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ABSTRACT 

The mechanism of solar activity has been investigated both from theoretical and obser­

vational points of view by many authors. It has been generally ac.cepted that interactions 

of Sun's convection, rotation and magnetic field play a basic role in the generation of 

solar activity and solar cycle. However, the details of such an interaction are not yet 

fully understood (see Rosner & Weiss 1992, and references therein). The discovery 

of the so called 'torsional oscillations' by Howard & LaBonte (1980) and LaBonte & 
Howard (1982a) from the analysis of Mt. Wilson Doppler measurements during 1967-

1982, stimulated further study of the spatial structure and temporal variation of the 

differential rotation. 

Greenwich Photoheliographic Results (GPR) give a long data base for the studies 

of the solar activity, solar cycle, solar rotation and other properties of the motions in the 

solar convection zone. This data base has been used for these studies by many authors 
for a long time. In this thesis I present studies of solar rotation, solar meridional 

flow and solar activity from the analysis of the 103 yr GPR sunspot group data, 5 yr 

(1977-1981) NOAA/USAF sunspot group data and 26 yr Mt. Wilson velocity data 

(1960-1994). These studies give some interesting and potentially important dues for 

understanding the physical processes responsible for the solar activity and the solar 

cycle phenomena. 

The thesis is presented in eight chapters. In Chapter I, a brief introduction is given 

for the present study. 

In Chapter II, I present the results obtained from the Legendre-Fourier (LF) 

analysis of Sun's magnetic field inferred from the GPR sunspot group data during 

1874-1976 (Gokhale et al. 1992; Gokhale & Javaraiah 1992, 1995). A magnetic tape of 

this da.ta was kindly provided to us by Dr. H. Balthasar. From sunspot group data we 

inferred the rate of emergence of toroidal magnetic flux above the Sun's surface, per unit 

latitude interval and per unit time, using Hale's Law of magnetic polarities. Though 

the sllnspot data came only from latitudes < 35°, we found that the superposition 

of the main LF terms in the estimated ra.te of emergence of toroidal magnetic flux 

lIot only 1"fpr'oduce.s the butterfly diagrams, but also predicts the following large scale 

characteristics of the wea.k fields in latitudes > 35° : (i) the migrations of neutral 

lim's from latitudes I"V :35° upto '" 900 , and (ii) polar field reversals at the correct 

phase of the cycle. This suggests that the huoyant toroidal magnetic flux tubes, whose 

('rncrgf'Tlc(' above the SUIl'S sllrfac(" producf'R 'sunspot' activity as w("ll flS t.he 'quiet sun' 

a.ctivity, may be created in the Sun by interference of 'global' MHD oscillations /waves 

represented by the dominant LF terms. The structure of the LF spectrum of these 
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oscillatiollH/wawR and its approxilllate 'steadiness' suggest. that these oscillations <'\.I'e 

resonating with freque.ncies forced by 80111(' I>f'rmanent SOllrceH of excitation. 

In Chapter llI, I present periodicities of the Sun's 'm~a.n' and differentia.l rotat.ioll 

rates determined from FFT and MEM analyses of the differential rotation coefficiellt.s 

derived from the 103 yr GPR sunspot group data and 26 yr Mt.. Wilson velocity 

data (Javal'aiah & Gokhale 1995; .Javaraiah & KOIOI11 1999). We ('omput.ed the val1lC's 

of the differential rotation coefficients from sunspot group data. We have used the 

values of the differential rotation coefficients A, B, C derived from the Mt. Wilson 

velocity data, which were kindly provided by Dr. R. F. Howard. In the latter we 

focus on the observations obtained after 1981 with reduced instrumental noise. In the 

photospheric 'mean rotation' A, determined from the Mt. Wilson velocity data during 

1982-1994, we found the periods: 6.7-4.4 yr, 2.2 ± 0.4 yr, 1.2 ± 0.2 yr, and 243 ± 10 

day (with a ~ 99.9% confidence level), which are similar to the periods found in other 

indicators of solar activity suggesting that they are of solar origin. The l1-yr periodicity 

is found to be insignificant or absent in A. In the differential rotation parameters B 
and C, determined from the same data set, we found only the'" 11 yr period with a 

~ 99.9% confidence level. We have also found a'" 163 day periodicity in the ratio BI A 

determined from Mt. Wilson velocity data during 1969-1982. However, it is not found 

in the data during 1983-1994. Hence, whether this periodicity comes from the error 

in the velocity data before 1982 or due to some other reason is yet to be confirmed. 

The timf' series of A determined from the yearly sunspot group data obtained during 

1879-1976 is found to be similar to the corresponding time series of B. After correcting 

for dat.a with large error bars (occuring during cycle minima), we have found periods 

of 18.3 ± :1.0 yr and 7.5 ± 0.5 yr in A and these and a few other short periods (e.g., 

3.0 ± 0.1 yr, etc.) in B. We found considerable differences in the periodicities of A. and 

B determined from the velocity data and those determined from the spot group data. 

Reasolls for these differences may be understood if the rotation rates determined from 

sunspot data represent the rotation rates of the Sun's deeper layers. 

In Chapter IV, I present periodicities in the North-South (N -S) asymmetry of the 

SUIl'S '\lipan' and differential rotation rates determined from the 103 yr GPR Runspot. 

group da.t.a (.lavaraiah & Gokhale 1997a) and 26 yr Mt. Wilson velocity e1ata. In 

t.he N -S n.SYllllllctry of A and also that of B determined from the spot group dat.a Wf' 

have detected the periodicit.ies: 45 ±IL5 yr, 21.3 ± 4.5 yr, 13.3 ± 1.5 yr and 10.5 

± 0 .. 5 yr. We have also found similar periodicities in the N-S asymmetry of sunspot 

activity. For the velocity dat.a we have used observations obtained after 1981 with the 

reduced illstl't1mental noise. The power spectrum of N-S asymmetry of Ii and that 

of (.' det,C'rminf'd from the velocity data during 1982-1994, show peaks at the period 

374 ± ~10 day with> 99.9 % confidence level. The spectrum of the N -8 asymmet.ry 

of iJ shows peaks at the periods 374 ± 30 day, 78 ± 2 day and 49 ± 1 day with 
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2:: 99 % confidence level. The 7°.17 inclination of t.he Sun's equator to the ecliptic 

may be responsible for the 374 day periodicity in t.he N--S asymmetries of the solar 

rotation and the differential rotation. Some of the dominant periodicities of the solar 

differential rotation and its asymmetry happen to match with periods of configurations 

of dominant planets (Javaraiah & Gokhale 1995; Java,raiah 1996). HencE", in this chapter 

I also include some speculations on possibility of planetary configura.tions providing 

perturbations needed for 't.orsional MHD oscillations'. 

In Chapter V, I present studies of dependence of the mean rotation frequency of a 

spot group on its age (t) and dependence ofthe 'initial rotation' of a spot group on its life 

span (T), and compare these with the dependence of pIa,sma rotation frequency (n( r)) 

on the radial distance (70
) at different latitudes (..\) as determined from helioseismology. 

This comparison brings out the following important possibility (Javaraiah & Gokhale 

1997b) : (i) The magnetic structures of spot groups which Ii ve successively longer by 

1 day are initially anchored in layers successively deeper by '" 21 Mm. (ii) Structures 

which yield spot groups with life spans 10--12 days are initially anchored near the base 

of the convective envelope. (iii) For a spot group which lives 10--12 days in latitudes 

10° - 20° the 'anchoring layer' of its magnetic structure also rises at a rate approximately 

21 Mm per clay, as the spot group ages. The result (iii) is found to he more realistic 

for spot groups with average area A 2:: 130 millionth of the solar hemisphere. For spot 

groups living 2-12 days, we find a well defined exponential dependence of the average 

area (1\) OIl t.he life span (T). We also find that the distribution of the number of 

spot groups (N) with respect to T is nearly exponential. From these relations and the 

equalit.y of the slopes in the aforementioned r - T and r - t relations we have drawn 

the following t.entative inferences: (a) magnetic structures (flux tubes) of spot groups 

with A 2:: 130 mh might be generated around base of the convection zone, (b) many of 

t.ht' magnetiC' st.ructures may be' fragmenting (branching) into smaller structures while 

rising t.hrough the solar convection zone, and (c) magnetic structures of spot groups 

(at Icast groups with A < 130 mh) might be the fragmented (branched) parts of the 

ma.gnet.ic structures of larger spot groups. These inferences are consistent with the 

proposa.ls of some theoretical models (e.g., Parker 1979b). 

III eha.ptel· VI, I present the following results ohtained from the upgra.ded Green­

wich da.t.a. du)'ing 1879--1975: The equatoria.l rotation ra.te (A) is significantly larger in 

tI)(' odd 11IIIllhered Sllllspot cycles (ONSes) t.han in the even numbered sunspot cycles 

(ENSCs). The N--5 asymmetry ill A SE'E'IllS to be large in the ONSCs and less in the 

ENSCs. Th(> rotation is significantly mo)'e differential in the ONSC's than in the ENSC's 

ami th(> difference is mainly ('ont.ributed from the southE'rn hemisphere. In the northern 

helllisphf'I'e t.he difference is marginal N -S asymmetry in the latitude gradient (B) of 

rot.ation is signifi('a.nt in the ENSes and insignifi(,ant in ONSCs. In ONSCs the rotation 

is more differential in thE" Ilorthem hE'misphel'e than in the southern hemisphE:'re and it 
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is ill oppm;jt.(~ Rellse ill t.he ENS( ~R. Ther~ ("xists (t. sYRi;('mat.ic cyc:!("-t.o-cycle varia.tion in 

lJ, i.('., t.he magnH.ud(' of lJ ill ('a.('h of the ONSCH is la.rg<.'t' than t.hat ill it.R neighboring 

ENS( ~s, suggest.iug exist.ellce of 22-year lllodulation in B. Such a systematic beluwiour 

can a.lso be seen in the cyde-to-cycle variation of A but it is not as well defined as 

that of B. The trend of variation of A suggests existence of a long period of the order 

of 100 yr ill 1\. Existence of '" 80-yr cycle (Gl<'issberg cycle) in B is seen in the cycle­

to-cycle variation of B. The weak 22-year modulation in B seems to be superposed 

on the relatively strong 80-yr modulation. In order to determine the variations of A 
and B within the solar cycle, we have used the method of superposed epoch analysis 

(e.g., Balthasar et al. 1986). This method provides adequate samples of spot groups 

in different phases of the solar cycle. We found that A varies significantly only during 

ONSes with amplitude'" 0.01 f..t rad 8-1, at minimum years. There exists a good anti­

correlation between the variations of B derived from the ONSCs and ENSCs, suggesting 

existence of a '22-yr' periodicity in B (Javaraiah 2000). The amplitude of variation of 

B is '" 0.05 I.t rad 8-1. It seems the known Gnevyshev & Ohl rule (Gnevyshev & Ohl 

1948) of solar activity is applicable also to B. The pattern of correlations of A and B 
with activity also suggests that the each 22-yr "episode" begin with the beginning of an 

even cycle and ends with the end of the following odd one, as suggested by Gnevyshev 

& Ohl (1948) from the analysis of sunspot numbers. It is found that in the differential 

rotation determined from the young groups, the'dominant periodicity is '22 yr'. In the 

differential rotat.ion determined from the old groups and from the short lived groups, 

the domillant periodicity is '11 yr'. From these results and the estimates of anchoring 

dppt.hs of magnetic structures of spot groups (cf., Chapter V) it is suggested that the 

periodicities", 21 yr and", 11 yr in B are dominant in the rotational perturbations in 

<1("('1>('1' lay('l's (7' '" O.7R0) and shallower layers (f'V r > 0.9R0)' respectively (Javaraiah 

HHJ8). 

In Chapter VII, I present t.he results of our following investiga.tions which were 

made using the data on sunspot groups compiled during 1874-1981 (,lavaraiah 1999). 

We have investigated the foJ.lowing: (i) dependence of the 'initial' meridional motion 

(l'ini(r)) of sunspot groups 011 t.heir life spa.n (r) in the range 2-12 days, (ii) dependence 

of thp mea.n (over life span) meridional motion (v{t)) of sunspot groups of life spans 

10 .. 12 days on t.heir age (t) and (iii) dependence of the mean meridional motion of spot 

grOI1J>H Oil t.h(' phaRe of t.hE' solar cycle (for this we use the method of superposed epoch 

alla.lysis). Th~sf' invest.igations bring out the following information: In the latitude 

illt.('rval 20° - :mo, t.he forllls of !'ini(r) and l,(t) are largely systematic and mutually 

silllilar ill hot.h north and south hmnispheres. In 1,(t) there is a suggestion of existence 

of periodic va.riation in the meridional motion with period 4-day and amplitude 10-20 

m S-I. 'I'll(' meridiona.l flows (v~(t)) determined from the da.ta during the la.st few days 

of spot. groups of life spans 10-12 days are found to have magnitudes and directions 

similar t.o those of the surface meridional plasma flows determined from Dopplergrams 
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and lIIagurtograms. Exist,PIICf' of N--S aSYlllmetry ill ''' .. (t) is suggf'sted. Usillg the 

anchol'illg df'pths of lIIagnC'tic st.l'lIctllres for spot groups of c1ifff'rent. T and t est.irnatC'd 

in Chapter V, we suggest t.hat th(' patterns of Vini( T) and 'l'( t) may represent the spatial 

structure of the meridiollal flow ill t.he Sun's convf'd.ioll zone, rathe.r than its temporal 

variation. The mean meridiollal motion ('Il') of SUllspot groups seems to vary with the 

phase of the solar cycle. The velocity is not significantly different from zero during 

the rising phase of the cycle and there is a suggestion of poleward motion (a few m 

S-1 at lower lat.itude and rv 15 III $-1 at higher latit.udes) during the declining end 

of the cycle. Existence of N-S asymmetry in the solar cycle dependence of the mean 

meridional motion of sunspot groups is suggested. The strength of the asymmetry 

depends on the phase of the cycle. On the average, during ~ of the cycle, the velocity 

seems to be poleward in the southern hemisphere and equatorward in the northern 

hemisphere. In latitude interval 20° - 30° the 'surface plasma meridional motion', ve(t), 
is found to be poleward around maximum years (ve(t) '" 20 m S-1 at 4th-5th year) 

and equatorward around the declining end of the cycle (about the same magnitude). 

There exists a reasonable correlation between the solar cycle variation of the average 

meridional motion v' and the differential rotation coefficients A, B and A, suggesting 

existence of coupling in the latitudinal and longitudinal motions, somewhere in the 

convection zone. 

In Chapkr VIII, I summarize the results from Cha.pters II to VII and provide some 

overall interpretations. The main conclusions are: The LF analysis of sunspot group 

data presf'nt.ed in Chapter II suggests that the solar activity may be created in the 

Sun by some kind of 'slow' MHO waves constituting 'global MHD oscillations'. The 

p('ri()cliciti~s in t.hE' rotation pa.rameters, t.he depth dependence of the rotation of sun­

spot. groups (and it.s temporal variations), and the temporal variations in the meridional 

llIot.iollS of sunspot grou ps (Chapters III - VII) suggest existence of couplings between 

Uw spat.ia.l (radia.l, latitudinal and longitudinal) and temporal (few days to few dec­

ad(,s) variations of Sun's magnetic field, rot,ation, and ni~ridional flow. This support.s 

the' slIggC'st.iolJ tha.t. the aJoreuwnt.ionecl oscillations are 'global MHO oscillations'. The 

SlIhst.allt.ia.l variat.iolls in t.he differential rotation, whose periodicities and parity suggest 

that. t.hc'He' oscillations are torsional in nature. However, more work will be necessary to 

acqllire furtllf'r insight int.o the real mf."chanisIll of solar cycle. For this purpose we list 

ill t.h(' f'lId of Chapter VIII a ff'w important investigations to be undertaken in future. 
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Chapter I 

INTRODUCTION 

It is well known that Sun's radiation and solar activity have influence on the Earth's 

Atmosphere, Ionosphere, Magnetosphere and space environment. Although activity is 

observed in ma.ny distant stars and galaxies, Sun is the only star whose activity can 

be seen in enough detail to guide us toward understanding of its mechanism. Indeed 

the Sun, the nearest star, is the "nearest astrophysical laboratory" , where we can learn 

about funda.mental process in astrophysics. Solar physics is essential to give us the ne­

cessary background to understand the working of our Universe (Belvedere & Lanzafame 

1997). Because of this broad appeal, solar activity and solar cycle phenomena continue 

to inspire a vast amount of research worldwide. 

It has been generally accepted that interactions of Sun's differential rotation and 

magnetic field playa basic role in the generation of solar activity and solar cycle, but the 

exact mechanism of solar activity cycle is not yet known. In this thesis I present studies 

of solar rotation, solar meridiona.l flows and solar a.ctivity which give some interesting 

and potentially important clues for understanding the physical processes responsible 

for solar activity and solar cycle phenomena. 

The main conclusions of this study are as follows: Legendre Fourier (LF) analysis 

of magnetic field inferred from sunspot group suggests that the solar activity may be 

created in t.he Sun by some kind of 'slow' MHD waves constituting 'global MHD oscil­

lations'. Our study of periodicities in the rotation parameters, the depth dependence of 

the rotation of sunspot groups (and its temporal variations), and the temporal variations 

in the meridiona'! motions of sunspot groups suggest existence of couplings between the 

spatial (radial, latitudinal and longitudinal) and temporal (few days to few decades) 

variations of Sun's magnetic field, rotation, and meridional flow. This supports the 

suggest.ioIl that the aforementioned oscillations are 'global MHO oscillatic;ms'. We find 

substantial variations in the differential rotation, whose periodicities and parity suggest 

that these oscillations are torsional in nature. 

In the next section I give plan of the thesis. In the remaining sections of this 

chapter I give a brief description of solar activity, solar rotation and meridional motion 

and review the results of some of the recent studies. 
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1.1. Plan of the Thesis 

In Chapter II, I present our study of global modes of the Sun's MHD oscillations by 

LF analysis of solar magnetic field inferred from sunspot group data during 1874-1976. 

In Chapter Ill, I present our study of periodicities in the solar differential rotation 

parameters using the 103 year sunspot data and the 26 year Mt. Wilson velocity 

data (Mt. Wilson values of coefficients A, B, C were kindly provided by Dr. R. F. 
Howard). The temporal variations in the differential rotation parameters represent 

Sun's torsional oscillations of "even-parity" (symmetric about the solar equator). Fast 

Fourier Transform (FFT) and Maximum Entropy Method (MEM) are used to determine 

periodicities in the rotation parameters. 

In Chapter IV, I present our study of periodicities in the north-south asymmetry 

of the differential rotation. coefficients determined from the spot group data and the 

Mt. Wilson velocity data. The temporal variations in the north-south asymmetries 

of the differential rotation parameters represent 'odd-parity' torsional oscillations (Le., 

they are anti-symmetric about the solar equator). We also comment on the matching 
I 

of dominant periodicities of solar differential rotation with periods of configurations of 

dominant planets. 

In Chapter V, we determine the dependence of the rotation of sunspot groups on 
their life span and age, and compare these dependences with the radial variation of the 

angular velocity of Sun's rotation. From this we determine the depths of initial anchoring 

and the rate of radial rise of sunspot magnetic structures. In this chapter, we also study 

the rela.tion between area and life span of sunspot groups, and the distributions of the 

Ilumher of spot groups (N) with respect to their life span. The importance of the 

area·-life span relation in connection with anchoring depths and rising rates of sunspot 

magnetic structures is pointed out. 

III Chapter VI, using the upgraded Greenwich spot group data during 1879-1975 

We' determine the following: (i) cycle-to-cycle modulations of the differential rotation 

parameters and (ii) variations of these parameters during the solar cycle. In the same 

chapter, we also study the periodicities in the differential rotation hy determining it 
separat.ely from well defined data samples of 'long lived' young and old sunspot groups. 

III Chapter VII, rrom the data on sunspot groups compiled during 1874-l981 we 

illve'stiga.t.<' the following: (i) dependence of the 'initial' meridional motion (l'ini(r)) of 

sunspot groups 011 their life span (r) in the range 2-12 days, (ii) dependence of the mean 

meridional motion (l1(t)) of sunspot groups of life spans 10-12 days on their a.ge (t) 
and (iii) dependence of the mean meridional motion of spot groups, (with and without 

inclusion of second and subsequent appearancE'S of recurrent spot groups), on the phase 

of the sola.r cyc:le. 
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In Chapter VII I, first I summarize the conclusions from Chapters II to VII and 

then provide some overall interpretations of the results in Chapters II-VII. More work 

will be necessary to acquire further insight into the real mechanism of solar cycle. For 

this purpose I list, in the end, important investigations I plan to undertake in near 
future. 

1.2. Solar Activity 

The term "solar activity" applies to a large variety of structures and phenomena in 

Sun's atmosphere created by interaction of Sun's magnetic field with ionized gases 

on a variety of length scales and time scales. For example, sunspots, flares, active 

prominences, which occur in low latitudes and spicules, bright chromospheric emission 

along the supergranule boundaries, ephemeral bipolar regions, X-ray bright points, etc. 

which occur at any latitudes in Sun's atmosphere. 

Sunspots are the earliest observed solar phenomenon of solar activity. The earliest 

known records of sunspots observed by naked eye were found in Chinese documents 

that go back 2,000 years (Wittmann & Xu 1987; Li 1999). Sunspots are essentially 

small dark areas on the Sun's visible surface (the photosphere). They appear within 

3,5° solar latitudes on either side of the Sun's equator. A sunspot may last from a 

few hours to several weeks depending on the maximum size it attains. The area of a 

sunspot is measured in a unit called a millionth of solar hemisphere - briefly, rnh (R::: 
3 X 106 km2). The typical sizes of sunspots ranges from'" 10 roh to 103 mho Those 

exceeding 25 mh generally have a dark core called an umbra occupying the central 15 

to 20 per cent of the spot's area. This is surrounded by a less dark region called the 

penumbra which contains hundreds of radially oriented, densely packed long, thin, dark 

and bright structures called penumbral filaments. Small dark regions resembling small 

sunspot umbra without a penumbra are also observed and are called pores. These have 

lifetimes of few hours to few days only. 

SUllspots appea.r dark because they are only 10 to 20 per cent as bright as the 

surroundillg photosphere. The gases in the umbra and the penumbra have temperatures 

of about 11000°--5000° K respectively while that of the normal photosphere is about 

(;nOO" K. It. is I>elievcd that sunspots an" 'cool' because of t.heir strong ma.gnetic fidds, 

a.hout. :WOO G (wit.h ma.glletic fluxes in the range of 1020_1022 Mx), which are thousands 

of times st.rong<'1' than the avern.ge field in the normal photosphere. Pores have field 

st.rengt.hs of 2000 2·100 C:, with fluxes in t.he range of 1019-1020 Mx, 

Although i nd ividual snnspots are frequent, most sunspots occur ill groups. Spot 

groups arp often large and complex. Depending 011 t.heir size and complexity spot groups 

can be dassified into number of classes (see Bray & Loughhead 1964). Spots of each 

group a.re Hpread over a. generally elongated area called the active region. Most active 



regions are bipolar, with two main spots and either surrounding plages of opposite 

magnetic polarities or a single plage covering both. The main westward spot is called 

the leading spot and the main eastward spot is called follower spot. The line segment 

joining the two spots is tilted with respect to the east-west direction making a small 

angle with the local latitude (on the Sun) such that the leading spot is nearer to the 

equator. Careful examination of the sunspot data a,lso reveals that the magnitude of 

this tilt with respect to the east-west direction increases with heliocentric latitudes, 

from 4° for sunspot pairs located near the equator to 10° at '" 35° latitude (see also 

Gilman & Howard 1986; Wang & Sheely 1989). This result is usually known as Joy's 

Law. 

