using the complex Morlet wavelet sfammation again (Fig. 14), and find that
no significant period (scale) seems to appear at the 11 yr &mhaycle, but there are two significant
periods at the 95% confidence level, whose values are 7.7aBgrl(as the data are 2 yr smoothed,
a 1.4 yr period is not reliable). The 7.7 yr period is much etdas the aforementioned period of the
hemispheric rotational cycle length.

4.2 Relationship of the North-South Asymmetry of PLRC with that of Solar Activity

Figure 15 shows the cross-correlation coefficient betwieemtS asymmetry of the rotational cycle
length and the N-S asymmetry of the daily sunspot numbetbelfigure, the abscissa indicates the
shift of the N-S asymmetry of the rotational cycle lengthhariéspect to the N-S asymmetry of the
daily hemispheric sunspot numbers, with negative valuygesenting backward shifts. As the figure
shows, the two have a high correlation coefficient of 0.24mtheere is no shift between the two.
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Fig. 14 Top panel: the continuous wavelet power spectrum of the N-S asymmétityeorotational
cycle length of the daily hemispheric sunspot numbers. Taekisolid contours indicate the 95%
confidence level. The region below the thick dashed linecagis the COl where edge effects might
distort the picture (Torrence & Compo 1998). The horizomtashed line stands for the scale of
11.0yr.Bottom panel: the global power spectrunsdlid line) of the N-S asymmetry of the rotational
cycle length of the daily hemispheric sunspot numbers. Hshed line shows the 95% confidence
level.
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Fig.15 Cross-correlation coefficient between the N-S asymmetth@fotational cycle length and
that of the daily hemispheric sunspot numbers, varying Withrelative phase shifts between the
two.

When the N-S asymmetry of the daily hemispheric sunspot mustnoves backwards by 3.4 yr, the
cross-correlation coefficient reaches its peak.

5 CONCLUSIONSAND DISCUSSION

The long-term variations in solar rotation rate are studhiettie northern and southern hemispheres,
respectively, through a continuous wavelet transfornmati@thod from a global point of view, and
the main results are listed as follows:
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(1) The autocorrelation function indicates that the soutiemisphere rotates faster than the north-
ern hemisphere in the considered time interval. Lustig 8)88udied the solar differential rota-
tion by using the positions of sunspots in the years from 164881, and found that the south-
ern hemisphere had a smaller gradient of differential imtathan the northern hemisphere. In
other words, the southern hemisphere rotated faster tieamatthern hemisphere. From table 1
of Javaraiah et al. (2005), we find that the southern hemigsghdeed has a smaller gradient of
differential rotation. To answer the question of why theteemn hemisphere rotates faster, one
needs further study of the reasons for the difference indhg-term variations of the gradient
of differential rotation in the two hemispheres.

(2) The rotational cycle length of the northern and southemispheres has different variation
trends, but solar activity in the two hemispheres has theesariation trend. This means that
the long-term variation trend of hemispheric rotation f&e no direct relation with the variation
trend of solar activity in the considered time. Li et al. (28)Lpointed out that secular trends of
solar rotation over an average of latitudes or at a certaituéte should change with latitude.
Thus, it may be one possible reason for the different trefidlseotwo hemispheres’ rotational
cycle length that the sunspots of the northern and soutlenidpheres form in different average
latitudes in the considered time. Further research is rieede

(3) The rotational cycle length of both hemispheres has gwifstant period (scale) appearing at
the 11yr Schwabe cycle, in accordance with Li et al. (201dat)both have a significant period
of about 7.6 yr, and this has been found in the periodicithefdurface equatorial rotation rate
by Javaraiah et al. (2009).

(4) In the whole disk and the northern hemisphere, a higler #verage velocity appears before
the minimum time of solar activity. This may be caused by thage difference and periodic
difference between the hemispheric rotational cycle leragid the hemispheric solar activity,
and may also be influenced by the spatio-temporal distohudf the sunspots. The solar-cycle
dependence of the two hemispheres’ rotational cycle leisgtlso different, and this may be the
result of the phase shift between the northern and soutb&tianal cycle length, as well as the
phase shift between the northern and southern solar gctivit

(5) The rotational cycle lengths of the northern and southeamispheres show a difference in
their phases. Additionally, the phase shifts between tkegiomal cycle length and the sunspot
numbers in the north, south and the whole disk are differem fone another. Since the relation
between the hemispheric rotation and the hemispheric stirggivity is complex, in-depth
research is needed.

(6) The N-S asymmetry of the rotational cycle length has #mesvariation trend as the N-S asym-
metry of the solar activity in a solar cycle, as well as in thagidered time interval. The N-S
asymmetry of the rotational cycle length has two signifiqgariods: 7.7 and 17.5yr. Moreover,
it has a high correlation with the N-S asymmetry of sunsptiviz. On the basis of the afore-
mentioned characteristics and the regularity advanced4nsd & Ballester (1990) and Li et al.
(2002), it is inferred that the northern hemisphere shootdte faster at the beginning of solar
cycle 24.
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