Sunspots are associated with a number of other remarkable solar activity phenom­

ena, such as flares, prominences, filaments, plages etc. (detailed descriptions of solar 

activity phenomena are given in Zirin 1966; Gibson 1973; Priest 1982). 

1.2.1. THE ELEVEN-YEAR SUNSPOT CYCLE 

During the years 1826-1851 a German amateur astronomer, Heinrich Schwabe, noted 

that the yearly number of sunspots systematically decreased and increased alternatively 

during thf' p~riods 1826 to 1830, 1831 to 1837, 1838 to 1843, 1844 to 1848 and 1849 to 

1851. He thus discovered'" the rv ll-year sunspot cycle" (which is commonly known 

as sola,r activity cycle or solar cycle). Soon after, Wolf (1852) defined the "relative 

sunspot llumber" and extended knowledge of its value more than a century into the 

past by assembling old records. Since then a careful tradition at Zurich has maintained 

the long term uniformity of this solar activity index (Waldmeier 1961). Detailed in­

forma.tion on the solar activity cyc:le is obtained from a variety of sources. Sunspot 

observations provide many important details and are available for more than 20 sun­

spot cycl~s. In recent decades sunspot observations have been augmented with direct 

observations of the Sun's magnetic field and we now have nearly continuous observa­

tions of the. photospheric velocity field a.s well. These data sets are supplemented by 

synoptic observations of the Sun's outer layers at wavelengths ranging from the radio to 

hard x-rays (Hathaway 1998), which include observation at important optical lines Ca 

II K and H-alpha. Figure l.l(a) shows the presence of a cycle with an average period 

of about. ll-yr in yearly sunspot numbers from 1870 to the present. The cycles vary 

in amplit.udc's, duration or period (cycle length) and shape. The length of a sunspot 

cycle vari('s from 9 to 14 years. Most cycles a.re asymmetric with a ra.pid rise in num­

bers froIll sllnspot minimum and a, slower decline in numbers from sunspot maximum. 

Larg(>)' cydE's t.end to rise fastN and reach maximum in a shorter time than the smaller 

cycles (Waldrneier effect). 

Sunspot positions revea.l a,ddit.iona.l details about t.he activity cycle. Such mea.sure­

ments have been routinely obtained at many observatories including Greenwich, Mt. 
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Wilson, Kodaikanal, and the USAF/NOAA SOON network (cf., http:/ Jwwwssl .msfe 
.nasa .gov /ssl /pad Isolar /greenwch.htm). Before the sunspot number of any cycle 
reaching minimum, sunspots of the new cycle appear at latitude 35° on either side of 
the equator, and then onwards the mean latitude of sunspots activity systematically 
migrates towards the equator (Figure 1.1(b), 'Butterfly Diagram'). The equatorward 

migration of the active latitude bands and the overlaps of cycles near minima are both 
important features of the activity cycle. The solar activity also shows long-term vari­

ation, such as a modulation of about 90 years, called 'Gliesberg cycle'. A large number 
of minor periodicities in sunspot activity have also been reported (Wolf 1976; Carbonell 

& Ballester 1992). Many of the periodicities in solar activity happens to coincide with 

periodicities in planetary configurations (e.g., review by Seymure et al. 1992). Exist­
ence of a small north-south asymmetry in the activity is also known. Some authors 
also reported existence of f'V ll-year periodicity and a few other periodicities in the 
north-south asymmetry (see e.g., Carbonell et al. 1993 and references therein). 
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Figure 1.1(a). Yea.rly sunspot numbers from 1870 to the present (cr., http://www.as.tro.cma.be/SIDC 
/DATA /yearssn.da.t). 
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Figure 1.1(b). A Butterfly diagram showing the latitudinal distribution of a.rea. of sunspots from 1870 

to the present (cf., http://wwwssl.msfc.nasa.gov /ssl /pad /solar /images /bfiy.gif). 

Periods of suppressed activity like the Maunder minimum from 1645 to 1715 and 
the Sporer minimum in the 15th century 88 well as periods of increased activity such 
as current Modern Maximum and Medieval Maximum in the 12th century are known to 
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have occured. As deduced combining, where available, sunspot and aurora occurrence 

reports, paleoclimat.ic and paleomagnetic data and 14C concentration in tree ring, there 

probably existed ten similar solar activity minima and eight maxima in total since 5300 
Be, with significant impact on Earth's climate and geomagnetic activity (Maunder 1922; 

Eddy 1976, 1978; Ding Youji 1978; see also reviews by Rosner & Weiss 1992, Nesme­

Ribes et al. 1996; Polygiannakis et al. 1996). However, even during the Maunder 

Minimum there are indications that the ll-yr cycle was still at work (Ribes & Nesme­

Ribes 1994; Merzlyakov 1997 and references therein). 

Several different approaches have been made for understanding, (and predicting, 

if possible), the short and long-term evolution of the sunspot cycle, through spectral, 

statistical and morphological studies of sunspot activity (see Polygiannakis et al. 1996, 

Li 1997 and references therein). 

There are several other measures that can be used for studying solar cycle: for 

example the 1O.7-cm radio flux, which comes primarily from the higher levels in solar 

atmosphere; Mount Wilson magnetic plage strength index (MPSI), Kitt Peak magnetic 

index (KPMI); and UVI, a measurement of the solar UV variability as determined by 

the Mg II 280 nm core,..to-wing ratio (also visit http://www.sunspotcyde.com). 

1.2.2. SOLAR MAGNETIC CYCLE 

Photospheric magnetic field measurements reveal the magnetic nature of sunspots and 

the solar activity cycle. During each sunspot cycle, the magnetic polarity of the leading 

spots ill the north hemisphere is the same as that of the weak field near the Sun'5 

north pole at the beginning of that cycle. A similar rule holds good in the southern 

hemisphere, whe'rein polarities are opposite to those in the northern hemisphere. The 

weak fields in the polar regions themselves reverse their polarities within one or two 

Yf'a.rs aft.('r til(' year of maximum sunspots. Polarity orientations of spot groups in each 

1l('llIisph('rf' r('v('rse from olle sunspot eyrie to the n~xt, which was first demonstrated 

by Hale and his collaborators (Hale et a.l. 1919). This is known as Hale's Polarity 

Law. Thus, the Sun's magnetic properties constitute a 22-yr cycle (consisting of two 

consec.utive sunspot cycles) called the 'solar magnetic cycle'. 

1.2.:L '1'1"'; EXTI';Nlmn SOLAR CYCLE 

Tllf' '1>IIt.tNfly diagrams' show overlap of t.he old and thE:' new sunspot cycles, near sun­

spot minima.. This has been well known for several years. In view of this and from 

a.nalyses of coronal green line emission, ephemeral a.ctive regions and torsional oscilla­

tion signal, Wilson et al. (1988) concluded that snnspot activity is simply the main 

phase of what thf'Y call 'an extended-eyrie' (also see Altrock 1997). This 'extencled­

cyclc·' hegins at high latitudes before t.he ma,ximum of a sunspot cycle and progress 
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towards the equator during the next 18-22 year. However, according to Stenflo (1992) 

the concept of an extended cycle is superfluous and leading to confusion. 

1.2.4. THEORY 

There are two main approaches for explaining the mechanism of solar cycle, viz., one 

is based on a turbulent dynamo operating in or immediately below the solar convective 

envelope and the other is on large scale oscillation superposed on a fossil magnetic 

field in the radiative core. The dynamo theory has been very well studied by many 

authors (Parker 1979a, 1993; Roberts 1972; Cowling 1981; Stix 1981, 1991; Dikpati 

& Charbonneau 1999; see also reviews by Deluca & Gilman 1991; Rosner & Weiss 

1992) and the models based on this theory agree with many observed features of solar 

magnetic activity. With regard to the hydromagnetic oscillator, clear and complete 

mechanism explaining the large-scale oscillations of the magnetic field has not been 

found (Piddington 1976; Layzer et al. 1979; Dicke 1979; also review by Rosner & 
Weiss 1992). 

Turbulent Dynamo: Basic idea of the turbulent dynamo theory is that the solar magnetic 

fields are generated and maintained by complicated nonlinear interactions between the 

solar plasma and magnetic fields. For a complete solution to this highly nonlinear 

dynamo problem, it is necessary to solve the full magnetohydrodynamic equations and 

demonstrate that : (i) there is a velocity field (v) which can maintain an oscillating 

magnetic field (B); and (ii) this velocity field is itself maintained by the available forces, 

such as those exerted by convective turbulence and Lorentz force. These two steps 

involve solving the induction equation and the equation of motion, respectively, under 

suitable assumptions. Solving both equations simultaneously is extremely difficult. 

Most work was restricted to the first step alone, which is referred to as the kinetic 

dynamo JJ1'oblem (see Priest 1982). 

With a turbulent kinetic dynamo the global properties of the solar magnetic field 

can be reasonably well described. Such a dynamo consists of two basic elements: (a) 

differential rotation, which produces a toroidal field (east-west component) by continu­

ously winding up a poloidal field (w effect), and (b) the 'a-effect' which is induction 

('f[('d of cyclonic turhulence that regenerates the poloidal (north--south component) 

fi<'ld cOIllPollent, and (c) enhancement of diffusion by turbulence. The 'a-effect' effect 

is rl"llcial ill turhulent dynamo models. 

Though the models based on turbulent dynamo theory agree with many observed 

feai.llff>s of t.he solar cycle, a ~mfficiently detailed and realistic model of the dynamo 

process 1.0 accollut for aJl tIlt.' dilfewllt asped.s of solar maglldislll is not yet a.va.i1able. 

The available tmbulent dynamo models have several difficulties: for example, in such 

models tlw 1"01<, of t.he differential rotation in t.he cyclic variation of the solar activity is 
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not clear (c.g., Gilmall 1992). The turbulent dynamo theory requires angular velocit.y 

increasing radially inward (e.g., Stix 1981; Parker 1987) whereas helioseismical data 

show that the angular velocity in the equatorial latitudes is either constant or slightly 

decreases radially inward throughout the cOIlvection zone except in a thin layer at 

the top (e.g., Brown et al. 1989; Libbrecht 1989; Dziembowski et al. 1989; Goode 

at al. 1991; Tomezyk et al. 1995; Antia & Chitre 1996; Dalsgaard & Thompson 

1999, see also Section 1.3.5). This theory is developed by averaging over turbulent 

fluctuations. The 'first order smoothening approximation' used in the models of Mean­

Field Electrodynamics may not valid on the Sun (for more detail see Priest 1982; Rosner 

& Weiss 1992). 

Oscillator Models: The basic idea of magnetic oscillator models IS to consider the ob­

served oscillating large-scale solar poloidal and toroidal field as effects of periodic amp­

lification of primordial fields due to oscillations in the differential rotation rate of the 

solar interior. The main difficulty in the oscillator models is regarding energetics. No 

oscillator model offers means of maintaining the oscillations against dissipation of ve­

locity and magnetic fields. There is no observational evidence for the ambient field 

about which oscillations are claimed to occur or for variations in angular velocity with 

a 22-year period. Many solar physicists suspect that the Sun is too old and has had 

too much convection to have fossil field in its radiative core (see review by Rosner & 
Weiss 1992). 

1.3. Sun's Rotation 

Stlldy of solar rotation rate and its variation with latitude (the differential rotation) and 

timp is pxtremely important for understanding the Sun's internal dynamics and solar 

IlH\.gJl(,tic act.i vity cycle. The study of solar rotation dates back to the first telescope 

ohRrrvat.ion of sunspots and solar rotation is the most studied of solar motion fields. 

However, t.he dynamics that produces the differential rotation are still not understood. 

The well known reviews on theoretical back ground of solar rotation are written by Gil­

man (1974, 1976) a.nd Dicke (1970) and discussed in detail the theories of the differential 

rotation, various fluid dynamical models. 

Sola.r rot.ation has heen investigated by a variety of techniques which faU basic­

ally in t.hr('(' catc-gorips: (i) Doppler-shift measurements of particular spectral lines, (ii) 

t.racking of tracers (like snllspotR, slInspot groups, faculae, small magnetic elements, 

plag<'R, filaments, dc.), ami (iii) helioseismica.l measurement of the Sun's internal rota­

tioll. Methods (i) and (ii) are less accurate than the method (iii). But methods (i) and 

(ii) enable us to stlldy SUIl'S rotation in the past. 

Doppler and tracers measur(>ments agree within a. 5% accuracy level, but they do 

not a.t 1 % level. At this level of accuracy the measured rotation rate depends not only 
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upon whether Doppler or tracer methods are app"lied but also upon the choice of line 

(in Doppler method) and what types of tracers and what characteristic properties (size, 

age, etc.) of tracers are used. Obviously, the Doppler measurements yield rotation of 

surface layers. Because of magnetic origin of all solar features their rotation is more 

likely to represent rotation of deeper layers where the magnetic fields of the features 

anchored (e.g., Foukal 1972; Schussler 1987). However, the reason for the discrepancy 

in the results derived from tracers and from Doppler measurements, and also in the 

results obtained from different tracers, is not yet clear (e.g., D'Silva & Howard 1994). 

There are several other significant pitfalls in both Doppler and tracer methods (e.g., 

see Schroter 1985). 

There are several good reviews in the literature on the topic of solar rotation. (e.g., 

Gilman 1974, 1980; ; Howard 1978, 1984, 1996a; Paterno 1978; Schroter & Wohl 1978; 

Schroter 1985, Bogart 1987; Howard et al. 1991, Libbrecht & Morrow 1991; Snodgrass 

1992) In the following subsections, I present only a very brief review of studies of solar 

rotation. 

1.3.1. PHOTOSPHERIC DOPPLER VELOCITY MEASUREMENTS 

Several observatories have synoptic programs, where full disk velocity measurements 

are performed daily: Mt. Wilson, Stanford, Kitt Peak, Crimea, etc .. Synoptic programs 

provide consistent and high accuracy measurements over an extended period of time. 

For example, Mt. Wilson rotation measurements cover more than three ll-yr cycles 

from 1967 to the present. Doppler velocity measurements are now routinely obtained 

by s('vf'ral instruments including those of GONG and those on the SORO satellite. 

These observations provide spatial and t.emporal coverage of the photospheric flows 

(Hat.haway et al. 1996; Hathaway 1996, 1998). Limitations and sources of systematic 

f'rrors in Doppler measurements are discussed in detail by Schroter (1985). 

Livillgst.on (L969) was the first. who published comprehensive measurement of solar 

rot.at.ioll t.akc'lI at. the Kitt Peak Observatory, covering the period 1966-1968. He ob­

t.aillf,d tIl(' value 1:3°.71 day-l for the equatorial rotation rate. Subsequently, a number 

of aut.hors puhlished the values of the rotation rate and the differential rot.ation rate de­

j,('rlllillC'(\ frolll modern Doppler method (see Table I in the review by Schroter (1985)). 

The pract.ice of lIIakillg polYllomial fits to the full-disk maps of Doppler data in daily 

MOIIJlt Wilson Magnetogl'ams was start.ed by Howard & Harvey (1970). They fitted 

t.he' M t.. Wilsoll data. from 3.10 magnetograms (or Doppler grams) obtained during 

I!)(i(i 19()R t.o tlw rollowing forlll: w(,X) = A + T1.qi7l. 2 ,X + (.'.Qin 4 ,X, whc1"(, w(.\) is thc' 

solar rotation at. latitude .\, thf' parameter A represents the equatorial rotation rate, H 
a.nd (.' measme t.he latitudf' gracti"ent. of the rotation rate with B representing mainly 

low lat.it.uc\f's a.nd C rc'pr('s('nt.ing largdy highf'l' lat.it.udes. They obtained A = 13.76, 

/J = -1.7·1 a.nd C = -2.1!l. Thc' ullit.s are degrf'f's (0) day-I sidereal. 



1.3.2. ROTATION MEASUREMENTS FROM MAGNETIC STRUCTURES AS TRACERS 

Determination of solar rotation using magnetic structures as tracers can be done by 

tracking relatively stable and long-lived individual magnetic structures, such as sun­

spots, faculae, pla.ges, which are relatively scarce. When the features are sufficiently 

plentiful, for example, the small magnetic features in a magnetogram, the rotation can 

be determined by correlation methods (Wilcox & Howard 1970; Wilcox et al. 1970; 

Stenflo 1974, 1977, 1989; Sheely et al. 1992; Snodgrass 1983, 1991; Komm et a.l. 

1993a). Sunspots are relatively good tracers of rotation and other motions at the sur­

face in the sense that they are small, relatively well defined and unchanging, and often 

live for several clays or more. Sometime sunspots live long enough to cross the central 

meridian more than once. An important drawback is that sunspots are confined to low 
latitude belts. 

Heliographic coordinates are an obvious choice for determining accurately the Sun's 

rotation and meridional motion (north-south motion of solar plasma) by tracer method 

(Schroter 1985). 'l'he accuracy in determination of heliographic coordinates of mass 

center of a sunspot group is r-.J 0°.5 and therefore error in the calculations of daily 

velocity values is about 1 ° day-l (1.4 x 104 em S-I) (Balthasar & Wohl1980j Zappala & 
Zuccarello 1991; Paterno et al. 1991, Zuccarello 1993). However, error in determination 

of the mean velocity is inversely proportional to the square root of the number of 

observations (N) used, it is 0°.07 day-l (9.9 x 102 em 8-1) for N = 200. 

(~arrillgton (1863) showed, using sunspots as tracers for the first time, that sun has 

a differcntial rotation, i.e, the rotation is fastest at the equator and decreasing gradually 

towards the pole, in both the northern and southern hemispheres. Of all the tracers, 

sunspots are the most extensively used in the studies of the solar rotation and the solar 

meridional motion. 

Greenwich Photoheliographic Results (GPR) compiled during 1874-1976 give a 

long data base for the studies of solar activity and the solar cycle, the solar rotation and 

otl1('1' properties of motions in solar convection zone. This data has been extensively 

lIs('d hy sevcral authors for a long time to determine the solar rotation and the differen­

t.ial rota.tioll (c.g., Newton & Nunll 1951; Ward 1965a; 1966; Godoli & Mazzncconi 1979, 

Balt.ha.sar & Wahl 1980; Arevalo et al. 1982; Lustig & Dvorak 1984; Balthasar et al. 

1!)SG; TUOlllinclI & Virtanen 1987). The other large data sets are Mount Wilson sunspot 

dat.a set. covering t.he time period 1917- 198·5 (Howard et al. 1984) and Kodaikanal da.ta. 

~oj('t ('()\'('rillg til<' t.illl(' pc-dod 1 !)()(i 1 !)8i (Sinu·aman d al. UHl:l; Gupt.a 1!l!J.1, Ho,,"ard 

et al. HJ99). Measurement.s of these data were made using the same technique. Some 

othf'r dat.a hases are: sunspot drawings of Kanzelhohe Observat.ory, data of digitized 

ea II K spedroheliograms recorded at Meudon Observatory (Rines et al. 1985), Solar 

pat.rol data. of t.he Cat.ania Obs(>)'vat.ory (e.g., Ternullo et al. 1981) and sunspot draw-
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jngs obtained at the National Astronomical Observatory of Japan during 1954·-1976 

(Kambry & Nishikawa 1990; Yoshimura & Kambry 1993). A distinct advantage of the 

Mount Wilson and I<odaikanal data sets is that besides positions of spot groups, indi­

vidual snnspot positions and areas have also been measured. Hence, the rotation and 

other Illotions of individual spots, besides spot groups, are also studied from the Mount 

Wilson and Kodaikanal data sets. The studies based on Meudon Observatory refer to 

rotation of sunspots. Studies based on Greenwich data generally refer to rotation of 

sunspot groups. 

Newton & Nunn(1951) using the data on long-lived and recurrent sunspots during 

the years 1978-1944 derived a historic law of the differential rotation, 

w(.X) = A + Bsin2 A, 

where the equatorial rotation rate A = 14.368 ± 0.004 and the latitude gradient of the 

rotation rate B = -2.69 ± 0.04 (see Schroter 1985). The units are degrees (0) day-l 

sidereal and A is heliographic latitude. 

In general, most of the previous authors in their statistical studies had only con­

sidered recurrent phenomena, whereas Ward (1964, 1965a, b, 1966) also included the 

young and short-lived non-recurrent sunspots. He found a slight higher equatorial ro­

tation rate a.nd somewhat steeper w( A)-profile than those found by previous authors. 

From hifi stuC\if's it also emerged, for the first time, that the solar rotation rate de­

termined from sunspots depends on certain characteristics of the sunspots used. Since 

then, several attempts have been made by a number of authors to derive the rotation 

rat,(' a.cclIratdy lIsing large data sets and to study the rate of rotation of sunspots by 

classifying the spots according to their classifications, such as, si ngle, bipolar, follower, 

leadt'r, complex structures, and characteristics, such as, area, life span, age (young and 

old spots or spot groups), angles of inclinations, etc (see Howard 1984, 1996ai Schroter 

198:'). These studies yielded several vital clues for the understanding of the dynamirA 

of flowR ill the solar convection zone and the cyclic activity of the solar magnetic field. 

Figmc 1.2 (adopted from STlodgra..~s 1992), shows time-averaged rotation profiles 

clekl'lliined using various photospheric indicators that are available. The rotation rate 

frolll f)oppl('r measurements is significantly lower than the magnetic and sunspot rates. 

The' slowc·st. ra.k if! cOl1li IIg frolll t.hC' photos phcric plages (see also, Snodgrass 1992; 

lIoward I ~)81; Schrot.er U)8.5). It is difficult to establish rotation as a function of height 

or dept.h, sillce it. is difficult. to f·st.ablish accuratf'ly the height or depth of tracers 

(Sr\tI'(>t.('1' \985). 
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Figure 1.2. Solar rotation profiles using various indicators (adopted from Snodgrass 1992). 

1.3.3. NORTH-SOUTH ASYMMETRY IN THE ROTATION OF OUTER LAYERS 

Existence of north-south asymmetry in solar activity is shown by severa.l statistical 

studies for most of the activity phenomena (see Carbonell et a1. 1993 and references 

therein). Small hemispheric difference in the solar rotation is also known (Howard & 
Harvey 1970; Schroter et a1. 1978; Godoli & Mazzucconi 1979; Arevalo et a1. 1982; 

Lustig 1983; Howard et al 1984; Howard & Gilman 1986; Balthasar et a1. 1986; Hath­

away & Wilson 1990). Antonucci et al. (1990) performed a Fourier analysis of large­

scale photospheric features on magnetograms, in different latitude bands, and detected 

a strong north-south asymmetry. Meunier et al. (1997) analyzed photospheric faculae 

dala over cycle 19 and found existence of a strong north-south asymmetry in the mean 

rotation rate of faculae. Recently, existence of slight north-south asymmetry in the dif­

fer<:"ntia.l rotation rate is shown also by time-distance helioseismic measurements (Duvall 

f-'t al. 1998; Giles & Duvall 1998). Hathaway & Wilson (1990) analyzed rotation rate 

of SUlIspots from Mt. Wilson sunspot data for individual sunspots during 1923--1975 

a.nd found that the southern hemisphere, having fewer spots, rotates faster (by 0.016 ± 
0.004° day-I) than the northern hemisphere. 

12 



1.3.4. TIME DEPENDENCE OF THE ROTATION OF OUTER LAYERS 

Since differential rotation plays a important role in producing solar activity, the study of 

temporal variations in solar rotation might provide vital clue for the mechanism of solar 

cycle. Many attempts to study the cycle dependence of solar rotation have been made 

(see Howard 1984 and Schroter 1985 for reviews). The most extensive studies are based 

upon long time series of sunspots and sunspot groups covering several solar cycles. An 

II-year pattern of changes in rotation related to the activity cycle is shown by a number 

of authors using sunspot data. An increase in the equatorial rotation rate is found at 

solar minimum (Tuominen & Kyrolaninen 1982; Arvalo et al. 1982; Lustig 1983; Gilman 

& Howard 1984; Balthasar et al. 1986; Kambry & Nishikawa 1990). The discovery 

of the so called 'torsional oscillations' by Howard & LaBonte (1980) and LaBonte & 
Howard (1982a) from the analysis of Mt. Wilson Doppler measurements during 1967-

1982, stimulated further study of the spatial structure and temporal variation of the 

differential rotation. The observed 'torsional oscillations' consist of alternating bands 

of rotation faster (or slower) than average, and moving in each hemisphere, from high 

latitudes towards the equator in ,..., 22 years (see Figure 1.3). In a given latitude the 

velocity of torsional oscillation changes its direction from east to west and vice versa 

during 11 years with amplitude of about 3 m 8-1. It has also been suggested that the 

Sun's rotation may be different during the extended minimum periods, such as Maunder 

minimum (Ribes et al. 1987). However, there is, at present time, no uncontroversial 

evid~nce for long term, or secular, changes in the solar rotation rate (Howard et al 

1991 ). 

Howard & LaBonte (1980) and LaBonte & Howard (1982a) argued in favor of 

rotat.ion combined with other convective phenomena driving the dynamo and that the 

observed torsional oscillations pattern is a direct manifestation of this causal connection. 

Theoretical models attempt to explain the torsional oscillations pattern by linking it 

to the f><luatorward propagation of dynamo waves associated with the activity cycle. 

Yoshimura (1981) and Schiissler (1981) calculated a pattern by considering the Lorentz 

force back-reaction of bands of toroidal magnetic field on the surface plasma. Kliorin 

& Huzma.ikin (1984) show that the Lorentz force from a subsurface dynamo wave could 

produce Ow pattern and refute arguments against. this model made by LaBonte & 
lIowa.rd (19H2a). Riidiger & Kichatinov (1990) consider the influence of large-scale 

llIa.gI)('t.ic fi('lds 011 Reynolds and t.urhulent stresses, and find that Lorentz stress is 

dOlllillat.Nl by t.he Illicroscale fepdback due to Reynolds stresses. In t.his model, the 

torsiona.l oscillation is a real oscillation associated with the changing viscosity tensor 

in t.il(' presencp of the azimuthal ma.gnetic field of the dynamo wave. The authors do 

lIot discuss how the pattern produced in this fa.shion mat.ches the ohserved torsional 

pa.ttern. Wilson (1987) and Snodgrass & Wilson (1987) suggest, based on observations, 

that the torsional pattprn is the surface signature of the link between the polar fields 
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and the active-region fields. In this model, the zone of enhanced shear is produced 

by the Coriolis force due to a downflow either from an azimuthal convective pattern 

or from convergence of meridional flows. A more detailed discussion of this model is 

presented in Snodgrass (1992). Gilman (1992) proposes that the torsional oscillations 

are a secondary flow arising from the thermal and mechanical disturbance caused by 

solar activity and the subsurface toroidal field at certain latitudes. 

1.3.5. HELIOSIESMIC MEASUREMENT OF THE SUN'S INTERNAL ROTATION 

Helioseismology is a branch of solar physics, in which one uses the knowl~dge of oscil­

lations of the Sun for probing the Sun's internal structure. Since last two decades this 

powerful technique has been used to study radial gradient of plasma rotation and other . 
internal properties of the Sun through the study of the solar acoustic modes. The ob-

served frequencies of the solar acoustic (p) modes are used for determining the internal 

rotation. The observed oscillations are called five-minute oscillations because they have 

periods in the vicinity of five minutes. The modes of the observed oscillations are dis­

tinguished not only by their different frequencies, but also by their different patterns 

on the surface of the Sun. The p-modes are identified by the radial order n and the 

spherical harmonic degree 1 and azimuthal order m, with 21 + 1 possible m values, from 

-I to +1. Iml indicates the number of node circles crossing a line of latitude, while 

i-Iml gives the number of node circles crossing a line of longitude. Modes of the same 

I and 111. but different n have different frequencies, with the spacing between modes of 

adjacf'nt. 1/. heing related to the inverse of sound speed. In the absenc.e of rotation the 

frequ(,llcics of the modes of the same nand 1 are independent of m, owing to absence of 

allY pl'C'fel'ed axis. However, rotation breaks this symmetry and remove the degeneracy 

of the fl'<'<JlH'llcies. Thus the splitting due to the rotation as given by observations is 

5Vnlm = Vnlm - Vnl , 

whel'f' Ilnllll is th~ frequency of an individual mode and Vnl is the central frequency of 

til(' lTIultiplet,. For th(' sake of collveni('ncc, the angular frequency Wnlm = 27TVnlm can be 

used instf'ad of Ilnl tn • The qnantity L = Jl(l + 1) is also commonly used, and Vnlm / L 
is llIolloj,()JIically rdat.('c\ t.o the lower turning point radius of the (n, l, m) mode. The 

OhH('rV('c\ splittings related to the internal rotation in the following way (e.g., Di Mamo 

et. a.1. I 998 ) 

(RI'.) r 
5Wnlm = Jo Jo l\nlm(r, O)O(r, O)l'drd() , 

Wh('rf'1' is t.he radia.l dista.ncE' from the center and () is the colatitude. Knlm(r,O) are 

t.he kernels functions which depend on the equilibrium model quantities and oscilla­

tioll ('igC'1I fUllctions. '['hUH hy knowing ohscrvatiOTmlly det.cl'lninC'd rot,atiollCl.\ frequC'nc.y 
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splittings and theoretical eigen functions, the internal rotation can be determined. The 

dependence of splittings on angular velocity can be used in a 2-dimensional inverse 
problem to probe the Sun's internal differential rotation. 

0.8 

0.6 

0.4 

0.2 

0.2 0.4 0.6 0.8 1 

300 333 366 39'1 432 465 

Figure 1.4. A contour diagram of the solar rotation rate as obtained by the 1.5D inversion technique 

using GONG months 4-14 data. Due to the symmetry of the inversion results, the rotation rate has 

been shown for just one quadrant only. Contours are drawn at intervals of 5 nHz. The highest level 

near the equator around r = 0.9 - 0.95 is 465 nHz. The red lines are at interval of 5 nHz and blue 

ones at 20 nHz. The x-axis represents the solar equator while the y-axis represents the rotation axis 

(curtsey H. M. Antia). 

A typical internal rotation profile inferred from heliosismological data is given in 

Figure 1.4 (kindly provided by H. M. Antia). Note that, the differential rotation exist 

down to base of the convection zone. The rotation is not constant on cylinders aligned 

with the rotation axis, as was predicted by simulations in the early 19808. There is a 

transition to latitudinally independent rotation near the base of the convection zone, in 

a layer which has become known as the tachocline (see Kosovichev 1996, Hill 1998). 

This layer is of interest as it is now thought that the dynamo is located there. Recently, 

F. Hill reviewed solar cycle dependence of all areas of global helioseismology which 
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considers oscillations that provide longitudinally-averaged information (Hill 1998). 

Some inversions of the odd splitting coefficients appear to show an equatorial rota­

tion rate that does evolve as the cycle phase changes (e.g. Goode & Dziembowski 1991; 

Woodard & Libbrecht 1993b). Other analyses either conclude that there is no change 

(e.g. Woodard & Libbrecht 1993a, Schou 1990; Antia et al. 1996) or that the evidence 

is weak (Gough & Stark 1993b). Recently, using GONG and SOBO data over 4.5 yr 

time span, Howe et at. (2000a) have detected changes in the rotation near the base of 

the convective envelope, including a prominent variation with a period of 1.3 yr at low 

latitudes. Using splitting measurements of the f mode from SOl data, Kosovichev & 
Schou (1997) and Schou (1998, 1999) have inferred the latitudinal variation of angular 

velocity. They find some agreement between the features seen in the f-mode inversion 

and those seen in a measurement of the surface torsional oscillation pattern from GONG 

data (Hathaway et al. 1996). Using the GONG and SOHO data, Howe et al. (2000b) 

have shown that the torsional oscillation pattern extend downward at least 60 Mm. 

Local helioseismology, in which sections of the solar surface are studied, now 

provides information on the cellular patterns below the surface (e.g. Hill 1990, Duvall 

et all. 1997). While supergranulation is readily observed, giant cell convective motion 

still remain unresolved with these techniques (Hathaway 1998). 

1.4. Meridional Circulation 

Models of solar activity cycle and solar differential rotation suggest that there might 

exist solar meridional motion and might play an important role in generation of solar 

activity cycle and in the maintenance of solar differential rotation (see Schroter 1985). 

Some of the observed pl'opertips of solar activity also suggest existence of meridional 

motioll : for example., the equatorward shift of average activity latitude bin and the 

obsf'rved poleward migration of unipolar magnetic field regions and polar filaments 

bands, OV~l' the solar cycle (Howard et a\. 1991). Tracking of tracers (like sunspots, 

SIHlspot groups, faenlae, plages, prominences, small magnetic features) and direct Dop­

pl<.>1' l11easnrernCJlts are the two principle methods used to measure the meridional flow. 

Be.calls(' the ma.gnit.ude of the meridional flow is at least two order smaller than the 

rot.a.tioll HIH'('d, it. is I'('lativC'ly morc difficult to measure (Howard 1996a). Though the 

exiHtC'n('C' of mcridional flow is confirmed observationally, its magnitude and direction 

is 1I0t. rlC'a.r. Meridiona.l lIIotions <\C'rivf'(l by using sunspots as tracers generally lea.d 

t.o smaller amplitudes of a few IIlS- 1 (see, for example, Balthasar et al. 1986; Howard 

& Gilman 1!}86; Lust.ig & W()hl H)!H), wherf'as a majority of Doppler measurements 

sllggf'st a poleward flow of 10-20 ms- 1 (for example, Duvall 1979; LaBonte & Howard 

19821>; Ulrich et a.l. 1988; Hathaway 1996). 
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Chapter II 

LEGENDRE FOURIER ANALYSIS OF THE SOLAR 
MAGNETIC FIELD INFERRED FROM SUNSPOT GROUPS 

2.1. Introduction 

A number of observations suggest that the solar activity may be originating in 'waves'. 

For example, the well-known 'butterfly diagrams' show that the sunspot activity origin­

ates in waves with periods ll-yr (or multiples there of), which propagate from middle 

latitudes in each solar hemisphere towards the solar equator (Becker 1955, references 

therein). The observed pattern of so called 'torsional oscillation' is of the form of waves 
in each hemisphere traveling from high latitudes to the equator in about 22 years with 

an amplitude of a few m.s- 1 (Howard & LaBonte 1980; LaBonte & Howard 1982a; Snod­

grass 1985; Komm et al. 1993a). Poleward migration of weak magnetic field (Howard 

1974), prominence belts and polar faculae (Makarov & Sivaraman 1983, 1986) can also 

be seen to be waves of one-way migrations. It could be that all these waves are in fact 

global, but appear confined to certain latitudes in their manifestations in the respect­

ive observations. Supposing this is true, each wave contributing to the overall pattern 

would be equivalent to a set of at least approximately stationary global oscillations of 

the Sun with appropriate phase differences. The following questions would then arise: 

(i) which set of oscillation modes contributes with appreciable amplitudes; (ii) what are 

the amplitudes and phases of these modes, (iii) how do the amplitude and phases vary 

in time, (iv) what is the physical nature of these oscillations, and so on. We discuss 

these ({uestions in the present chapter. 

We inferred sunspot 'occurrence probability' and a rough measure of the under­

lying 'toroidal magnetic field' during 1874-1976 using Greenwich sunspot group data 

(kindly [>rovided by H. Balthasar) and Hale's Law of magnetic polarities (Section 1.2.2 
of Chapter I). From spherical-harmonie-Fourier (SHF) analysis of these sunspot 'occur-

1"('11('(' probahility' alld ·toroidal magm~tie Held' we showed that the butterfly diagrams 

cOlllel h(~ a conSf'<tu(,llce of the near constallcy of amplitudes and phases ofaxisymmet­

ric odd-degrf'(' osci lIatioJls of period "-' 22 yr in the Sun's magnetic field (Gokhale & 
.1avaraiah 1 990a; Gokhal(' et. al. 1990). The amplitude spectrum of these oscillations 

for degree lip to l = 13 was shown to be similar to that derived by Stenfio & Vogel 

( 1986) and Stenflo (1988) from magnetogram data during 1960-1985. We have also 

tent.a.tively infel'l'f'd that the third harmonic of the 22-yr ma.gnetic cycle might be an 

artifact of sOllle Ilon-linearit.y bet.ween the field magnitude a.nd the sunspot occurrence 
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probability (Gokhale & Javaraiah 1990b). 

We extended the above study of global modes in the solar magnetic fields, (Gokhale 

et al. 1992; Gokhale & Javaraiah 1992, 1995), with a refined analysis of the data. The 

Legendre-Fourier (SHF order m = 0) analyses were carried out with the highest tem­
poral frequency resolution (f'V 1/103 yr-1 ) allowed by the length of the whole sequence, 

and over an extended area of the v - I plane, viz., up to I = 36 and v = 55/107 yr-t, 

where 1 is the spherical harmonic degree and v is the temporal frequency. In this chapter 
I present the results of these extended studies. 

In Section 2.2 we describe the data and the method of analysis. In Section 2.3 

we present the LF amplitude spectrum of the 'inferred magnetic field', BinJ«(J, ¢, t), as 

perspective plots, and in Section 2.4 using grey-level representation. In Section 2.5 we 

identify coherent oscillations in the 'main power ridges'. In Section 2.6 we describe 
the physical reality of the coherent oscillation modes. In Section 2.7 we compare the 
results found by us from the sunspot data with the results from the magnetogram data 
(Stenflo 1988). In Section 2.8 we model the variation of the annual measure of sunspot 

activity. In Section 2.9 we identify four dominant modes of stationary oscillations. In 
Section 2.10 we conjecture a phenomenology for maintenance of the Legendre Fourier 

(LF) spectrum and production of activity. In Section 2.11 we draw conclusions and 

briefly discuss them. 

The mathematical formulation of the SHF analyses of sunspot data (Gokhale & 
Javaraiah 1990) is given in Appendix 2A. 

2.2. Data and Method of Analysis 

2.2.1. TilE DATA 

We have used the data from Ledgers I and II of the Greenwich photographic results 

(GPIt). A magnetic ta.pe of this data for t.he years 1874-1976 was kindly provided by H. 

Balthasa.l'. From this do.ta we chose the heliographic coordinates i.e., latitude (A) and 

10Ilgitude (¢), a.nd the t.ime of ohservation (t) for each day observation of each sunspot 
group. 

2,2.2. DEFINITION OF SONSPOT OCCUnItENCE PROBABILITY 

For ('arh time interval ('1'1, '1'2) chosen for analysis (e.g., a sunspot cycle or a sequence 

of years/cycles) Wf' have defined 'sunspot occmrence proba.bility' p(lt, </J, T) as 

p(/l,</J,T) = ~c5(Jt - P'i, <p - ¢i, T - Td 
o 

at, (,ti, (Pi, Td, i = 1, 2, .... , N, 
elsewhere in (Il, <Pl T) space. 

where T = (t - 7'1 )/('12 - 7'1), It = cosO, () = 900 - A, c5 represents a delta function in 
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(1-', </J, r), N = N(l't, '12) is the number of data points during ~he interval (T17 T2 ), and t 

is the time of observation (in days, including the fraction of the day of the observation) 

from the .zer'o hour of the first day of the interval (Ti' 12), 

Owing to the nOll-zero (though small) spreads and uncertainties in ,ti, <Pi, and Ti, 

the delta functions here must be considered as mathematical idealizations of properly 

normalized 'physical' delta functions of large finite values over small finite domains. 

2.2.3. DEFINITION OF 'NOMINAL TOROIDAL FIELD' INFERRED FROM SUNSPOT DATA 

A strong toroidal field is essential for production of sunspot activity in general. The 

toroidal field is not directly measurable, but from the generally bipolar nature of the 

fields associated with activity, it is believed that the emerging flux is toroidal. Hence, 

using Hale's laws of magnetic polarities, we define a 'nominal toroidal field', BcP(O, t), 
in the following manner (we thank Professor M. Stix for this suggestion): 

B (9 t) = I ±p(O,t) 
¢, =Fp(O,t) 

in the northern solar hemisphere 
in the southern solar hemisphere, 

the upper signs being taken during the 'even numbered' sunspot cycles and the lower 

ones during the 'odd numbered' cycles. 

2.2.4, DEFINITION OF THE 'INFERRED MAGNETIC FIELD' IN TERMS OF THE 'FIRST 

DAY DATA' 

Earlier, (Gokhale & Javaraiah 1990a; Gokhale et al. 1990; Gokhale & Javaraiah 1990b), 

we ns('d the ahove definitions ror sunspot occurrence probability and inferred magnetic 

field. La.ter, (Gokhale et. a1. 1992; Gokhale & Javaraiah 1992, 1995), we modified the 

ddinitiol1 of t.he O('Cttrl'ellCe probability p(O, ¢, t) during a time interval (Ti , 12) as 

p(O,¢,t) = 
~o(ft -ltk,4J - <Pk, l' - Tk) 

o 
at (1Lk,<Pk,1'k) 

elsewhere, 

(2.1) 

Wh<'l'(' 0, (p, T, i and J have thf' Hallle meanings as explained in Section 2.2.2. Here the 

argllll\('Tlts of HIP c\('\t.a funct.ioll I'/.., = r088k, Ok, <PI.- a.nd tk are the values of (Jt, ¢, t) 
giV<'1l by til(' first rilIJj·.'! oi>sf'J'va.t.ioll of t.hE' kth spot. group, nk is the ovel'a.lllife span of 

!.II(' k til spot group, ill da.ys, and 
I': 

N = L: 1I.k, (2.2) 
k=l 

T\' b£'illg the tota,1 11tlllllwr of all the SllllSPOt groups observed during the interval (T1, 

7; ), 
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In this modified definition, each spot group is considered as a phenomenon occuring 

at the heliospheric position where it was first observed. As a result, the scatter due to 
its subsequent proper motions gets eliminated. 

Moreover, in this definition the statistical weight of a spot group is proportional 

to its lifespan rather than the number of days of its observation. Thus, the statistical 

weights of spot groups get corrected for the gaps in the observations. These corrections 

are particularly important for the recurrent spot groups. 

Similar to the magnetic field defined in Section 2.2.3, the 'inferred' magnetic field 

Binj(fJ, </J, t) is then defined here as 

Binj(fJ,¢,t) = ±p(fJ,¢,t), 

where the sign, plus or minus, is chosen according to Hale's laws of magnetic polarities 

of bipolar sunspot groups. Care is taken to separate the data from the old and the new 
sunspot cycles during the periods of overlaps of successive cycles (next subsection). We 

find that these refinements improve the accuracy of our results by a few percent. 

Another measure of the 'inferred' magnetic field, Binj((}, 4>, t) is defined by replacing 

the life spans nk in Equations (2.1) and (2.2) by the maximum observed areas Ama.'l:,k 

of the spot groups as statistical weights of the probability distribution P(fJ, 1>, t). 

Resulting Modifications in the Formulae 107' Computing LF Amplitudes and Phases 

The definition of the inferred magnetic field above has led to the following modified for­

mulae for computing the LF amplitudes A(l, v) and phases cp(l, v) of the axisymmetric 

modes in Binj(O,¢,t) during any specified time interval (Th T2) (for determining the 

phases of the various modes, the time interval must be at least as long as the period of 

osci II a.ti 011 ): 

and 

(t.o be' ChORf'1l 0" a.nd :lfiO° so that si ncp and cosr.p have the correct signs), where 

where 
C(L )={(21+1)/271' 

, v (2l + 1 )/471' 
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2.2.5. SEPARATION OF THE DATA FROM SUCCESSIVE SUNSPOT CYCLES DURING THE 

PERIODS OF THEIR OVERLAPS 

Earlier, (Gokhale & Javaraiah 1990a; Gokhale et a1. 1990), we had separated the data 

of successive sunspot cycles by treating the data before and after the specified dates 

of sunspot minima as belonging respectively to t.he old and the new cycles. This had 

caused wrong signA to be attached in determining Bini from the new cycle data before 

the dates of minima (and from the old c.ycle data after the dates of minima), during the 

few years of overla.ps of the successive cycles. In later analyses, (Gokhale et al. 1992, 

Gokhale & Javaraiah 1992, 1995), we ha.ve drawn, in the latitude-time plane, straight 

lines in the "butterfly wings" which separate completely the data belonging to the old 

and the new cyc.iPs, and have attached signs strictly in accordance with Hale's laws of 

sunspot magnetic polarities. 

2.2.6. THE UNIT OF FREQUENCY (1.10) 

The length of the full data set allows a frequency resolution", 1/103 yr- 1• However, 

from tht" drift. ra.I.('s of phas('s of t.he' axisymmetric modes we have found the mea.n 

frequency of these modes to be 1/21.4 yr- 1 . Hence, we have taken its integral quotient 

nearest to 1/103 yr-1 , viz., 1.10 = 1/107 yr- 1, as the unit of frequency. 

2.3. The LF Anlplitude Spectrum. of Binf(9, </>, t) 

2.:1. t. TilE PERSPECTIVE PI,OTS 

In Figur('s ~.l(a) and 2.l(b) we give perspective plots of the SHF amplitudes of the odd 

and the ('ven d<'gree a.xisymmetric modes in BinJ(O, </>, t) with respect to land 1.1 up to 

I = :m and 1/ = .151.10. 

2.:1.2. TIlE SPECTRUM FOR. TIlE ODD DEGftEE MODES 

It. iH ckat" that. mm~t of t.he LF pow(>r is concentrated in the odd degree modes with 

frequ(,ncies withill ±l.1o/2 on eit.her side of 1/ ... = 51.10 • (This corresponds to periods in 

t.he ra.n11;(' U}.8 yr cmel 23.3 yr.) In this narrow frequency band the spectrum forms a 

HIIIOOt.it "I'idgp' which ha.s a 'Illain hump' over l = 1 - 11, with a high peak at I = 5, 7 

all< 1 (t. 't.ail' for l > 19. 

'1'11<'1'(' H.1'(' low, 'Hllhsidiary' ridgPH along 1.1 = :3,.1., .)1.1* and 91.1*. The power concen­

tratio1l ill the ridge' along 1.1 = :ll/. is expected in view of the asymmetry of the sunspot 

cycle' (e.g., Bra.cewdl Ul88). It was shown earlier (Gokhale & .lavaraiah 19901» that. t.he 

amplitudes a.nd phafu.'s of the modes with 1.1 = 1.1* are correlated to those of the modes 

of t.he same l wit.h // = :]1.1 •• This iudica.t.es that the secondary ridge at 1.1 = 31.1. could 

bc' a JIIat.henmt.ica.1 a.rt.i fact of ROlll(' noali Ilea.r dC'p(,ll<ien("(' of t.he 'infened field' OIl the 
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Figure 2.1(a) 

Figure 2.1 (b) 

Figure 2.1. Perspective plots ofthe LF a.mplitude (A) of the modes of(a) odd and (b) even degree. as 

a function of f req uency 1I and degree t. in the magnetic field Bin! ( (}, ,p, t) as inferred from the 

sunspot data during 1874·-1976 using Equation (2.1). The unit offrequency is 1/107 yr-1. The 

vertical scales of (a) and (b) are different. 
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variable representing the basic physical oscillations with frequency v ... Alternatively it 

could also result from ('ommon excitation by a single forcing oscillation. These possi b­

ilities may be true ('ven for the other sllbsidia.ry ridges which seem to represent the set 

of the higher odd harmonics of v*. 

It is important to note that in Figures 2.1(a.) a.nd 2.1(b), there is no evidence for 

existence of any general v -l rela.tion (free oscillation modes) as hinted from magneto­

gram data (Stenflo & Vogel 1986). On the contrary power concentration in ridges along 

specific frequencies suggest 'forced' oscillations. 

(The amplitude spectrum of the odd degree modes in the inferred field Bin,(O,¢, t) 
obtained by taking in Equation (2.1) statistical weights proportional to the 'maximum 

observed areas of sunspot groups' instead of their 'life spans' is found to be noisier 

than the one obtained from Bin/( 6,1>, t). Thus, the lifespan of a sunspot group gives a 

clearer information on the global nature of solar cycles than that given by the maximum 

area. ) 

2.3.3. THE SPECTRUM FOR THE EVEN DEGREE MODES 

The amplitude spectrum for the even degree modes is noisy and the level of power is 

compa.rable to that of the noise level in the spectrum for the odd degree modes. There 

are no power ridges to suggest any l.I -l relation. 

2.4. The Grey-Level Representation of the Spectra 

For deterlllining whether the local power concentrations in the LF spectra are aligned 

along any CUrVf'H in the v -l plane, we made image-processed grey-level representations 

of 1.h(' pOWf'l' spectra ("orresponding to the amplitude spectra given in Figure 2.1 using 

t.he standa.rd Illdho<i of hodogl'aph equaliza.tion. These representations are shown ill 

Figmes 2.2(a.) and 2.2(b). Needless to say, equal intensities do not represent equal 

alllplitud~s ill these figmes. 

2.1.1. 'APPAHENT' EXISTENCE OF v - l RELATIONS 

ThC'fH' grey Ic'V<'II'Ppl'esent.a.t.ions indicate a. posRibility that in each of the power spectra 

of til(' odd alld t.hp ('V(,II d('gl'£>£> modeH, t.h£> peak::; ma.y lie a.Iong a set of curves in the 

// - 1 plcu\('. 011(' SlIdl Het. of CUlves, drawn subjectively, is illustrated in the right-hand 

sidp paJlPI ill ('adl figurc'. Incidenta.lly, t.hese spts of ClIfV(>S are reminiscent of a similar 

looking set. ill the power spectra of t.he acoustic modes. 

Th(' following pf'(,111 iarities raise doubts a.bout the rea.lity of the existence of the 

1/ - l rda.tiolls illdica.tC:'cl hy the 'nll'ves' ill Figures 2.2(a.) and 2.2(b): 

(i) Th~' p<>w('r distrihut.ion doE'S not. give continllous ridges along these curves, and 
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Figure 2.2(b) 

Figure 2.2. IIIHlgp-prOr"!'SSf'd grpy-Ievpl diagrams reprpspllting t.he LF power spect.ra corresponding to 

t.he ItlupJit.udp sppdra ill Figures 2.2( a) and 2.2(b), r!'sppctively. The pan!'1 on t.he right. side of each 

diagram shows a set of curves along which the LF pawpr 'appears' to he aligned. 
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(ii) The curves cannot be drawn unambiguously in an objective manner. In fact 

some power concentrations can alternatively be considered to be lying along a set of 

curves with negative slopes. 

2.4.2. SPECTRA OBTAINED FROM TWO 'PARTLY RANDOM' SIMULATED DATA SETS 

In order to determine whether the apparent alignments of the power concentrations 

in the SHF spectra have any real significance, we compare these spectra with those 

obtained from two 'partly random' simulated data sets. In both the simulated data 

sets, the epochs and the lifetimes of the 'sunspot groups' were assumed to be the same 

as those in the real data, but the latitudes of sunspot groups 'occurring' during each 

year and within each butterfly wing, were redistributed within the width of the wing in 

a random way. Thus, the simulation is random on scales I > 13 in odd parity. 

In doing so, the wings given by the new cycle data in each hemisphere, during the 

years of overlaps, were treated separately. Hence, the simulations are random on all 

scales (l 2:: 0) in the even parity. 

In simulation 'I' the latitudes were re-distributed with Gaussian probability distri­

butions, with means and standard deviations the same as those in the real data. 

111 Rillllllatioll 'II' t.he redistributions were made with unifo1'm distributions over 

the full widths defined by the yearly minimum and the maximum latitudes of the real 

data in the respective wings. 

A mpLifude Spectm Given. by the Simulated data sets 

Both t.1J(' simulated data Rets SI and SII yield perspective plots of LF spectra similar to 

thosc' given hy t.he real data and, hence, those plots are not reproduced here. They are 

low a.nd noisy for the even degree axisymmetric modes and show high, smooth ridges 

at v = // .. = ,1Vo, peaking at I = ,5, 7 (and also low ridges along a few odd harmonics of 

v = 1/*) for the odd degree axisymmetric modes. The ridges given by data sets SI and 

SII simulate the ridge in Figure 2.1(a) up to l = 21 and I = 35, respectively. This shows 

t.hat t.he> distribution of snnspot activity within the butterfly wings is closer to reality in 

the' 1t7l.ijo1'1n l)robability distribution than in the Gaussian probability distribution. For 

odd degn'c' 1Il0df'S with l ~ 11, the si mi larity in the spectra of the rea] and the simulated 

data sc'l.s a.l'c' a COllsc'qll(,llce of the fact that both the simulated data sets have exactly 

t.\](' salllC' j,c'lIlporal distribution as that of the rea.l da.ta and also simulate the butterfly 

willgs ill t.he latitude time distribut.ion. 

Orfy-Lrvel Rep1'rsrniafions of the SlJcctm Given by the Simulated Data Sets 

POWC'I' rOllcC'Iltrat.iolls \\,(-'1'(' found to be a.ligned along severa.l curves even in the grey-
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level representations of the spectra obtained from the simulated data sets 'SI' and 'SII'. 

The presence of power alignments like those seen in 2.2{a) are expected in the region 

1 < 13 of the 1/ - 1 plane for odd degree modes since on these scales and in odd parity 

the simulated data sets retain the systematic properties of the butterfly diagram of the 

real data. But the power alignments are also reproduced for l ~ 0 in even modes and 

also for 1 ~ 13 in odd modes, on which scales the latitudes are randomly distributed in 

lSI' and 'SII'. Hence, the alignments in Figure 2.2 cannot be taken as evidence for any 

physical relation between the 1/ and 1 of the modes in the real data. 

2.5. Coherent Oscillations in the 'Main Power Ridges' 

2.5.1. VARIATIONS IN THE RELATIVE PHASES OF MODES IN THE 'MAIN POWER RIDGE' 

We determined the phases 'PI of the modes 1 = 1-35 in the 'main power ridge', (1/ = 
1/* = 1/21.4 yr- 1), during the eighty two intervals (during 1874-1976) each of 22 yr 

length and displaced by one year relative to the previous interval. As expected from the 

earlier somewhat cruder analysis (Gokhale et al. 1990), the relative phases c5/(= 'PI-'PS) 

are approximately constant. For quantitative comparison of their constancy, we give 

in Table 2.1 the mean values (c5I) and the standard deviations (~c5I) of c51 for the field 

inferred from the real data set ('R') and also for fields derived from the two simulated 

data sets 'SI' and 'SII'. 

The data samples during the successive 22-yr intervals are not statistically inde­

pendent (since they overlap) and, hence, it may be thought that the r. m. s. variations 

should have been computed from a set of four or five non-overlapping intervals during 

1874--UJ76. However, the mean values and the r. m. S. variations computed from the 82 
intervals are equivalent to those computed from non-overlapping intervals with uniform 

weighting ill timf'. Moreover, we have verified that the r.m.s. variations computed from 

non-overla.pping intervals are actually smaller than those from the eighty-two intervals. 

2.r).2. THE STATIONARY, APPROXIMATELY STATIONARY, AND NON-STATIONARY 

MODES 

From 'I'ahl(' 2.1 Wf' see that for each data set, the modes in the main ridge fall automat­

ica.lly ill to thrf'{, categories: 

(1) St.ationa.ry Modes: viz., modes with constant phases (~c51 ::; 15°), 

(2) Approxilllatf'ly Stationary Modes: viz., modes with approximately constant 

p haRf's (~J, ~ :l00), 

(:J) Non-Stationary Modes: viz., modes with large phase variations (~c51 » :JOO). 

In Table 2.2 we list t.he modes of each ca.tegory in the data sets R, SI and SII. 
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Table 2.1: Mean values J/ (in degrees) and standard deviations D.d/ (in degrees) of the relative 

phases 81( = CPI - CPs) of the LF odd degree modes (SHF order m = 0) of frequency 1/21.4 yr- 1 , in 

the magnetic field inferred from real data set R and the simulated data sets SI and SIl. 

n SI SII 

81 6:.81 81 6:.8/ £/ 6:.8/ 

1 7.7 1.4 9.5 4.3 7.9 1.57 

3 -174.5 1.0 -173.5 3.2 -174.7 1.12 

5 0.0 0.0 0.0 0.0 0.0 8.0 

7 170.4 2.1 167.4 8.6 169.3 2.8 

9 -27.3 6.0 -30.5 21.8 -32.3 10.0 

11 123.0 10.3 139.6 27.9 112.9 16.9 

13 93.2 9.6 -35.8 44.7 -99.8 11.5 

15 55.4 9.1 » 30.0 75.5 31.9 

17 -155.5 10.6 -87.3 77.4 

19 -9.6 14.5 »30.0 

21 142.3 23.1 

23 -49.2 32.7 

25 132.2 35.2 

27 -10.5 25.0 

29 190.9 27.5 

31 -4.1 70.4 

33 147.1 97.6 

35 92.0 77.9 

2.5.3. PRESENCE OF FOUR MODES OF 'COHERENT GLOBAL OSCILLATIONS' 

Using til(> complex amplitude Al (determined in Section 2.3) and relative phases d/ we 

have computed the mean relative real amplitudes al(= A/cosdt} and b/(= A/sind!} of 

the sine and cosine (temporal) phases of the stationary and approximately stationary 

modes in the field inferred from the real data ('R') and that inferred from the simulated 

data set 'SII' (the set that simulates the real data more closely: Section 2.4.2). These 

are given in Table 2.3. In the same table, we also give the r. m. s. variations D.a/ 

a.ll(l ~bt of at and bl. It can be seen that in each phase, there are groups of terms 

charact('riz('(1 by a range of [ in whi('h the respective 'phase-amplitude', al or bl, is 

maxilllum 11('(11' tllf> center and falls off to the noise level (i.e, ~ 0.04) at both ends. 

The signs of t.he successive phase-amplitudes in each group are alternately positive and 

IH'gat.iV<', a.nd this rnlp breaks at !.lIE' ends of the respective [-ranges. The level of the r. 

m. s. variations 6:.a/ or 6:.bl within each group are mutually similar, and different from 

those in the other groups. 

From Tahle 2.:l it is clear t.hat the field inferred from the real data contains four 
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Table 2.2: List of modes of each category in the three data sets 

Category R (rea.l data) SI (Gaussia.n) SII (box) 

b..c5/ :::; 15° 1=1-9 1=1-7 1 = 1 - 13 
b..c5/ :::; 30° l = 21 - 29 1=9-11 l = 15 
b..c5/ » 30° 1 ~ 31 l ~ 13 l ;:::: 17 

independent geometrical modes of cohe7'ent global oscillations defined by the following 
expressions: 

(2.7) 

B4 = [f b/P/(/L)] cos(211"l.l.t). 
/=21 

Pending identification of the physical nature of these oscillation modes, we call 

them' geome17'ical eigenmodes'. 

2.5.4. ABSENCE OF B3 AND B4 IN SIMULATED DATA SETS 

The sinHllat.f'd dat.a sets '81' and '811' do not yield even approximately constant phases 

for modes bf'yond 1 = 11 and 15, respectively (see Table 2.l). It is obvious that the 

field inferred from these data sets cannot contain the geometrical eigenmodes B3 and 

8". These data sets contain eigenmodes Bl and B2 in truncated forms, as illustrated 

for 'SII' in Table 2.3. 

2.5.!>. GEOMETlUCAL REALITY OF THE MODES B17 .. , B4 IN DISTRIBUTION OF 

BinJ(O,t) 

Th(' simulated data set 'SI' and '811' are only illustrative. However, the following points 

clIIPl'ge from t.he above results. 

(i) 'I'll<' PI'f'H('II(,(, of 131 a.nd 8 2 , though in their t.runcated forms, in the simulated 

data sets 'SI' 0.11(1 'SII' is due to the incorporation of approximately real butterfly dia­

grams ill these data sets through prescription of the real annual means and standard 

deviations for latitudes of sunspot groups within each wing. 

(ii) The absence of the 'higher degree' oscillations B3 and B4 in 81, and even ill 
the more rea.listic simula.tion SII, illustrat.e the fad that these two oscillations are not 
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Table 2.3: Mean values (a,. btl and r.m.s. variations (L\a,. L\bt) of the amplitudes of the sine and 

cosine components, respectively. of the LF modes of odd degrees and 21.4-yr periodicity in the 

magnetic field inferred from two data sets. Groups of a, and b, printed in bold (separated by mean 

values below - or nearly equal to - the level of variation together with the breaks in the alternation of 

the signs) represent independent coherent global oscillations (denoted by B1 • B2 • B3 • B4 in text). 

neal data set Simulated data set 'SI1' 

a/ 6.a, b, L\b/ a/ L\a/ b/ L\b/a 

1 0.247 0.014 0.033 0.008 0.249 0.038 0.035 0.019 

3 -0.718 0.026 -0.065 0.014 -0.724 0.069 -0.067 0.036 

5 loOOa 0.028 o.oooa loOOOa 0.070 O.OOOa 

7 -0.945 0.081 0.157 0.024 -0.916 0.249 0.169 0.061 

9 0.636 0.112 -0.318 0.035 0.568 0.374 -0.334 0.087 

11 -0.264 0.095 0.390 0.031 -0.184 0.311 0.385 0.098 

13 0.017 0.056 -0.345 0.036 -0.042 0.117 0.298 0.153 

15 -0.152 0.047 0.219 0.044 0.077 0.183 0.142 0.160 
17 -0.171 0.052 -0.081 0.039 

19 0.137 0.045 -0.018 0.028 

21 -0.097 0.047 0.064 0.024 

23 0.069 0.057 -0.066 0.022 

25 -0.061 0.052 0.044 0.018 

27 0.061 0.035 -0.013 0.019 
2!) 0.060 0.037 0.010 0.024 

31 0.052 0.060 0.015 0.028 

a By virtue of definition 

pres£'llt ill the simulated data sets since the 'distribution of sunspot activity within the 

wings of the butterflies is totally random. 

Wc' conclude that the distribution of the real sunspot activity even within the wings 

of hllttC'rflieR iR not. random. At least down to scales 1 = 29, it is defined systematic­

ally hy superposition of the stationary and approximately stationary LF modes of the 

infcrr('d neld. 

FI'OIl\ t.he forc'going discussion it follows that the coherent oscillations BI, B2, B3 
a.JI(I JJ,. an' g<'olll£'tl'ically significant. 

2.6. Physical Reality of the Coherent Oscillation Modes 

III t.his R(,ct.ion w(' Rf'f' how the OhRerV('c\ glohal lat.itud{·-t.ime hehaviol11's of thf' Sun's 

various 'llla.guC'tic' features, considered as Dlt'asurt'R of B(f), t), can be l't'produced by 

RUI)('rpositioll of 111, H2 , 8 3 , and 8 4 not. only in th(3 sunspot or 'low' (~ :30°) latitudes 
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but also in the 'medium' (30° - 75°) and the 'high' (> 75°) latitudes. 

2.6.1. THE LATITUDE-TIME DISTRIBUTION OF B(8, t) GIVEN BY B1+B2 : BUTTERFLY 

DIAGRAMS AND THE FIELD IN HIGH LATITUDES 

We plotted B(8, t) as given by 

We found that in latitudes::; 30° this produces a butterfly diagram. To some extent this 

is expected since Bl and B2 are obtained from the dominant LF modes in B(8, t) which 

is defined as ±P(8, t) and P(8, t) has the form of the butterfly diagrams. However, it 

is important to note that the butterfly diagram produced by this is more realistic than 

the one obtained by superposing the dominant LF modes (even degrees and '11 yr' 

periodicity) in p(8, t) itself, (Gokhale & Javaraiah 1990a), in the following respects: 

(i) the shape and the extent of the wings is more realistic, 

(ii) the overlaps between the successive sunspot cycles near the sunspot minima 

are present and are of the right order (viz., f"<J 3 yr). 

In addition, we notice that moderate flux concentrations in the high latitudes, 

which may be responsible for the polar facular activity reach maxima near the 'sunspot 

minima' (i.e., minima of \B(8, t)\ in the low latitudes), and vice vef'sa (Makarov & 
Sivaraman 1989). 

Further, t,h~se high latitude field concentrations, considered collectively in latitudes 

abov(' 70°, change signs around the 'sunspot maxima', i.e., at about the same time as 

(and also by same sense as) the observed polar fields do. 

Thus the LF modes Bl and B2 in the inferred magnetic field' Bin/(9, t)' give a more 

rf'a.listic and more global description of the solar cycle phenomenon than that given by 

the dominant modes in the 'sunspot occurrence probability'. 

2.fi.2. TilE LATITUDE TIME DISTRIBUTION OF Bl +B2+B3: MIGRATION OF NEUTRAL 

LINES 

III tllC' lat.it.lldf,-t.illlc diagram given hy Bd8, t) + B2(0, t) (described ill previous section) 

we' have' foullel t.hat. t.1J(' 'magnet.ic 11<'1lt.rallillf's' do not. seem to mi~l·a.te Hp to t.he poles as 

Sf'f'1I ill til(' analysis of lin spectroheliograms by Makarov & Sivaraman (1989). Instead 

ill the polar region, t.he migratiolls were found to be away from the poles. 

The latitude-time dia.gram given by 

gives all t.he afore-mentioned properties of the 8 - t distribution of IBI + B2\ which 

30 



agree with the observed global behaviour of the surface distribution of solar magnetic 

field. In addition, this also produces migrations of 'magnetic' neutral lines from the 

middle latitudes to poles in a way similar to those deduced by Makarov & Sivaraman 

(1989). To migrate from'" 35° to poles these neutral lines take 15 yr, i.e., same as the 
real neutral lines. 

2.6.3. THE LATITUDE TIME DISTRIBUTION OF Bl + B2 + Ba + B4 

In Figure 2.3 we show the () - t diagram given by 

This figure keeps all the 'good' properties of the () - t distribution of IBI + B2 + B31. 
In addition, it yields, in years around sunspot minima, a somewhat higher ratio of the 

polar field to the field in the middle latitudes. This is necessary to account for the 
presence, during such years, of facular activity in high latitudes without its presence in 

middle latitudes. 

Figu re 2.3 does not produce the detailed real trajectories of the neutral lines in 

the () - t diagrams as determined by Makarov & Sivaraman (1989). However, the 

agreement with the observed behaviour of the neutral lines is quite satisfactory, taking 

into consideration: (i) the uncertainties in the amplitudes and the phases, (ii) the 

uncertainties in determining the global neutral lines using the HOt spectroheliograms, 

(iii) the omission of the 'non-stationary' and the higher harmonic LF modes as well as of 

the small-amplitude even degree modes which are also actually present in the inferred 

magnetic field, and (iv) the fact that the figure represents a mean pattern over all the 

9 sunspot. cycles since it uses amplitudes and phases averaged over 103 years. 

Tll\ls, all the four eigenmodes Bl through B4 are necessary and sufficient to pro­

duce a fairly satisfactory 'cleaned image model' of the observed "mean" latitude-time 

behaviour of the Sun's real magnetic field over nine cycles. 

It. is important note that this pattern in all latitudes is obtained by superposing 

LI" tel'lllS given by spot group data which comes only from low latitudes. 

2.7. Comparison with Results from the Magnetogram data 

The amplit.ude and the relative phases of the LF modes 1 = 1-13 determined from 

the sunspot data al'e generally similar to those obtained by Stenflo (1988) from the 

magnetogram data during ]960-198.1, which had also given a reasonahly good synthetic 

butterfly diagram. However, the sunspot data have enabled us to study the variations or 

constancy of t.he relative phases over the IO:} years. Moreover, there are some important 

differellc('s. (i) The relati ve amplitude of the mode l = 1 is higher (and that of l = 3 is 
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Figure 2.~. Grey level representation of the latitude-time distribution of B = Bl + B2 + B3 + B4 
(d., S<'dioll 2.6.:1). The different levels of magnitude of B (in arbitrary unit.s) are represented by the 

diff(,fI'llt. \c>vds of shades (and cont.ours reprf'sented by continuous curves) as indicated by the 

right.-hand-side vertical scale. The negative latitudes represent southern hemisphere. 

lower) ill t.11(' fields observed at the surface than in the fields inferred from the sunspot 

data. We' attribute this difference to the fa.ct that, on the surface, a considerable amount 

of magnetic flllx from t.he 'following' polarities of the active regions spreads into the 

middle latit.udes, thereby transferriIlg 'SHF power' from l = 5 and 3 to l = :3 and 1, 
respectiv('ly. (ii) III Stenflo's synthetic but.terfly diagram the synthesiz(>d 'field strength' 

at til(' high lat.it.udes is (unrealist.i<-a.lly) of thf~ sa.me order as that; in th(' low la.titudes. 
In contrast, the field in the high latitudes in our butterfly diagrams is (realistically) of 

t.1i(' sallw order as, or only slightly stronger, than the weak field in the middle latitudes. 

This is because the LF rnodes with l > 1:3, which are present in our synthesis, provide 

Ia.rger degree of interferellce evell in the higher latitudes. 
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2.8. Modeling the Variation of the Annual Measure of Sunspot Activity 

2.8.1. THE 'FLUX EMERGENCE RATE'~ Q(O, t), INFERRED FROM DATA, AND ITS 

LEGENDItE--FOUlUElt ANALYSIS 

So far the sunspot occurrence probability during any given time interval was normalized 

to the total amount of activity in that time interval (Section 2.2). Thus the unit of 

Bin! varied from cycle to cycle, depending upon the 'size' of the cycle. This is fine 

for studying the latitude-time distribution of activity during any single time interval 

irrespective of the total amount of activity during that interval. However, for modeling 

the variation in the rate of production of sunspot activity the total probability in any 

given time interval should be proportional to the total measure of activity in that time 

interval. Hence, we revise the renormalization of sunspot occurrence probability in the 

following manner. 

Consider length scales large compared to the dimensions of the spot groups and 

time scales large compared to the life spans of the spot groups but small compared to 

the durations of the sunspot cycles (e.g., length scales ~ 104 km and time scales ~ a 

few months). On such scales we define the sunspot occurrence probability, as a function 

of latitude and time, as follows: 

at (Ok, tk) 
elsewhere, 

wh(~rc Ok, tk are the values of 0 am) It' for the spot group 'k', Tk is the life span of the 

Rpot group 'k', and 6 represents the Dirac delta function. As required, the integral of 

~)(O, t) ()v('r the unit sphere during any time interval is proportional to the measure of 

SUIlRP0t. activity during that interval. 

This probabilit.y function is related to the sunspot occurrence probability function 

]l(O,l) of Section 2.2.4 in the following way: 

~J(O, t) = (LTk)p(O, t), 
k 

wl\('\'(' til(' HlIlIllllation I: ('xtcllds over all the spot groups observed during a given time 
k 

illt.c-rval, or d1ll'ing a. givcll SUlIspot cycle. 

Wf' t,a.k(· Tk a.R a lllf'aS\lI'(' of t.he amoullt of magnetic flux which emerges above 

the phot.osphere (and eventually leaves the Sun), in association with appearance (and 

disappf'arance) of til(' spot group 'k'. From the generally. bipolar nature of the fields 

associakd with adivity, it is believed that the emerging flux is toroidal. 

In analogy to HinJ(O,t) ill Section 2.2..1, we then define a quantity Q(fJ,t) as 
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Q(O,t) = ±p(O,t), (2.8) 

where the signs ± are chosen strictly according to Hale's laws of magnetic polarities 

with care described in Section 2.5.5. Clearly, on time scales 2: a few months and length 

scales 2: 104 km, Q(O, t) represents a measure of 'the amount of the toroidal magnetic 

flux eme1'ging above the photosphere at (0, t), per unit latitude interval per unit time'. 
Equation (2.8) can also be written as 

Q(O, t) = (~:::: Tk)Bin!(O, t). 
k 

Amplitudes and Phases of Legendre-Fourier Terms during Each Sunspot Cycle 

Using the method given Section 2.2.4, we have determined the amplitudes q(l, n) and 

the phase Q(l, n) of the LF terms of odd degrees, 1 = 1 to 29, and frequencies v = nv. 

(n = 1, 3, 5, 7) in Q(O, t), during each of the nine sunspot cycles between 1879 and 

1976. During each cycle, the spectrum of the relative amplitudes in 'Q' is similar to (but 

not the same as) that during the whole sequence of the 103 years. Owing to the above 

relation between Q and Bin!, the latter spectrum is the same as the relative amplitude 

spectrum of Bin! Figure 2.1 (Section 2.3.1) during the 103 years. 

2.8.2. A MODEL OF TOROIDAL FLUX EMERGENCE AS PROVIDED BY INTERFERENCE 

OF TORSIONAL MHD OSCILLATIONS 

(aJ F01'1nation of Toroidal Flux Tubes and Their Emergence 

Consider a set of ax i-symmetric MHO oscillations (e.g., torsional), each represented, 

during ('ach cycle, by a set of LF terms, and described collectively by the sets {I} and 

{n} of the values of land n, respectively. The toroidal magnetic field Bt/J at a point 

(r,O), at. an instant 't' during a cycle 'i', can be written as 

IJrp(i;r,O,t) = L:L:b(i;l,n)An(r) x P/(~)sin[21rnll.t + €(ijl,n)), (2.9) 
{I} {n} 

wll('I'{' b( i; l, 1l) and c( i; 1,71,) rcpn~sellt. t.he amplitudes and the 'initial' phases of the terms 

(\, II) ill 'Ihl!" dming t.he cycle' 'i', !I,n(7') is the radial eigenfuction for the mode (l,n) 

a.lld It = (,lMO. 

At. 0 and 't' where t.he intf>l'fel'cuce creates a toroidal flux bundle whose magnetic 

buoya.ncy overcomes its magnetic tension, the flux bundle will emerge above the photo­

sphere. 



(b) The rate of Emergence of Toroidal Flux 

Let Tmax be the maximum time required for any such toroidal flux bundle, after its 

creation, to emerge above the photosphere at all longitudes. Since the large-scale meri­

dional flows in the Sun's radiative core are negligible, the amount of toroidal flux across 

any meridional section of the radiative core must remain constant. Hence, on time 

scales> Tmax , and less than the diffusion time scales, the amount of the toroidal flux 

Q((}, t), emerging above the photosphere per unit time across a latitude interval dO, will 

be given by 

where r = Rbc is the radius of the base of the convective envelope. Hence, for modeling 

the sunspot cycles, the flux emergence rate Qmod(ij 0, t) during any cycle 'i' can be 

written, using Equation (2.9), as 

Qmod(i; 0, t) = I: I: b(i; l, n)gl,n(Rbc) x 27rnl-,*PI(/-t)cos[27rnv*t + €(ij i, n)], (2.10) 
{I} {n} 

where 

(c) /lrlntioHs between the LF 7'er'ms in 'Q' and Those in 'Brp 

l<~ql\ati()11 (2.10) call be rewritten as 

WhNC 

alld 

Qmod(i;O,t).= I::Lq(i;l,n) x P1(/-t)cos[27rnv*t + a(i;l,n)], 
{I} {tI} 

cr(ij I, n) = f(ij I, n) + 7r /2. 

(2.11a) 

(2.11b) 

It. follows t.hat according to this model, (i) the sets of terms {I} and {n} of appre­

riahl£' amplitudc's in t.he 1,1<' spectr11m of Btl> will be same as those ohtained through the 

LF allalysis of '(2', but (ii) owing to the factor 91,n in Equation (2.110,), the ratios of 

amplit.udes ('b's) of different LF terms in 'Brp' may not be same as t.hose of the amp­

litu<i<'s ('q's) of the corresponding terms in '(J', and (iii) the temporal variations and 

relat.ive' differences in the phases of LF terms in B,p will be same as those in the phases 

of t.he conE'sponding terms in Q(O, t). 



(d) The Torsional MHD Nature of the Oscillations 

The only observed la.rge-scale flows that can, in principle, create toroidal fields are the 

'torsional waves' of 'll-yr' periodicity (LaBonte & Howard 1982a), or '22-yr' periodicity 

(Javaraiah & Gokhale 1995; Javaraiah & Komm 1998; Javaraiah 1998; see Chapters III 

and VI) detected in the photospheric rotation. Rotational perturbations on time scales 

of years seem to exist even in the solar interior (Dziembowski & Goode 1991). In the 

presence of even a very weak but sufficiently long-lived poloidal field with I = 1 and 

3 (e.g., Mestel & Weiss 1987; Spruit 1990; Gokhale & Hiremath 1992; Hiremath 1995; 

Hiremath & Gokhale 1995), such perturbations would constitute torsional MHD waves. 

Thus, if the LF terms in 'B¢' represent global oscillations/waves, then these must 

be 'torsional' MIlD in nature. 

2.8.3. METHOD TO MODEL THE 'SHAPES' AND 'SIZES' OF THE INDIVIDUAL SUNSPOT 

CYCLES BY RECOMBINING ANY PRESCRIBED SET {l, n} OF LF TERMS IN 'Q' 

It follows from Equation (2.8) that the sunspot occurrence probability per latitude 

inte1'val of unit photospheric area per unit time, at colatitude 'B', at time 't', will be 

given by 

Pmod(B, t) =1 Qmod(fJ, t) 1 . (2.12) 

Hencf', in a model comhining a prescribed set {l, n} of LF terms the sunspot occurrence 

probability, fJmod, at the central epoch 'iijk' of the kth 'month' in the jth year of the ith 

cyci<' call he wri t.t<'11 as 

1350 

Pmod {l}, {n}; i, j, k) = T { IQmod( i; 6, tjjk)lsinfJdB 
J45 0 

= 27' 1900 
1 E E q( i, I, n )Pt(1-l ),sin[27rnv*tjjk + o:{ i, j, k )llsinBdB. 

450 {I} {Il} 
(2.13) 

lIel"(, the term 'month' means any given 1/12 part of a year and 'T' is its length. 

Tlw limit.s or integration with respect to the colatitude are chosen so as to exclude 

til(' !ow-lc'v<'l flux ronCf'nt.rations outside the SI\JlSpot ZOIlf' which are not strong enough 

t.o h(' seell as SIlIlSP0t. activity (sef' Section 2.6), and the symmetry of the integrand is 

IIS(,<\ ror cha.nging t.he limits or the integral 

The a.nllual measure of the sunspot occurrence probability is 

12 

,Smod( {I}, n, i,j) = L Pmod( {l}, {n}j i,j, k). (2.14) 
k=1 

The va.riation of Smod( {l}, {n}; i, j) with 'j' gives the 'reconstructed shape' of the 

SUllspot cycle Ii' for a givf'n choice of {l} and {11}. 



The 'size' of the cycle Ii' in the reconstructed model will then be given by 

Smod({l},{n},i) = L8mod({l};{n},i,j). 
j 

(2.15) 

2.8.4. IDENTIFICATION OF THE SET OF SIGNIFICANT LF TERMS IN 'Q' THAT AC· 

COUNT FOR MOST OF THE OBSERVED SUNSPOT ACTIVITY 

According to Parceval's theorem, the size Smod(i) of a sunspot cycle Ii' in the recombin­

ation model must be proportional to the total LF power in the set [{I}, {n}] of terms 

taken in Equation (2.13). Thus 

P(i;{l,n}) = L [q(i;l,n)]2. 
{l},{n} 

Starting from a set of lowest land n, the correlation between P(i; {l,n}) and the 

observed size of the cycle i, viz., Sobs(i), first increases with inclusion of terms with 

higher and higher I and n. a stage comes when the correlation starts dropping down 

due to la.rger relative errors in the amplitudes of the higher terms. From the maximum 

correlation we have identified {l = 1, 3, ... ,13; n = 1, 3, 5} as the set of LF terms 

in 'Q' which are significant in modeling by recombination of LF terms. The high 

('" 99.98%) correlation assures that the significant set is adequate to account for most 

of the observed sunspot activity. 

2.8.5. COMPARISON BETWEEN THE MODELED AND THE OBSERVED 'SHAPES' 

For ('(1.('11 eyrl(' Ii' w<' h,w(' mod(·\('d t.he 'shap<,' smod(i) with various choices of {l} in the 

ra.ng(' 1 to l:J and {7/.} in the range 1, 3, 5. This must be compared with the 'observed 

shape'. 

For dct('rlllinillg the 'shape' of a cycle Ii' we take the sum 8 obs(i,j) of the life-spans 

(in days) of all thf> spot. groups born during the jth year of the cycle Ii' as the measure 

of t.he SUllspot activity during that year. 

For ('(\.('h of s('vera\ choices of the sets {l} and {n}, we have computed the coefficient.s 

01" ("oIT('Ia.t.ioll Iwtw('('11 .'!mod( {l}, {n}j i,j) and sobs(i,j) during each cycle Ii'. We have 

also cOJllput.(·d jJl<' correlation between S'mod({l}, {n},i) and S'obs(i) for i = 1 to 9. The 

n'su\t,H aI'(' given ill the lI('xt two subsections. 

importance of The TC1"1ns with n = 1, 3, 5 

We have foulld tha.t dlll'ing each cycle Ii' the correlation hetwf>en the modeled 'sha.pe' 

.'l7llorl( {L}, {7/.}j i,.i) a.nd t.he ohscrwd 'shape' .sob .• (i,j), for j = 1 t.o 11, is > 80% for any 

choice or {l} ill th(' range l = 1 to I:J with 11. = I. As expectf'd from t.he asymmetries 
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of the sunspot cycles (Bracewell 1988), inclusion of corresponding terms with n = 3 

increases the correlations substantially (e.g., by > 4%). Still further improvement by 
inclusion of higher terms (n > 7) will be negligible since their amplitudes are quite 

small. Thus, terms of I = 1, .... ,13 and n = 1, 3 (or n = 1, 3, 5), are adequate for 
modeling the shapes of the cycles. 

The Optimal Set {I, n} That Give the be,'ll em'relation 

Among the high correlations given by the different choices of {l, n} with 1 in the range 

1 = 1, ... ,13, and n = 1, 3, the subset {I = 3; n = 1, 3} or {l = 3, 5; n = 1, 3} gives 
the highest correlation ('" 0.97%) between Smod and Sobs during each of the nine cycles. 

The latter subset gives the highest average correlation between the observed and the 
modeled shapes over the whole sequence of the nine cycles (see Figure 2.4). However, 

the differences between the correlations given by the two subsets seem too small to be 

significant (see Table 2.4). 

Hence, during every cycle the shape consisting of the eleven observed points (ten 

relative values) can be equally well reproduced by specifying only four parameters, viz., 

the amplitudes and phases of {l = 3; n = 1, 3}. 

1.0 

~ > 0.8 
t-
5:l 0.6 
t­
O a. 0.4 
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z 
:::l 0.2 
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1880 1900 1920 1940 1960 1980 
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Figure> 2.'1. Variation of sob.,(i,j) (dashed curve), and that of smod(i,j) (continuous curve), bot.h 

norlllali:wd t.o t.heir values ill 195R, during SUllsPOt. cycles i = 12 to 20. For each cycle the model uses 

lUllplit.lIdr>s and phases ofollly {I = 3, 5; n = 1, 3}. Agreement from the model using' 

{t = :J; 1/. = I, :1} only will be allllostequally good (see Section 2.8.5). 

38 



Ta.ble 2.4: The coefficients of correlations between the observed 'sbA.pes' of the cycle (Wa.ldmeier 

number) i = 12,13, ... ,20, a.nd those reconstructed using sets {l = 3, n = 1, 3} a.nd 

{I = 3, 5; n = 1, 3}. 

Cycle No. {1=3; n=1, 3} {l = 3, 5; n = 1, 3} 

]2 (1879-1889) 0.973 0.980 

13 (] 890-1901) 0.984 0.983 

14 (1902-]912) 0.968 0.976 

15 (1913-1922) 0.959 0.959 

16 (1923-1933) 0.968 0.981 

17 (1934-1943) 0.966 0.973 

18 (1944-1953) 0.983 0.979 

19 (1954-1964) 0.993 0.991 

20 (1965-1976) 0.939 0.954 

Average 0.970 0.975 

2.9. The Stationary Oscillations 

2.9.1. IIIGII MUTUAL CORRELATIONS BETWEEN THE AMPLITUDES AND PHASES OF 

TERMS WITH DIFFERENT I BUT SAME n 

The high correlations between the modeled and the observed shapes for subset {I} = 
{I, 3, .'" 13} noted in Section 2.8 .. 5 suggest the presence of high mutual correlations 

among t.he amplitudf's and phases of the LF terms in this range of I for each n. Such 

high Illlltua.1 ('oITC'Ia.tiolU-l a.re ill<lf'f'd s('cn in Figures 2.5 and 2.6 showing, for 11 = 1, t,hf' 

variatiolls ill amplitudes q(l, n) and phases 0(1, n) respectively, determined from ll-yr 

intf'rvais slIcccRsiV<'iy displaced by 1 yr. 

2.!L2. F,XISTENCE OF HESONANT AND APPROXIMATELY STATIONARY GLOBAL OS­

CILLATIONS IN H", 

In vif'w or Eqlla.tiOJl (2.11b), thf' phase variations in Figures 2.6 and 2.7 can be COIl­

side'red a.lso as the' va.riations in the phases f( l, n) of LF terms in B<p' 

Fmtl)('r, we seC' in Figures 2.6 and 2.7 that the terms l = 1,3, ... , 15, n = 1,3 form 

rOIll" RC'para,t,e' grollpR (l = I, :1,!l, 7; n = I), (I = 9,11,13, l!l; n = 1), (l = 1,3,5,7; 

11 = :1), and (l = 9, 11, I:J, l!l; 11 = 3), Ruch that terms within each group ~ ±180°, 

alld a certaill COllllllon df'grce of 'phase constancy'. 

lIence, thE:' f'xprf.'RRion on t.he right-hand side of Equation (2.9) can be written as 

rol1l' SIIIllS, ('a('h collecting t.he terms in each group, and representing a stat.ionary global 
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Figure 2.7a--I>. Tcmporal variat.ion of t.he phases a(l, n) or c(l, 11), of the t.hird harmonic (n = 3) 
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+, =",0, and 6. repres(,lIt l = 1,3,5 and 7, respect.ively. In (b) they represent I = 9, 11, 13, and 

15, respectively. 
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oscillation in 'BtI>'. 

Mutual correlations are also seen in the similarly determined variations of the phase 

a(l,n) of the terms of different l for n = 3 shown in Figures 2.7(a) and 2.7(b). 

2.10. A possible Phenomenology for Maintenance of the LF Spectrum and 
Production of Activity 

Here I present a phenomenology which we conjectured for understanding the above 

results. 

2.10.1. POSSIBILITY OF EXISTENCE OF CASCADE OF ENERGY IN THE LF SPECTRUM 

In the Sun, the density falls rapidly near the photosphere. The intensity of the back­

ground field may not vary much (e.g., Gokhale & Hiremath 1993). Hence, jf torsional 

MHD waves are excited inside the Sun, their phase speed would increase rapidly as 

they approach the photosphere traveling along the field lines. Therefore the waves will 

be trapped inside the sun by total internal reflections at the photosphere. In general the 

angles of incidence will be non-zero, and hence the reflected waves will have different 

values of I than the incident waves. This transfer of energy will continue during suc­

cessive reflections provided there is a continued supply of energy at the original 'I'. In 

the whole process, appreciable energy will be stored only in the normal modes of global 

oscillations (for which higher l corresponds to higher v). Since the dissipation occurs 

at high l and v, the overall transfer of energy will constitute a cascade from modes of 

10w('1" I, // to those of higher l, v. 

2.10.2. EVIDENCE FOIt EXISTENCE OF CASCADE OF ENERGY IN TilE LF SPECTItUM 

There are high correlations among the phases (and also among the amplitudes) of LF 

t.erms of low and high values of I (Section 2.9.1) and among the terms of low and high 

valu('s of 11. (Gokhale &. Javaraiah 19HOb). 

If W(' ('xamin(' Figure 2.6 can'fully, we find iHcremenis and dec1'ements of the initial 

ph(UH'.'l of terms in 7/. = 1 oeeming during intervals of lengths", 7 yr and"" 4-5 yr. These 

varia.t.iOlls illlply dfrdt'rniioHs and accdemtions, respectively, in the phase speeds of the 

wa.ver-; of t.he frequellcy //. Oil t.ime scales corresponding to 3v. and 5v •. Accelerations 

aJJ(1 de('elf'rat.iolls ill t.he phasp speeds of the terms in v = 3v. in Fignre 2.7 are also seen 

to OCCIII' durillg (·xa.ctly t.he samc intervals of time. Thus, the correlations which f'xist 

for ('ach I ill t.hc pha.Rf' variat.iOfHI of the lower and the higher n (e.g., "" 85-90% betwef'n 

n = 1 anel :J; Gokha.l<' & .Ia.va-ra.iah 19HOb), seem to bf' due to thf' simult.aneolls phasf' 

acedera.t.iolls ami phaSE' elf'edf'rations of the waves of the lower and the higher n. So, 

t.ll(' pha.se' va.riatiolls ill Figl1l'E's 2.6 and 2.7 indicate transfer of energy from LF terms 
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of 31.1* and 5v •. 

Similarly the mutual correlations between the amplitudes and phases of LF terms 

of different l, and same n, imply transfer of energy from waves of lower 'l' to those of 

higher l, wi th the same v. 

Whenever the flux bundles formed by interference of MHD waves emerge above 

the photosphere by the process envisaged in Section 2.8.2, they will be seen as 'surface 

fields'. The dissipation of the emerged flux bundles in the atmosphere will produce 

'activity' of various types on various scales. 

The 'toroidal flux bundles' given by interference of the waves with non-random 

phase variations will be regularly distributed in latitude and time. Thus the modes with 

v = v*, 3v*, and 5v., would yield the observed 'photospheric fields' and 'activity' that 

are distributed regularly in latitudes and in time, viz., (i) sunspot activity distributed 

in 'butterfly diagrams', (ii) 'weak' fields appearing to migrate towards the poles, and 

(iii) the 'reversing' polar fields. (This is already shown, up to the terms in v* alone, for 

1 = 1 to 13 by Stenflo (1988), and for 1 = 1 to 29 by us in Section 2.6.) 

Since the waves with n > 5 have random phases (Section 2.10.3), the flux tubes 

formed by their interference may be producing the small-scale fields and activity dis­

tributed randomly on the surface, and in time (may be , e.g., 'bright points' in X-ray 

and EUV emissions). 

The emergence of flux tubes as in Section 2.8.2 implies sudden removal of energy, 

viz., the magnetic energy of the flux tubes, from the interfering waves. Since this occurs 

on time scales (T max : Section 2.8.2) much shorter than the wave periods, this would 

lead to 'shifts' in the phases of the respective terms in the LF spectrum. 

We have determined the cycle-to-cycle 'shifts' in the phase, fin, from changes in 

0'1711 using Equation (2.11 b). These are < 30° for n = 1, '" 300 - 90° for n = 3, and 
90° - 1200 for 12 = 5. For n > 5 the phase changes are> 1200 and hence, essentially 

randoIll. 

For each LF terms, the observed cycle-to-cycle phase change will be the net result 

of t.he energy received fwm terms of lower I, n., energy contributed to the emerging flux 

t.uh('s, and eIlergy passed on to t.he terms of higher I, n. 

The fon'going discussion suggest.s that. the LF spectrum of the global oscillations 

is a llE't result of (i) input. of ell<.'rgy a.t some low I, 1/, (ii) casca.de of energy from lower 

l, 1/ to lligher I, 1/, and (iii) intermittent removal of energy from the waves in the form 

of toroidal flux tubes formed by interference. 
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The dominant LF Terms in the Basically Excited Oscillation and the Approximate 

Balance Between Inputs and Outputs of Energy 

In Figure 2.5 we also se-e that the am plitudes q( l, n) for n = 1 and I = 1-13 determined 

from 11-yr long time intervals successively displaced by 1 yr show high correlations with 

the measure of sunspot activity, S, during those intervals. Actually, these correlations 

are expected fl'OIn the definition of q( L, n). However, among these, the best correlation 

is given by amplitudes of 1= 3 and 5 not by the largest two amplitudes in 'Q', viz., of 

I = 5 and 7 (see Figure 2.1). Thus, the energy in {l = 3, 5; n = I} seems to control 

the variation of the amount of sunspot activity even on time scales '2: 11 yr. This, along 

with the result of 2.10.3, shows that {l = 3, 5; n = I} may he the dominant terms in 

the basically excited waves. 

The same correlation also suggests that on time scales> 11 yr there may be a fairly 

good balance between the rate of energy input into (l = 3, 5; n = 1) and that of energy 

disposal through sunspot activity. [Evidence for the Associated 'Torsion' : It may be 

noted that the terms {l = 3, 5; n = I} belong to the mode {l = 1, 3, 5, 7; n = I} in 

Br/I which corresponds to {L = 2, 4, 6; n = I} in the rotational angular velocity (Le., 

the 'torsional oscillation' of '22-yr periodicity'). In the analysis of surface rotation the 

presence of such an oscillation is indicated by that of 22-yr periodicity in the coefficient 

of sin20 (Javaraiah & Ookhale 1995, see Chapters III and VI).] 

2.10.:1. VERIFICATION OF THE PHENOMENOLOGY 

CorreLation Expected between the 'Cycle Size' and the 'Phase-Changes' 

Since the changes in the phases of L F terms with n = 1 and 3 are not large (see 

Section 2.10.3), these phase changes can serve as measures of the net effect of thE" 

gains and losses of energy by these terms. Hence, according to the foregoing model of 

energy cascade and production of activity (Sections 2.10.2 and 2.10.3), the following 

correlations should exist .. 

7'e.<;f 1: the size of a. sunspot cycle should be proportional to the amount of energy 

by a.1I those wa.ves whose interference creates the sunspot activity during that cycle. 

1I('lIce, S'obs(i) should be correlated to the phase changes of the corresponding LF terms 

from cycle 'i - l' to eyriE" 'i'. 

J'c.<d 2: also, t.1lf' rhallge in thE" cyelE" size from one cycle to t.he next cyclE" should 

he ronda-ted to th(' pha.se shifts of the terms reprpsf'nting those waves of n = 1 into 

whic.h the energy is input during some earlier cycles. 
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Verification of the 'Test l' 

For verifying Test 1 we have determined the coefficients of correlations of Sobs(i) with 

the sums of the changes Llq,n(i -1, i) in the phases of the terms (l, n), taken in different 

combinations, during the cycle 'i - l' to those during the 'i'. 

We find the correlations between 

Sobs(i) and E Llfs,n(i - 1, i) equal to 90%, 
n=1,3,5 

Sobs(i) and E Llf/,5(i - 1, i) equal to 94%, 
1=1,3,5,7 

where the combination given in the summation is the one that gives the maximum 

correlation (of the value given). 

Thus, we find: (a) the size of a sunspot cycle is highly correlated to the energy lost 

by a set of waves during the current cycle, and (b) the maximum correlation is with the 

energy lost by the wave corresponding to the term l = 5 through n = 1, 3, 5, and also 

to the energy lost by the waves corresponding to the terms I = 1,3, 5, 7 through n = 5. 

Ve7'ification of the 'Test 2' 

For verifying Test 2 and identifying the terms of the fundamental frequency in which 

the energy is input, we have determined the correlations between the changes in the 

cycle size: 

~Sobs(i - 1, i) = Sobs(i) - Sobs(i - 1) 

a1ld t.he SIIIlIS of phase shifts, in combination of terms with n = 1, occuring between the 

previous one or two cycles. 

III t.he not.a.t.ioll used ('arlier, t.he maximullI correlations are: 

LlSohs(i - 1, i) and ~(5,di - 1, i) : 87% 

and 

LlS'obs(i - 1, i) and ~(11,1(i - 2, i-I) : 90%. 

Thlls th(' change in the cycle size froIll 'i - l' to Ii' is well correlated with the 

alllOllllLs of ('II(~rgy ill plI t into the wa.ves of frequency v", during the cycles 'i - 2', 'i - 1', 

and the maxi IllUIlI correlat.ions cUP with enprgy inputs into: (a) the wave [l = 5, n = 1] 

tIming eit.hf'r 'i -1' or cycle Ii', (h) the wave [l = 11, n = 1] during the cycles 'i - 2' 

and 'i - 1'. [Nolf; the above correlat.ions imply that the time lapse between the input 

of energy aJld its loss through interferellce is longer for I = 11 than for l = ,~5. This 

means tha.t the phase difference bf'tween I = 5 and I = 11 seen in Figure 2.7 should not 

1)(' COilS ideJ'C'cI a~ lag of 21011 for I = 11 ra.thpJ' t.han a Ipael of 1200 • Th if'! is to p()int out. 
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that the result '(b)' need not be interpreted as energy-input in I = 11 occuring earlier 

than in l = 5.] 

Scope /01' F07'eeasting the 'Cycle Size' 

In Figure 2.8 we compare the observed cycle sizes Sobs with those 'predicted' using the 

second correlation. It is clear that such a forecast can be satisfactory. 

200 I I 
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50 - lIE -
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Cycle Number(i) 

Figure 2.8. The observed cycle sizes Sobs(i), represented by '+' a.nd those 'predicted' {'*'} on the 

basis of the 90% correlation of Sob,,(i) to dCll,l(i - 2, i-I) (see Section 2.10.3). 
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2.11. Conclusions and Discussion 

Conclusions: 

The refined analysis of the SUIl'S magnetic fidd 'i1lfcncd' from th~ sunspot data, we 

draw the following conclusions (interpretations of the results): 

(1) This study confirm the earlier result (Gokhale & J avaraiah 1990a; Gokhale et 

al. 1990) that the sunspot data can be used to study, even quantitatively, the global 

behaviour of the solar magnetic field during several cycles before the beginning of the 

regular magnetogram observations, at least on large scales. 

(2) There is no convincing evidence for existence of any relation between the frequency 

(II) and the degree (l) of either odd or even degree axisymmetric modes, whatever be 

the physical nature of the modes. 

(3) The narrow band widths of the ridges at v.,., 311., 5v.,., etc. in Figure 2.1{a) provide 

the following clues for the theoretical modeling. One .possibility is that the internal 

thermal and magnetic field of the Sun are so structured that the frequencies of all the 

admissible modes lie in band widths'"'" Vo around II. ('" 1/21.4 yr- 1), 311., 511., ... ,etc. 

The other, simpler interpretation of Figure 2.I{a) is that the basic oscillations may be 

'forced' (e.g., through boundary conditions imposed on the 'dynamo' by some 'clock' 

in the deep solar interior as suggested by Dicke 1979). The approximate constancy of 

the band width of the 'ridges' at v., 3v.,., etc. in Figure 2.1(a) suggests that the band 

width of the 'forcing frequency' is much less than 110, i.e., « 1/107 yr- 1 (<< 0.3 nHz), 

if the high frequencies are harmonics of II. and not independent forcing frequencies. 

(4) The modes in the 'main power ridge' of the SHF spectrum of the Sun's magnetic 

field a.s inferred from sunspot data constitute at least four independent distinct coherent 

global oscillations 8 1 .... 8 4 • Superposition of all the four modes, B1 .... 8 4, is neceB.9ary 

and sujfident to reproduce important observed properties of the latitude-time distri­

bution of the real solar magnetic field, not only in the 'sunspot zone' (from where the 

data comes), bllt also in the middle (350 - 75°) and the high (~ 75°) latitudes, with 

appropriate relative orders of magnitudes and phases (Section 2.6). Thus, Bl .... B4 seem 

to represent really existing global oscilla.tions in the Sun's magnetic field. 

(5) As an interpretation of the re-suIts of analysis in Sections 2.8, 2.9, and 2.10.1-2.10.2 

we have snggest('d in Sections 2.10.3 a.nd 2.10.4 the following phenomenological model 

for production of StlIH;pot activity and maintenance of the' approximately steady' LF 

spectrum of the global MHD waves. 

(i) The primary input of fresh energy into an existing spectrum of torsional MHO 

waves occurs mainly at l = 3, 5; v = II. (by some unidentified forcing process), 
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(ii) This energy cascades to the waves of higher spatial and temporal frequencies, 

maintaining the oscillations desc,ribed in Section 2.9.2, and the waves of higher l, n 

(presumably due to reflections of the waves at the boundaries such as the photosphere 

and the base of the convective envelope). 

(iii) The cascading energy keeps on leaking out intermittently in the form of crit­

ical buoyant toroidal flux bundles (created by superposition of waves) whose emergence 

produces surface fields and activity on various scales (e.g., sunspot activity from in­

terference of waves represented by {l = 1, 3, ... , 13; 1.1 = 1, 3, 5}, and 'non-sunspot 

activity' at higher land n). 

(iv) 'Inferred rate' does yield relative amplitudes and phases for LF terms, at 

least up to = 13 (Section 2.7), similar to those derived from the directly 'observed' 

poloidal flux distribution at the photosphere (Stenflo & Vogel 1986; Stenflo 1988). This 

is expected from model in Section 2.10 if, on the time scales and length scales of the 

model, the 'instantaneously' observed photospheric poloidal field at (9, t) is proportional 

to Q(O, t), the 'rate of emergence of the toroidal flux per unit latitude interval per unit 

time'. 

Discussion: 

Section 2.8.5 presents one pOl'lsible model of sunspot cycle as arising from super­

position of the LF terms in t.he 'rate of emergence of toroidal magnetic field', not only 

qualitatively in terms of the latitude-time distribution, but also quantitativt"ly in terms 

of t.he shapes and sizes of the successive sunspot cycles. 

II ere the rate of ern('rgC':llce of magnetic field is not directly measured but is inferred 

from the SUllspot data itself. lIowever, Conclusion (4) shows that tbe phenomenological 

model in Section 2.10 is not based on a trivial consequence of the forward and the 

backward LF transforms. 

This hrings us back to the questions: (a) wha.t is the physical nature of these 

waves and oscillations?, (b) what kind of steady field in the Sun's interior can sustain 

such oscillations? 

The' a,lIsw('rs to UJ('Sf.' questions can hardly be expected purely from a data. ana.­

lysis. llow('VCI', for t.he sa.ke' of cOl11plet~ness of the model, on the grounds given ill 
S(~ctio()s 2.8.2 ami 2.10.-1 it is expected t.hat the LF terms in '8,/ represent the toroidal 

magnetic component or Ule 't.orsional MilD oscillations'. As for the question (b). we 

note that in a. recent model of the 'st.eady' part of the Sun's intel'l1al poloidal field, 'the 

Iwst. fit' fo\' its iso-mfa/ion witll the helio-seismologicaIly determined internal rotation 

of the Sun is given by terms only lip to I = 3 (Gokhale & Hiremath 1993; Hil'emath 

L995; Hirema.t.h & Uokha.le U)B5). This IIlodel of the 'steady' field is constrained to an 
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asymptotically uniform finite field at large distance. The alfven travel time along all 

field lines is nearly same so that the model can provide the necessary 'steady frame­

work' for the oscillations. The strength of this 'steady' field (required for the '22-yr' 

periodicity of the torsional MHO oscillation) is '" 10- 2 G, which would not be detect­

able in the presence of the periodically reversing surface fields produced by emergence 

of toroidal flux tubes (2.10.3 to 2.10.3). Hence, the presence of the necessary 'steady' 

background field of primordial origin, is not ruled out. 

It is also shown in Hiremath (1995) that the 'residuals' of the fit indicate the pres­

ence of deviation from isorotation ( i.e., time-dependent perturbations) with l = 5 as 

the dominant term and with a time scale in the range 1-100 yr. These properties of the 

'deviation from isorotation' are in agreement with the present analysis and interpreta­

tion. 

The phenomenological model in Section 2.10.3 describes a possible way in which 

toroidal magnetic flux tubes could be pro~uced. The time scales of their rise to the 

surface are assumed to be smaller than the smallest (f"ooJ 1 yr) resolution used in modeling 

the 'shapes' of the cycles. This is in accordance with computations by Choudhury & 
D'Silva (1990) for radial travel of flux tubes and with the observational estimate of 

Howard & LaBonte (1981), and the rising rates of sunspot magnetic structures estimated 

by us (Chapter V). However, a detailed rnathematical modeling of torsional MHD waves 

(e.g., in a steady' field snch as in the model mentioned above), and their interference, 

will be necessary for (i) ascertaining the reality of the phenomenology developed in 

this study and for (ii) exploring the possibility of sound predictions of the 'shapes' and 

'sizes' of futllre sunspot cycles. It will be important to model the emergence of the 

toroidal flux bundles, especially the separation of their identities from the ambient field 

and their distribution in longitude. 

The phenornenologi('al model of the energy cascade indicates that the overall sun­

spot cycle phenomenon resembles a 'relaxation oscillation' (mentioned by Bracewell, 

1988). Here the 'negat.ive damping' corresponds to the energy input into the waves 

of 1/ = v .. and the 'positive damping' to the loss of energy in the form of flux tubes 

leaving the main body of the Sun and dissipating in the atmosphere. Therefore, the 

most importa.nt task will be to model the process that perpetually excites the waves at 

II = /1 ... 

At present the OJlly mechanism of perpetual excitation at frequencies near II .. which 

we can think of is a. resonance coupling to the Sun's motion about the center of mass 

of the solar systel1l. These torques will derend upon the orbita.l motions of the planets, 

whose configurations are known to have some dominant periodicities common to sun­

spot acti vity (e.g., review by Seymure et al. 1992) and to the solar differential rotation 

(see ella.pter IV). However, the energetics of such a mechanism need to be worked out. 
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APPENDIX 2A. 

2A.l Formulae for SHF components 

The harmonic components Hcc(l, 'In, n, \Tt, T2 ), Hcs(l, m, n, \1'1, T2 ), Hsc(l, m, n, \Tll T2 ), 

H88(l, m, n, \Tll T2 ) in the expansion 

p(Il,c/>,T) = E Hcx(l,m,tJrbn) x Pt(IL)~i~(rn4»~i!(271"nT) 
O',l,m,n 

(2A.l ) 

during the interval (TI' T2 ) are gi ven by 

11 1211" 1+1 
= C(l,m, n) dr d¢> dJtp(O, </J, r) x Pt(Il)~i~(mcP)~i!(271"nT) 

o 0 -I 
(2A.2) 

= C(l, 111., n) "'" nm( )c,?S( ,+.)c'?'(2 ) N ~ rl P,m m'fJ BIn nnT, . 
I 

(.2A.3) 

where a is a symbol representing the subscript ICC', 'cs' 'sc' or '88', depending upon the 

combination of the cosines or sines of (rn¢) and (271'nT) in the respective term, and 

with 

C(l ) _ ,,(l - m)!(21 + 1) 
,tl1.,n - 1\ (I )' + m .71' 

A= 
1 
! 

i 
" 

for m i- 0 n i- 0, 
if rn = 0 or n = 0, 
if m = 0 and n= 0 

2A.2. Determination of Amplitudes and Phases 

2A.2.1. REFERHED TO t = 7'\ AS ZERO EPOCH 

Thf' Cl.nlplitu<if's Ac (l,m,11.) a.nd A,(l,m,n) of the modes 

Pt(co.~())cos(m<p)e27rinT a.nd P/n(co."O)sin(m¢)e27rinT during (TI' T2 ) are given by 

11,.(/,111, 'II) = [11:'.(1,111,11) + //;8 (i, 71/., n)]1/2, 

As(l, m, n) = [If;c(l, Tn, n) + H;s(l, m., n)p/2. 

We also dc-rille the 1'I11S amplitude of prU.l) term as 

.10 

(2A.4) 



For m = 0 : A(l, m, n) = Ac(l,m, n). 

By phases 'Pc(l,m,n) and <p,(l,m,n) of the above modes during (Tt , T2 ) 'referred 
to t = Tl as the zero epoch' we mean the values of f.{J in their time dependence expressed 

as 

sin[211"v(t - Td + cp], where v = n/(1'1 - 1'2). 

These phases are gi ven by 

cpc(l,m,n) = tan-l[Hcc(l,m,n)/Hcs(i,m,n)] +0 or 'IT" 

and 

'1',([, m, n) = tan-l [II,c(l, m, n)/ Hs,(l, m, n)] + 0 or 11", 

where 0 or n is chosen to ensure the correct signs for the sine and cosines .. 

(2A.5) 

For axisymmetric (m = 0) modes f.{J, and the symbol 'Pc will be replaced by cpo 

2A.2.2. AMPLITUDES AND PHASES REFERRED TO OTHER ZERO EPOCHS 

It can be shown that the above formulae also give the amplitudes and phases referred 

to any epochs To other than Tt as zero epoch if in equation (2A.3) one takes 

T = (t - 7'0)/(1"2 - Td instead of (t - T1)/(T2 - Td. 

In such a shift of zero epoch, the amplitudes remain invariant and the phases shift 

by 2'1T"v(TI - To )/(12 - I'd. 
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Chapter III 

PERIODICITIES IN THE SUN'S SUIlFACE ROTATION 

S.l. Introduction 

In the previous chapter, we showed that the Legendre-Fourier analysis of the Sun's in­

ferred magnetic field from sunspot data during 1874-1976 strongly suggests that the 

solar activity may be originating in the interference of Sun's global magnetic oscillations 

with frequencies", 1/21.4 yr- 1 and a few odd harmonics of it. If these oscillations are 

torsional magnetohydrodynamic (MHD) in nature then the solar rotation also should 

have oscillations with aforementioned frequencies. In this chapter we discuss the peri­

odicities in Sun's rotation (.lavaraiah & Gokhale 1995; Javaraiah & Komm 1999). 

Attempts were made in the past by a number of authors to investigate variations 

of solar surface rotation by different ways and using different data. The solar cycle 

dependence of the differential rotation (B) was discovered by Balthasar & Wohl (1980). 

Balthasar & Wohl analyzed the Greenwich data during 1940-1968 and found that the 

equatoria.l rota.tion (A) is faster during the sunspot minima than during the maxima. 

A simila.r pattf'rtl of variation was found by a number of authors using different sets of 

data on sunspots (Arevalo e't al. 1982; Lustig 1983; Gilman & Howard 1984; Balthasar 

et a1. 1986; Kambry & Nishikawa 1990). 'ruominen & Kyrolainen (1981) found in the 

variation of A, a significant dip from cycle 13 to cycle 14. Gilman & Howard (1984) 

noticed a cycle-to-cycle difference in the yearly values of the residual rota.tion rates of 

sunspots. Lustig (198:l) a.nd Balthasa.r et al. (1986) found that there were no systema.tic 

variations in the yearly values either of A or of B. Kambry & Nishikawa (1990) found 

that the smaller the amplitude of the solar cycle, the larger is the value of A. Yoshimura 

&. Kamhry (1993) found a mOllotonic increase in the value of A from cycle 17 to cycle 20. 

Pa.terno et al. (1991) analY7-ed Greenwich data on spot groups of age ~ 3 da.ys during 

tite> yC'ars 1874---1976 and ohtai ned 16.1-yr and 6.2-yr periodicities in A. l(omm (1995) 

calculat.ed t.he Hurst. f'XpOT1f'llt for daily A, fl, and C coefficients dedl\ced from t-.H.. 
Wilson velocity dat.a durillg l!)(i7- HJ92 and noticed pf'rsistent behavior in the temporal 

variatioJls of the solar rotation rat.f' on time scales from 20 days to 11 yr. 

LaBoIlt(~ l\: Howard (I \)82(1) ana Iyzed l\l 1.. Wilsoll \'eloc ity data dtll'ing 1967-1980 

anel fOltrld that thp rat.ios 13(1 and C / A of the differential rotation coefficients A, B 

a.ud C va.ry with the phaM' of the Rolar cycle'. LaBonte & Howard called these solar 

cycle variations of B/A and CjA as 't.orsional oscillations' of period ll-yea.r and wave 

number 1 hemisphf>l'e'-l. Thf"Y used the ratios B/ A and C fA instea.d of Band C 
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to avoid systematic ('frects in the M t. Wilsoll velocity data. The so-called 'torsional 

oscillation', discovered by Howard & LaBonte (1980) consists of alternating bands of 

faster (or slower) than average rotation moving from high latitudes towards the equator 

in '" 22-yr time. Howard & LaBonte (1983) also noticed a trend of '" ll-yr cyclic 

variation of north --south asymmetry in the solar equatorial rotation rate A, determined 

from the data in the two hemispheres. They called this a 'torsional oscillation' of 

period rv H-yr and wave number 0.5 hemisphere-to Snodgrass & Howard (1985), 

using Mt. Wilson magnetograms (1967--1983), Ulrich et al. (1988) using Mt. Wilson 

Doppler measurements (1967-1987) and Komm et al. (1993a) using NSO Kitt Peak 

magnetograms (1975-1991), confirmed the existence of a torsional oscillation pattern. 

It has been claimed that the torsional pattern is present in sunspot motions (Godoli 

& Mazzucconi 1982; Tuominen et al. (1983) although in both cases the result is margin­

ally significant, judging from the errors. Tuominen et al. (1983) analyzed longitudinal 

and latitudinal motions of recurrent sunspot groups using Greenwich data daring 1874-

1976. Although their time resolution was course, they found some evidence for the U-yr 

osciJlation in the sunspot zones with an amplitude of a few m S-1. Gilman & Howard 

(1984) and Balthasar et a1. (1986) observed faster and slower bands, but with no 

clear migratory character. Ternullo (1990) discovered evidence of equatorward moving 

bands of torsional oscillation through a very careful study of the sunspot drawings made 

during cycle 21 at Catania Astrophysical Observatory. Ternullo used only the da.ta of 

old spot groups, i.e., for each spot group only the data collected from the 4th day 

of observation until the last observation available have been taken into account. Re­
cently, Meunier et al. (1997) analyzed the rotation of photospheric faculae obtained at 

M~udoll throllghout cydp 19 (1954--1961) and fOllnd hands offaster and slower rotation 

rates with an amplit.ude of c\, few metf'rR per s('cond similar to the torsional oscillations. 

Maka.rov et al. (1997) ::;tll<l ied the long-term variations of the differential rotation of the 

solar large-scale maglwtir fidd usillg synoptic Ho maps in the latitude zone from +4.50 

to -450 in the pf>riod of 1915--1990. In each solar cycle, they find a band of faster or 

slower than averag~ rotation moving froIll high to low latitudes. The slow band roughly 

corresponds to the location of maglletic activity. A long term variation of about 55 

years is also ohsf'rved ill t.he t.orsiona.l oscillation pattern. 

III S<'d.ioll :1.2 of t.his chapt.er, we df~s(Tibe the da.ta sets and the parameterization 

of solar eli frC'I'{'lltia,ll'Ota.t.ioll lIsed ill our st.udi(·s of variations in the differential rotation. 

III Se'rtioll :J.:J, We' show the temporal variatioll of the parameters of differential rotation, 

ami in Sectioll :JA, we <If'rive pel'iodi('ities and their significance levels from Fast Fourier 

Trallsform (FFT) power RpectrllTl1 a.nalYRis. In Section 3 .. 5 we confirm the periodicities 

of the order of sola.r cycle period by binning the sunspot group data. into longer than 

1 yr interva.l::; and from analyzing sinmlat.ed time series. In this section we also check 

the effects of latit.ll<iiual distri bution of sunRpot activity and age of the groups. In 



Section 3.6 we compare the results from sunspot and the velocity data.. In Section 3.7.1 

we compare periodicities in differeutial rotation determined from sunspot data with 

those in the solar magnetic cycle. In Section 3.8 we summarize the work and briefly 

discuss the results. 

3.2. Data Analysis 

3.2.1. POLYNOMIAL EXPANSION 

The Sun's differential rotation can be determined from full disc velocity data using the 

'stan.dard' polynomial expa.nsion: 

w(>.) = A + B sin2 A + C sin4 A, (3.1) 

while for sunspot data, it is sufficient to use only the first two terms of the expansion: 

w(>.) = A + B sin2 A, (3.2) 

where w( A) is the solar rotation rate at latitude A, the parameter A represents the equat­

orial or 'mean' rotation rate, Band C measure the latitude gradient of the rotation rate 

with B representing mainly low latitudes and C representing largely higher latitudes. 

As pointed out by several authors (see Snodgrass 1984 and references therein), due 

to the non-orthogonality of the fit functions, the coefficients A, B, and C, have crosstalk 

which affects their t.emporal behavior. Snodgrass & Howard (1985) used the so-called 

Gegenhaller Polynomials as a set of disk-orthogonal fit functions with T?(sin A) = 1, 

Ti( sin A) = 5 sin2 A - 1, and 1~(sin A) = 21 sin4 A - 14sin2 A + 1, which leads to the 

following expa.nsion: 

wP) = A + 8(5 sin2 >. - 1) + 0(21 sin4 A - 14sin2 A + 1). (3.3) 

The ("Of~fficients A, ii, a.nd C are free of crosstalk; A represents the 'rigid body' (or 

'lIIpaIl ') component in the rotation, fJ and C are the components of the differential 

rot.ation. If the polynomial expamlion is terminated at t (or e), the coefficients, A, 8, 
and C, are l"platpd t.o the- standard A, n, a.nd C coefficients as follows: 

A=A+(J/!))JJ+(:J/:J5)C, 13 = (1/5)8+ (2/15)C, C=(1/21)C. (:J.4) 

In t.his case, th(' telllpora.l variation of C is identical to tha.t of C. 

Pi('l"cc & Loprest.o (1984), Snoc\grass (1992), and Kommet al. (1993) used Le­

gendre polynomials as a. set of orthogonal functions and describe the differential rotation 
as follows: 

w(O) = LJI)u + EP2(COS 0) + PP4(COS 0), (:1.5 ) 

54 



where 0 is the co-Ia.titud~> a.ud Po, P2, and P4 arp. Legendre polynomials. lfthe expansion 

is truncated at the third term, the coefficients V, E, and F are related to the coefficients 

A, B, 0 in equation (1) as follows: 

D = A + (1(3)B + (1/5)0, E = (2/3)B + (4/7)0, F = (8/35)0. (3.6) 

Generally, the wand the coefficients of differential rotation (A, B, 0, etc.) are 

expressed in degrees (0) day-lor Jl rad ,9- 1 and w is considered as the sidereal angular 

velocity. The rotation rate is also discussed in terms of km 8-1 or m 8-1 and simply in 

rotation periods. The w is also expressed in rotation frequency and the unit nanohertz 

(nH z) is used whenever comparison is needed with helioseismically determined Sun's 

rotation frequency !1( r). One can easily convert the rotation rate expressed in one 

unit to another unit using the conversion factors in Table 3.1, compiled by Dr. R. W. 

Komm. 

Table 3.1., Conversion Factors (compiled by Dr. R. W. Komm) 

to convert from 

degjday to microrad/sec 

deg/day to m/sec 

dcg/day t.o nanohertz 

t.0 COil vert from 

Syr~li<- to sidereal rotation 

" (Earth's orbital motion) 

multiply by 

0.20201 

140.596 cos(latitude) 

32.150 

add 

0.9856 deS/da.y 

(averaged over 8 year) 

3.2.2. DETERMINATION OF A, Band C FROM Mt. WILSON VELOCITY DATA 

Dr. ll. F. Howard kindly provided us the daily values of the A, B, C coefficients 

(r<'ca.1I Equa.t.ion (:U)) dC'rivpd from Mt.. Wilson velocit.y data for the time period 1967-

199-1. To red uce the i nft UPIlCt> of gaps in t.he daily data, we binned the daily data into 

19-day consewtivf' illtervals (the data during 1967-1968 were not used) which lea.ds 

to time Reries cloRe t.o a power of two in length leading with 497 19-day int.ervals. 

Uowever, eVC'1l aft.PI' rf'-hilllling the data, gaps are found between the 8th and the 13th 

intpl'va.l, a.nd bpt.we'('11 the' 17Gt.h a.nd 17Rt.h interval, hence the statistics are poor in 

Romp int.ervals. We rillPcl t.hf'RC' gaps with average values from the adjacent intervals. 

'We converted the cOt>fficient.s to the corresponding Gegenbauer polynomial coefficients, 

. ..1, 13, and C, (Equa.t.ion (~~.4)) a.nd Legendre polynomial coefficients, D, E, and F, 
(Equation (:t6)). Sinn' hoth Clegf'llha.uer and Legendre polynomials are orthogonal, we 

exped('d t.he reRult.s t.o be t.hp sa.me find did t.his mainly as a consist.E"ncy check. 'We 

found that the t('IIl))()ral variation and the resulting power spectra of the D, E, and F 
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values are indeed nearly identical to the ones of A, H, and (j and that the corresponding 

spectra of A, B, C are very similar to the ones of A, H, C except the spectrum of B 
which is noisier than either one of B or E. Therefore, here we show only the results 

of the Gegenhauer polynomials in order not to duplicate the figures. Owing to the 

spectrograph modification (see Howard et al. 1983), there is a substantial difference in 

the data obtained before and after 1982. Wf' carried out a power spectrum analysis 

for the whole data set of 1969-1994 and for the two subsets covering 1969-1981 and 

1982-1994. 

3.2.3. DETERMINATION OF A AND B FROM SUNSPOT GROUP DATA 

The sunspot group data compiled from the Greenwich Photoheliographic Results (CPR) 

of 1874-1976 which was provided to us by Dr. H. Balthasar. The data consist of the 

observation time (the date and the fradioll of the day), heliographic latitude (A) and 

longitude (¢» for each spot group on each day of its observa.tion. For the period 1940-

1976, there are no data available for spot groups on days where the absolute value of 

central meridian longitude (Ie M LI) exceeds 580 • Hence, for the sa.ke of uniformity such 

data are omitted also from the data during the period 1874-1939. The sidereal rotation 

velocities (w) have been computed for each pair of consecutive days in the life of each 

spot group. For each yearly average, we computed a least-square fit using the first two 

terms of a Gegenbauer polynomial expansion: 

w(A) = A + B(5 sin2 A-I). (3.7) 

This equation does not include C, because it is negligibly small in the fit for sunspot 

data. Hence, the variation of B is identical to that of B (8 = ~B), and A = A+(lj5)B, 
where A and U are the ("o(>fficiellts ill Equation (3.2). 

We have also computed the coefficients D and E by fitting the data to Legendre 

polynomials (Equation (3.6)). Again, only the first two terms are used a.nd D and E 
are related to A and B in Equation (3.2) by D = A + 0/3)B and E = {2/3)B (cf., 

Balthasar et a1. 1986). As for the velocity data, we found that the temporal variation 

and the l"f'suiting POW(,l" Rpectra of the D and E are very similar to those of A and lJ 
and are not shown here. 

We fitted the rotation rates obtained from sunspot group data to Gegenbauer poly­

nomial ('xpallsioll, Eq1lation (:1.7) ahove, mainly for the sake of comparing the short­

term periodicitit>i> in Ii and lJ determined from the sunspot data and velocity data. 

This might also be nec(-'ssary for comparing the temporal behaviour of one parameter 

to that of a.nother (as suggested by the a,nonymot1s referee of one of our paper, J a.v­

araiah & Gokhale 1997a,) because this fit eliminates the crosstalk among the parameters. 

However, the sunspot data is confined only low and middle latitudes. Hence, fitting of 

sumpot. data to (;f'genhCluer or Legf>udre polynomial expansion may not help much . 
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Dr. R. F Howard and Dr. H. Ba.lthasar also expressed similar views (personal commu­

nications). We have also st.udied tC'lT1poral variations and periodicities in the ratio BIA 
determined from the spot group data (Javaraiah & Gokhale 1995). Let £l(A) and ~(8) 

be the uncertainties in A and 8, respectively. Then the uncertainty of the ratio BIA 
will be /l(B /A) IV [A.::l(B) - B.6.(A)]j A2 '" .6.(B)/ A < .6.(B), since ~(A) < ~(8) 
and IAI > IBI. Consequently, the variation in B/A are easier to detect than those in A 

and B. However, we found that periodicities in Band B / A are the same. 

Data corresponding to 'abnormal' Illot.ions, viz, displacements exceeding 3° day-l 

In longitude or 2° day-l in latitude were excluded from the least-squares fits. This 

reduces the data sample by about 3% but guards against recording errors including 

those in identifying small spot groups from one day to the next (Ward 1965a, 1966). 

This leads to a considerable reduction in the uncertainties in rotation parameters. In 

Table 3.2 we give the values of the parameters A, B and their uncertainties ~A, tlB 
derived from the data in the northern and the southern hemispheres separately and in 

combination, during the whole period 1874-1976. In the same table we also give the 

number of data points (N) from the respective hemispheres and from the whole Sun. 

Comparing with the corresponding values of N, A, and B derived by Balthasar et al. 

(1986), we find the following: 

(1) Our number of data points N is less by about 3%. 

(2) OUI' values of A arC' slightly smaller, but the uncertainties, ~A, are much 

small~r (hy ahout 17%). 

(:J) Our ahsolute values of B are smaller by about 3% but the uncerta.inties, .6.B, 
are smaller by about 23%. 

(1) The north -south d ifff'rencPfI of A and of the amount of activity N remain the 

scUll('. Th(' amollnt of activi\.y is about (1% higher in the northern h(>llIispiter('. TI)(~ 

value of A is little higher in t.he southern hemi~phere than that expected from the 

anticorrelation between A and N (Sakurai 1976; Kambry & Nishikawa 1990). 

(r5) The ahsolut,r. valllP of H is slightly larger in the southern hemisphere than in 

the llol't.heJ'l] hemisphere·. TIIf' la.st. result. agrees wit.h the !'esult obtained by Hathaway 

& WilSall (HmO) fl'OITl UI(' data for inc1ividua.J sunspots. However, in our analysiA the 

Ilor1.h sout.h difr~l'('lIce in n is AlIlaller tha.n the- uncertainty in B. 

3.3. Temporal Variations of the Rotation Coefficients 

Figure :U(a) shows t.he' varial,iolls of A, 13, and (;, binned into 19 day int.ervals of 

the Mt. Wilson vf'locity da.t.a (HW9-19!H). This figure shows a striking difference in 

the' temporal hehaviour of coeHiciC"nts .11, B, C determined before and after the yea,r 
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'Table 3.2. The values of 1.\)(' paralllet.rrs A and B (in c1rgrccfl <lay-I) and t.heir lIn(·~rt.aiIlt.i~s ~(A) 
a.nd ~(B) derived from t.he data during the ent.ire period 1874-1976. N is the number of daiapoints 

gone in ea.ch determinat.ion. 

A L\(A) B L\(B) N 

Northern hemisphere 14.524 ±O.OO6 -2.757 ±O.O63 42482 

Southern hemisphere 14.544 ±O.OO7 -2.797 ±O.O67 39926 
Whole sphere 14.533 ±O.OO5 -2.772 ±O.O46 82448 

1982. The data in the first 250 intervals (before 1982) are much noisier and show a 

grea.ter va.riation than after 1982. As mentioned earlier, the spectrograph change in 1982 
resulted in reduced instrumental noise in the data from the year 1982 onward. For this 

reason, we concentra.te mainly on the second half of the' data. set, after 1982, and include 

the variation in A, Band C during 1982-1994 as a separate figure (Figure3.1(b). 

Figure 3.2 shows the temporal (yearly) variations of A and iJ derived from the spot 

group data during the years 1879-1976. The error bars are ± 1 (1' (standard devia.tion) 

values. The rotation rates of the spot groups during the years 1874-1878 ha.ve been 

omitted because of their large uncertainties. Large deviations from the average value 

together with large error bars appear periodically and coincide with solar cycle minima. 

The large errors are due to the reduced Humber of sunspot groups during cycle minima 

and reflect the resulting increased ullcertainty. Therefore, after first analyzing the 

data wit.hout correction, we repeated the analysis excluding all data. points with an 

estimated error larger t.han three times the median error. For a spectral analysis, it 

is rather difficllit to correct for these 'outliers' due to their periodic occurrence. After 

some testing, we choose to replace them with the average over adjacent values. The 

solid line in Figure 3.2 connects the 'corrected' data and the dotted line the original 

uncorrected data. 

As seen ill FigurcH :3.1(b) and :1.2, the average values are A = 2.700 ±O.022 p rad 

S- I , i3 = -O.136±O.004,1 rad 8- 1 , and C = -0.023±O.004p rad S-1 determined from 

Mt. Wilson velocity data of 1982-1994 and A = 2.83±0.03{, rad S-I, and B = -0.11 ± 
0.04" rad 8- 1 dekrll1iH~cl frOID the cOl'l'f'cted sunspot group data. The uncorre('t("d 

RUllflPOt da.ta 1(",'1.(1 t.o t11f' same averages of A and B but with slightly larger deviation 

for .{·1 a.lId mort' thall !i0% la.rgC'f <I('via.tioll for fl. These values a.gree well with previom:;ly 

publishf'd results by LaBontp & Howard (UJ82a) and Snodgrass et al. (1984) for Mt. 

\Nilson DopplPI' data and by Howard et al. ( 1984) and Balthasar et at. (1986) for 

sunspot groups. The avrrage value of Ii determined from the velo('ity da.ta is slightly 

lower tha.n til(> average .it derived from t.he corrected sunspot group dat.a, while the 

aV(,l'age valll(, or B <lC'tf'rl11 i ned fl'olll the> ve>1()('i ty data is slightly larger t.ha.n the avel'age 

i3 of the sunspot. group da.ta. 
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Figure 3.2 shows that the t.emporal variation of A determined from the sunspot 

group data resembles t.he correspondi ng variation of B leading to a. rather large pos­

itive correlation of 0.87 bpt.ween the two time series. The velocity data show a small 

anticorrelation of 0.29-0.:30 between Ii and B and A and C (Figure 3.1(b)). The para­

meters lJ and C of the velocity data show a positive correlation of 0.60. This agrees 

with Snodgrass & Howard (1985) who noticed existence of resemblance in the long term 

trends of fJ and C determined from the velocity data obtained before 1982. The corres­

ponding Legendre polynomials show a correlation of similar magnitude and same sign, 

while Band C of the conventional non-orthogonal representation are anticorrelated. 
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3.4. Periodicities in the Rotation Coefficients 

3.4.1. PERIODICITIES IN THE Mt. WILSON VELOCITY DATA 

We computed power spectra of the time series of A, H, C. We subtracted a first-order 

polynomial fit from each time series, apodized it with a 10% cosine taper, which de­

trends the sequence and removes the leakage between the repeated data segments (e.g., 

Brault & White 1971), and zero-padded each time series to the next power of 2 before we 

calculated the spectra. For each power spectrum, we determined the level of significance 

for individual peaks in units of standard deviation (0') of the values of the power over 

the whole frequency range (2.00' - 3.00' correspond to confidence levels of 95%-99.7%). 

Figures 3.3( a-c) and 3.4{ a-c) show the power spectra of A and B determined from the 

whole data set 1969-1994, and for the two subsets 1969-1981 (intervals 1-250) and 

1982-1994 (intervals 251-497). Figure 3.5 shows the power spectrum of C determined 

from the whole dataset 1969-1994; the spectra of the two subsets, not shown here, also 

show just a single peak related to the 11-yr solar cycle. Due to the reduced noise, 

the amplitudes are smaller in the spectra of the second subset by about one order of 

magnitude for A, and a factor of about three for jj. 
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Figure 3.3(a). 

Figure 3.3a-r. Power Rpect.ra of A det.f'rIllined from Mt. Wilson velocity data for (a) the whole period 

19G9-1991 and two subset.s (b) [969--HJ81 and (e) 1982-1994. The sf'fial numbers of periodicities 

given in Table 3.3 are- marked near the top of each peak. 
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Figure 3.6. Power spect.rulll of the ratio R / A of the differential rotation coefficients A a.nd B 
determined from the Mt. Wilson velocity data. during 1969-1981. 

Table :3.3 shows the periodicities with a significance level greater than 20" (or 95%). 

Note that the ~requen('y bin is !:::"v = 2.05.19 x 1O-4 day-l for the subsets, thus the first 

few points in the subset power spf:'ctra represent periods of 13.3, 6.66, 4.44, 3.33 years 

and so all, while the freqllPncy bin of the whole data set is half this size. We follow the 

rule (d. Thomson 19BO) that in order to be considered significant and not just due to 

sampling fluctuations the ~('onfid('llce level' of a peak has to be equal or greater than 

1 - k in a data set of length N. Therefore, we discuss only periodicities with q > 3_0. 

For A, we find t.hat thf' time scriC's IHfl9-1994 is dominated by the data before 1982 

It'aciing t() the same ppriods in titc' ('ornpld,e dat.a set and in the first subset. In 1982-

Hm1, t.he ll-yr solar cycle' is absent, but we- find higher harmonics such as a period at 

half thp sola.r eyelp. III addit.ioll, W(' find pC'riodiciti<'s with 2.2 ± 0..1 yr, 1.2 ± 0.2 yr, 

and 21\3 ± 10 day with a. ~ :3,0 confidence level in the subset 1982-1994-

For 8, we find a variC'ty of periods ill the ('omplete data set and the first subset, 

however they do n()t a.ppear ill t.he secollci subset 1982-1994. To reduce uncertainties, 

we repeated the analysis for the ra.tio B / A. Figure 3.6 shows power spectrum of B / A 
determined from first subset (1969-·1981). In this spectrum in addition to the dominant 

11 yr period, the periodicities of 110 ± 3 day and 162 ± 6 day are present with a 

Rignificance of 2.40" and 3, to". Tht' periods shown in Table 3.3 for fJ of this subset 

are also prest'nt. in B /.1 at a. sllIallf'l' le\'e1 of significance. The spectrum (figure is not 
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shown) of the ratio B( A of the second subset (1982-1994) shows only the 11-yr period, 

as B in Table 3.3. Therefore, the shorter than 11-yr periodicities of B in the first 

subset might be due to instrumental noise. The spectrum of C shows only the solar 

cycle period in the whole data set as well as any of the two subsets. Thus, the two 

parameters, Band 0, characterizing differential rotation vary with the solar cycle and 

show no other significant short-term periodicity. 

Table 3.3. The periodicities in ;1, B, and C determined from a spectral analysis of M t. Wilson velocity 

data obtained during the period 1969-1994 and t,he two subsets of 1969-1981 and 1982-1994. The serial 

numbers, identifying the peaks in Figures 3.3-3.5, and the levels of significance (in units of 0') are also 

given. 

Sl. 1969-1994 19(39-1981 1982-1994 

No. Period Period (J' Period (j 

A: 
1 5.3 ± 1.3 year 8.4 4.4 ± 1.0 year 8.2 6.7-4.4 year 4.6 

2 1.4 ± 0,1 year 3.0 1. 7 ± 0.2 year 2.5 2.2 ± 0.4 year 5.3 
3 360 ± 30 day 4.5 374 ± 30 day 2.9 1.2 ± 0.2 year 4.9 

4 304 ± 30 day 2.2 

5 243 ± 10 day 3.0 

B: 
1 "-' I:U year R,f) ,....., I ~.3 year 6.0 f'V 13.3 year 8.2 

2 !).:l ± 1.3 yEW 2.5 1.9 ± 0,3 year 3.9 

3 3,0 ± O.!) year 2.1 \.l ± 0.1 year 2.6 

4 1.9 ± O,:l year 3.t1 324 ± 20 day 3.6 

.5 I.l ± 0,1 YE'ar Ul 286 ± 16 day 2.8 

6 324 ± IO day 2.7 95 ± 2 day 2.3 

G': 
rv 13,3 year 10.0 ~ la.3 year 10,6 rv 13.3 year 8.6 

:3.4.2. PEHIODIClTl ES IN THE ROTATION PARAMETERS DETERMINED FROM SUNSPOT 

GROUP DATA 

Figure :t7 shows the annual SI\llHP0t. rotat.ion rates (x) according to their year relative to 

tll(' nearcst sllm;pot IIlinill1uIll (192:J, 19:31,1914,1955,1965,197.5,1986) to search for a 

solar cycle variation, as done by Gilman tv, Howard (1984) and Balthasar et 0.1. (1986). 

We excluded two yean; data (J9:l2 ancl193~3) which have errors larger than three times 

tiIr median errol', as discussed a.hove, and we mark the data of the year 1962 with a 

different symbol (0) sin('f~ it shows a positive B value and a rather large deviation from 

the avera.ge A a.nd fJ values. The solid line connects average values, exc1ttding 1962, 

and the displa.yed errol' bars a,re till" correRponding standard deviations. The grand 

avera.ge is included as dotted line. \Ve find a variation with the cycle in .4 such that j 
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is slightly larger than average during cyde minimum and slightly smaller than average 

during cycle maximuIJl. The difference hetwef'Tl maximum and minimum is about two 

standard deviations. We find no comparable cycle variation in 8. The variations in 

A and B are very similar to the ones reported by Balthasar et aL (1986), included as 

dashed line, with the exception of year nine where they found a strong increase. We 

can reproduce this illCl'f'aSf' by including the yC'ar 1962. Thus the val1le or Yf'ar nine 

hinges on the reliability of a single <.lata point. 

We then calculated power spectra of the yearly sunspot group data. Table 3.4 

shows all periods with a significance level above 1.80" for the original time series and 

the one corrected for outliers; Figure 3.8 shows the corresponding spectra of A and 13 
of the corrected data. According to the 1 - 1J rule (cf. Section 3.4.1), we should only 

consider periodicities as being significant with a ~ 2.60" level. 

Table 3.4. The periodicities in A and fJ determined from a spectral a.nalysis of sunspot group da.ta; 

the original data and corrected for measurements with error bars larger than three times the median 

error. The -serial numbers, identifying the peaks in Figure 3.8, and the levels of significance (in units 

of 0") are also gi ven. 

51. original corrected 

No. Period 0" Period (J 

.4: 
1 ~ fi1 year 2.8 '"" 61 year 2.4 

2 8.5 ± O.1i year 1.9 18.3 ± 3.0 year 3.1 

~ :u ± o. I Yf'ar 2.1 10.7 ± 1.8 year 1.8 

1 2J3 ± 0.1 year 2.8 7.5 ± 0.5 year 2.7 

B: 
1 18.3 ± 3.0 ypar 2.1 18.3 ± 3.0 year 4.2 

2 8.5 ± O.1i year 1.9 7.5 ± 0.5 year 2.1 

~ 3.9 ± 0.3 year 2.1 3.0 ± 0.1 year 2.4 

4 3.1 ± 0.2 year 2.1 

5 2.6 ± O. I year 1.9 
() 2.1 ± 0.1 year 2.3 

As ('xpc'cLed from t.he simila.r tiIllP. series and the large correlation coefJicient or A 
and tJ (cf. Section :t:3), some periodicities a.re present in both data. sets. The corrected 

A and B spectra show periods of lS.:J years and 7 .. 5 years. In addition, we find the l1-yr 
solar cycle period in A and a. :l-yr period in B which is mORt likely a. higher harmonic 

of thf> solar cycle. Th~" 64 yr period in A indicates the existence of a longer periodicit.y, 

probahly the Gleissberg cycle, but the t.iIlle series is too short to adequately resolve this 
period. 
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When, in addition, we exclude the years 1887 and 1962, the significance of the 

l1-yr period in A increases from 1.8 to 3.4a, while the significance level of all other 

periodicities decreases on average by 0.5 for A and 0.9 for E. Though the level of 

significance changed considera.bly, the periodicities remain the same. 

The spectra of the original data show the same periods as the corrected data but 

with different (lower) significance levels. For example, the 18.3-yr period is present with 

a significance level of 1<7 in A and 2.1a in B. In addition, the spectra of the original data 

show two more periods in A of 3.1 and 2.6 years and three more in B of 3.9, 2.6, and 

2.1 years. If we use only the data points with an estimated error larger than three times 

the median error (i.e., data during the minimum years) and set the other data points 

to the average value, we get similar power spectra with the same periods. Thus, these 

additional periodicities are clearly related to the variation during solar cycle minimum. 

It is difficult draw a definite conclusion on these periodicities, which either represents 

a 'true' solar variation during cycle minimum or the effect of uncertainties. However, 
the comparison of original and corrected sunspot data allows us to distinguish between 

solar cycle related periodicities and cycle minimum related ones. All the periodicities 

determined from corrected data are solar cycle related periodicities. 

3.5 Confirmation of the Periodicities of the Order of 

the Solar Cycle Period 

3 .• 5.1. CONFIRMATION FROM TIME SERIES OF INTER.VALS OF LENGTH LONGER THAN 

ONE YEAR 

We computed the rotation parameters during non-overlapping intervals of length 2 yr 
(2-yr NOI) and during the moving time intervals (MTI) of lengths 2-yr successively 

flhifted by 1 yr (2-yr MTI), and also during the 3-yr MTI, 4-yr MTI and 5-yr MTI. 

Figures 3.9(a) a.nd 3.9(b) show the variations in the values of the parameters A and 

B during 5-yr MTI. The successive intervals 1879-1883, 1880-1884, .... , 1972-1976 are 

denot.ed by the intervals numbers 1, 2, .... , 94, respectively, and they are shown in the 

bottom sca.le. The middle years of these intervals are shown in the top scale. In these 

figures it can be seen that the uncertainty bars are sufficiently small for determining 

the va.ria.tions in Ii and B on time scales ~ 5 yr. 

Continuolls ('urVE' in the Figure 3.10 represents the FFT power spectra of the 

\.cllIpora.] variatioll of 13 ill 5-yr MTI. The spectra of the ratio B/A were found to be 

same as that of B. In Table 3 .. 5, we give the results obtained from the power spectra 

of the time series of the ratio B I A computed for 2-yr NOI, 2-yr MTI, 3-yr MTI, 4-yr 

MTI and .)-yr MTI (Javaraiah & Gokhale 1995). 
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Figure 3.10. Continuous curve repreSf'nts t.he power spectrum of B determined from sunspot group 

data during 5-yr MTI. The spectrulll of corresponding simulated variation B' is represented by 
dotted curve. 

Table 3.5. Periods of B / A (or B or H) with their uncertainties derived from FFT analysis of 

temporal variations represf'llted by values during different sequences of> 1 yr intervals of the spot 
group data. Below t.he valllP of ea('h period t.hp level of significance, in units of standard deviation 

(a), is given in brackets. 

The sequences of Periods (ill years) and levels of significa.nce 

2-yr NOI 18.3 ± 3.0 7.f> ± 1.0 4.6 ± 1.0 

( :~.fi) (l. 7) (2.5) 

2-yr MTI 43 ± 10 18.:~ ± 2.0 8.5 ± 1.0 

(UJ) (5.6) (3.3) 
a-yr MTI "V I\:J rv :~2 18.!l ± 2.0 8.5 ± 1.0 

(2.!i) ( 1.0) (5.7) (3.3) 
4- yr M'l'1 "V 1\:1 I'V :12 "" 21 18.3 ± 2.0 8.5 ± 1.0 

( 1.8) (U) ( l.r;) (6.2) (2·:n 
fi-yr MTI "-' ()if 'V 1\:3 I"V 32 ",,21 18.3 ± 2.0 

(1.1 ) ( 1.5) (2.3) (2.9) (5.8) 
I'V 12 8.!) ± 1.0 

(1. I) ( 1.0) 



It should be noteo here that as the interval length increases, the uncertainties in 

the derived pararnct('rs reduces. However, in t.he power spectrum derived from larger 

interval lengths, tl)(' peaks corresponding to the higher frequencies are washed out, and 

the peaks at lower frequencies get broader. 

3.5.2. CONFIRMATION FROM SIMULATED TIME SERIES 

To check whether the positions and significance levels of the peaks in the power spectra 

of B are reliable in spite of the uncertainties in the values of A and B, we used the 

following method. We generated simulated time series B' of B, where in each interval 

the value of B' is a random number between B - 6,.B and B + LlB. The dotted 

curve in Figure 3.10 represents the FFT spectrum of the simulated time series B'. The 

positions of the peaks in the spectrum of simulated time series (dotted curves) are the 

same (within the uncertainty limits) as in the spectrum of original time series (dotted 

curve). Thus, if the 'true' values of d B are anywhere within the respective uncertainty 

range, the positions of the peaks are the same. This is also true for the spectrum of 

simulated time series B' / A' of the ratio B / A, where in each interval the value of A' is 

a random number between A - ~A and A + 6,.A. This indicates that the periodicities 

in Table 3 .. 5 are not artifacts of errors in the values of A and B. 

3.5.3. DETERMINATION OF PERIODS FROM MAXIMUM ENTROPY METHOD 

To determine the values of the periodicities with better accuracy, we have computed the 

spectra of H/ A by maximum entropy (MEM) analysis for autoregressive (AR) process 

order p = n/2 and p = n/3, where n is the number of intervals in the analyzed series 

(Ulrych & Bhishop 1975). The MEM power spectra showed presence of peaks at the 

positions where the FFT spectra show. In addition, in the MEM spectra the peaks were 

fOHnd to be well defined (.lavaraiah & Gokhale 1995). 

:L1..1. CIIECKINn THE EFFECTS OF VARIATION IN THE LATITUDE DISTRIBUTION OF 

SUNSPOT ACTIVITY 

Ncar til{' latitude of :~5n, sunspots appear only in the beginning of the solar cycle and 

1.11(' 111<'<111 lat.it.II<i(' of a.1I SIIIlSPOt.S is "" IS". lIcllce, as ill Balthasar ct al. (1986), we 

ha.ve fitted the rot.at.ioll values t.o the form 

Obviollsly If = Rand n = A + H.~in21.5°. As in their work, we find that the ~ariation 

and IIncprtainties in G a.re slightly smaller tha.n those in A. We find that the periodicities 

in II/O are sallle as those in B/A. Thus, the periodicities in BIA a.re not artifacts of 

til(' variatioll ill til(' lat.itudinal distrihution of the spot groups. 
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3.5.5. CHECKING FROM THE DATA OF YOUNG AND OLD GROUPS 

Balthasar et al. (1986) pointed out that the variation of the rotation rate during the 

ll-yr sunspot cycle comes from the variation in the rotation rates of young groups (and 

not from the variation in the percentage of the young groups in the whole sample). We 

find that the periodicities in the differential rotation derived from the sunspot group 

data are not due to the variations in the relative contributions to the data from the 

young (a.se S; 3 days) or the old (age> 3 days) groups. This point is addressed in the 
Cha.pter VI from the analysis of the well defined samples of the data of young and old 
groups. 

3.6. Comparison of the Periodicities Determined From Velocity and 

Sunspot Data Sets 

We can compare only periods longer than 2 years, because the temporal resolution and 

length of the two data sets are different, as described in Sections 3.2.2 and 3.2.3, leading 

to different frequency bin sizes and Nyquist frequencies in the resulting power spectra. 

Moreover, the spot group data are limited to ±35° in latitude and the rotation rate 

depends on the type of spot groups used (see Chapter V). 

Tables 3.3 and 3.4 show that there are considerable differences in the periodicities 

(and/or their level of significa.nce) of A a.nd iJ determined from sunspot and velocity 

data. There is a variation with the ll-yr solar cycle in A ofthe sunspot data but not in 

the velocity data, which instead show a period of about half the ll-yr cycle absent in 

the sunspot data. The spectrum of lJ of the velocity data shows the ll-yr solar cycle, 

while B of the sunspot data shows a period almost twice that long (rv 22-yr magnetic 

cycle) which is also present in A of the sunspot data and which has no correspondence 

in the velocity data. The sunspot data show additional harmonics of the solar cycle 

which have no counterpart in the velocity data. On the other hand, the Ii of velocity 

da.ta show some shorter periods which are absent in the sunspot data. 

3.7. Con"lparison of Periodicities in the Solar Differential Rotation With 

Those of Surface Magnetic Field. 

The lS.:J ± :1.0 yr periodicity in the differential coefficient B determined from the spot 

groltp da.ta matches with the '22-yr' band of the surface magnetic field determined by 

Stell flo 8;. Vogel (1986) from the Spherical harmonic Fourier analysis of magnetogl'am 

dat.a during 19GO-1985, a.nd determined by us from the Legendre Fourier analysis of 

cI istrihlltion of magnetic field inferred from sunspot data, (Chapter II). The 7.·5 ± 1.0 

yr periodicity of 13 a.pproximately matches with the rv 22/3-yr period, viz., the 'third 

harmonic of the 22-yr band, determined by Bracewell (1988) from the analysis of annual 



mean sunspot numb~rs with sigm; attached, and by us (d., Chapter II) in the magnetic 

field inferred from t.\JP SUIIspot dat.a. The 3.9 ± 0.4 and 2.6± 0.2 year periods of B 
(original data), match with the 4.19 and 2.55 year periods found in the photospheric 

magnetic field by esada (1974) using the magnetograms (1959--1967). 

Since the differential rotation is essentially a torsion, the agreement between the 

periods in the magnetic field and in the differential rotation coefficient, B, strongly 

suggest that the 'solar magnetic cycle' essentially consists of 'torsional MHD oscillations' 

as suggested by LaBonte & Howard (1982a), (though the torsional oscillations which 

they found have 11-yr periodicity), and argued by us in Chapter II. 

3.S. Conclusions and Discussion 

Conclusions: 

From the study of the temporal variations in the differential rotation parameters deduced 

from Mt. Wilson velocity data during 1969-1994 and from GPR sunspot group data 

during 1879-1976, we have drawn the following conclusions. 

(1) There are considerable differences in the temporal behaviour of It, fJ, and (j determ­

ined from velocity data before and after 1982 when the instrument was substantially 

improved. 

(2) The temporal variation of A determined from velocity data during 1982-1994, have 

periodicities of 6.7-4.4 yr, 2.2 ± 0.4 yr 1.2 ± 0.2 yr, and 243 ± 10 day with 2: 30-

confidence level. 

(3) In the' variation of R dc>termined from the velocity data during 1982-1994, the,.... 11 
yr periodicity is dominant and no other significant short periodicity is found. Including 

velocity data prior t.o 1982 leads to additional periodicities with? 30- confidence level 

which are most likdy of instrumental origin. 

(") III the variations of C determined from the velocity data obtained before the year 

1982 and also from the year 1982 onward, the '" 11 yr periodicity dominates and no 

ot.hel' flignificant periodicity is found. 

(!)) Ther(' arc' cOlIsi<icrahlc differellces in the temporal behaviour of A and lJ determined 

frotll HtltlSpOt. and spedroscopic velocity data. 

(i) TfH' ll-yr solar cycle is absent ill B of the sunspot data, while it app-ear~ to be present 

in ,1. This is tllf' opposite to the behavior of A and B, obtained from spectroscopic 

data. 

(ji) The SlillSP0t. data show higher (than second) harmonics of the solar magnetic cYcle' 

which are not pre::wnt ill the spectroscopic dat.a. 
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(iii) There exist~ (\. la.rge positive correlation between Ii and f3 determined from the spot 

group data, while i\ and B frolll the spectroscopic data Hhow a small anticorrela.tion. 

In sunspot data, Ii is slightly larger than average during cycle minimum and slightly 

smaller during cycle maximum. 

Discussion: 

The difference in the temporal variation of rotation determined from velocity and 

from sunspot measurements are understandable if the sunspot rotation is representat­

ive of rotation at some depth in the convection zone, while the velocity measurements 

represent the surface rotation (Foukal 1972). In Figure 3.11, we show the radial vari­

ation of the Sun's rotation frequency (f!(r)) at latitude 15° (continuous curve) provided 

by Dr. H. M. Antia, who determined it from the Big Bear Solar Observatory (BBSO) 

helioseismic data (Woodard & Libberecht 1993) using the inversion method of Antia 

& Chitre (1996). The surface rotation frequency at this latitude, determined from Mt. 

Wilson velocity data during 1982-1994, is included as '+' and the' rotation frequency, 
determined from the entire sunspot group data during 1874-1976, is included as 'x'. 
We find that the average sunspot rotation frequency equals the rotation frequency at 

radius r "-' O.93R0' which is rather close to the solar surface. However, this is an aver­

age over all sunspot data, while it is well-known that sunspots of different size and age 

show different rotation rates (Howard et a1. 1984; Balthasar et a1. 1986; Javaraiah, & 
Gokhale 1997b; cr., Chapter V). D'Silva & Howard (1994) attribute the higher rotation 

rate of sunspots to an interaction between magnetic buoyancy and drag coupled with 

the Coriolis force acting on rising flux tubes. The validity of this assumption is dis­

cussed in Javaraia.h & Gokhale (l997b), where we inferred 'anchoring' depths for the 

sunspot groups of different life spans and age using the rotation frequency as a function 

of depth determined from helioseismic studies (described in Chapter V). In Chapter VI 

we discuss the periodicities in differential rotation determined from the well defined 

young and old groups. 

The periodicities found in the sunspot velocity data are related to the solar cycle, 

and the Rpedroscopic velocity data show the 11-yr cycle in Jj and C and no other 

sigllificant periods. This lea.ves only the short-term periodicities in A of the velocity data 

llnexplained. For this reason, we compare these short-term periodicities with periods 

foulld ill ot.her indicators of solar activity which might have a physical significance 

ratl1('1' t.lla.1I beillg a coillcidence. The '1.2 -1.5 yr' periodicity in A is also found in 

solar flare activit.y (Ichillloto et a1. 198.5) and in solar neutrino flux and in several sola.r­

terrestrial phenomena (see Liritzis 199.5). However, Walther (1998) argues that the 

correlation bet.ween solar neutrinos and sunspots were based on a statistical faJlacy. 

Interestingly, Howe et a.l. (2000a) have detected 1.3 yr periodicity in the rotation of tbe 
Sun near the ba.se of its convective envelope at low la.titudes, using GONG and BOHO 
helioseismic dat.a ovcr a ,1}5 yr time span (from May 1995 to November 1m). Other 
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Figure 3.11. The radial variation of the Sun's angular frequency (O(r) at latitude 15° provided by 
Dr. H.M. Antia. The surface rotation at t.his latitude, determined from Mt. Wilson velocity data 

during 1982-1994, is included as '+' and th(:' rotat.ion frequency, determined from the entire sunspot 

group data during 1874-1976, is included as 'X '. 

short-term periodicities (2.66 yr, 1.96 yr, 330.7 day) were detected in measurements of 

solar diameter variation during 197.1-1984 (Delache et al. 1985). A number of authors 

have shown the existence of a. 150-1.18 day periodicity in flare activity a.nd flare related 

data, solar neutrino flux variatioll, solar diameter varia.tion and daily sunspot area (see 

Carhonell & Ballester 1992 and references therein) which is insignificant or absent in 

the present analysis. The short.-tnm perio(]s in A are similar to periods f()und in other 

indicators of solar activity suggestillg that they are of solar origin. However, we cannot 

completely rule out that. t.hey are dlle LO some subtle instrumental effect. To clearly 
establish the origin of tIws(' short-tf'rm periods in A, we need good velocity rotation 

mea,Sllr('Illellt.s for at ]pa.st. allothC'l' solar (,yrle. Furthermore, there proba.bly exist short­

tf'l'lIl variations which a.rC' episodic in lIat.ure (e.g., Bai & Sturrock 1991; Bai 1994; 
Oliv('1" & BallC'st.(,l' I!mr;). 
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Chapter IV 

PERIODICITIES IN THE NORTH-SOUTH ASYMMETRY OF 
THE SUN'S SURFACE ROTATION 

4.1. Introduction 

In previous chapter I presented periodicities in the Sun's 'mean' rotation rate A and in 

differential rotation coefficients Band C determined form Mt. Wilson Doppler velocity 

data, and the periodicities in A and B determined from sunspot group data. The 

periodicities in Band C represent even-parity modes of the Sun's torsional oscillations 

which are symmetric about the equator. In this chapter we discus·s periodicities in 

the north-south (N-S) asymmetries of A and B (Javaraiah & Gokhale 1997a), which 

may represent the odd-parity modes of Sun's torsional oscillations (Howard & LaBonte 

1983; Snodgrass & Howard 1985). 

Existence of N -S asymmetry ill the solar activity is shown by several statistical 

studies for most of the solar activity phenomena (see e.g., Carbonell et al. 1993 and 

references therein), but the cause of the N-S asymmetry of solar activity is not known so 

far (e.g. ,see Sokoloff & Ri bes 1994). Existence of '" 11 yr and a few other periodici ties 

in N-S asymmetries of varions indices of solar activity were also shown by a number of 

authors (for reference see Table I in Duchlev & Dermendjiev 1996). Even-parity modes 

in the Sun's global magnetic oscillations which might correspond to N-S asymmetry in 
the differential rotation are also known to exist, but with relatively smaller amplitudes 

(Stenflo &. Vogel 1986; Gokhale & Javaraiah 1990a; cr., Chapter III). Existence of N­

S asymmetry in the differential rotation rate is shown by a number of a.uthors (e.g., 

Balthasar et a\. 1986; Gilman & Howard 1984; Hathaway & Wilson 1990; cf., Chapter 

III). However, its relation to the solar activity in general and to the N-S asymmetry of 

solar activity in particular is not yet dear. Study of the temporal variations in the N-S 

asymll1p.try of the difrerent.ial rotation rate is therefore important. 

In Sf"ction 1.2 of this chapt.er we describe the spot group data and determine values 

of A, B and A in the N a.nd S hemispheres and their N-S asymmetries. In Section 4.3 

we show tht> temporal variations of A and B in the Nand S hemispheres. In the same 

section we also show the temporal varia.tions of the N-S asymmetries of A, B, A, and of 

a.mount, of activity, and discllss these variations briefly. In Section 4.4 we determine the 

periodicities in the N-S asymmetrit>s of A, B and A. using fast Fourier transform (FFT) 

analysis and confirm the prf"Sf'ncc of thp. period.icities in the asymmetries of A, B a.nd ii 
fl"OI1l si1l1ilar nllaly:;;iA of a siJ1lulat.('d Aeries. In t.he same section we alAo determine thp 
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values of the periodicities in the asymmetries of A, B and A from MEM analysis and 

confirm the periodicit.ies from the YOllng a.nd thp old spot groups data. In Section 4.5 we 
determine short-term periodicities ill the N -8 asymmetries of the differential rotation 

coefficients from Mt. Wilson velocit.y data. 111 Section 4.6 we suggest the existence of a 

relation between the asymmetric global modes in the solar magnetic field and those in the 

asymmetries of A, B, and A. We t.hen compare the periodicities in the N-S asymmetry 

of sunspot activity with those in the asymmetries of A, B, and A. In Section 4.7 

we comment on matching of some dominant periodicities of the rotation coefficients 

with the periods of configurations of major planets. In Section 4.8 we summarize the 

conclusions and briefly discuss their interpretations. 

4.2. Data and Analysis 

The data and the method of analysis used here are same as described in Sections 3.2.2 

and 3.5.1 of the previous chapter. 

The N-8 asymmetry «a) of a measure of a solar phenomenon (0 can be defined 

as· , . 
(0 = (n - (8)/(n + (s), (4.1) 

where (n and (s are the measures of ( in the Nand S hemispheres respectively. 

U sing the method of least-square fit to the well-known formula of the differential 

rotation, (E(luation (:3.2), Chapter Ill): w(-X} = A + Bsin2A, we computed An, Bn, As 
a.nd B8, during moving t.ime intervals (MTI) of lengths 3-yr successively shifted by 1 

yr (3-yr MTI) and also (luring the .5-yr MTI. Here An (Bn) and As (Bs) are the values 

of A (B) derived from the data in the Nand S hemispheres respectively. (The samples 

given hy MTI shorter than :3 Yf"ars are inadequate to determine the variations.) All the 

least-square fits were computed by E'xcludillg the data corresponding to the 'abnormal' 

motions viz. rliRplacernE'nts cx('('ediTlg 3° day-I in longitude or 2° day-I in latitude. 

This helps us to reduce the ullcertaint.ies in the values An, Bn, As and Bs considerably 

(cr., Section 3.2.3 of Chapter III). 

Using Eqnat.ion (1.1) above, w(' det.ermined the values of the N-S asymmetry Aa 
of A ami Ba of fl, during t.he a-yr MTI and 5-yr MTL For the sequences of these values 

of An and Ha, FFT and MEM aJlalyses were used to determine the periodicities in Aa 
a.nd /la. 

Due 1.0 non-orthogolla.lit.y of thf> fit functions, the coefficients A and B may have a 

crosstalk which affects their tempora.l bdlaviors. Hence, as suggested by an anonymous 

referee of ollr paper Javaraiah &, Gokhale (l997a), we determined, in each hemisphere, 

values of the coefficients A and iJ ill the Equation (3.7) (cf., Section 3.2.3): 
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As already mentioTlPd in the previolls chapter, since C obtailled from sunspot 

data is small, the variation of B is id(,lltical to that of B. Thus the va.riations and 

periodicities in' the N-S aSYlTlllwt,ry of H shown iII the present analysis hold good for 

the N-S a.symmetry (tJa) of ]] also. Ea.ch pcrio<ii('it.y in t.he teJlJporal va.riation of the 

N-S asymmetry Ba (or 13a) represents a.n odd parity mode of torsional oscillation. 

Each periodicity in the temporal vCl.riat.ioIl of t.he N-S a.symmetry (;\a) of the 'mean' 

rotation A, mainly represents an odd parity mode of torsional oscillation whose spherical 

harmonic degree is lower than that of Ba. 

The co·efficient A is not actually the e(luatorial rotation rate. In each hemisphere, it 

is an approximate measu re of the mean rotation rate over a small range of latitudes near 

the equator (e.g., Howard & LaBonte 198:3). For completeness we show the variations 

and periodicities of Aa besides those of Ba and A.a. (Note: In the determination of 

the periodicities in Aa, Ba and in Aa, the rotation rates of spot groups during the 

years 1874-1878 have been omitted because of their large uncertainties mentioned in 

Chapter III.) 

4.3. Temporal Variations in An, As, Bn, Bs, Aa, Ba and Aa 

Solar rotation rate deduced from sunspot data depends on the type of the spot group 

used. Also, spots are limited to ±3!,)o latitudes. These properties of the data may cause 

systematic effects in the variations of A and R (Howard & LaBonte 198:3). !V{oreover, 

as a result of va.riation ill the a.IlI01lIlt ()f data, the uncertainties in A and B are large 

during the sunspot minillla and slllall during the sunspot maxima. The uncertainty in 

the ratio B/A is smaller that of B (d., Section 3.2.2). Similarly, if ~(An) and il{As) 

are the uncertainties in An and As l'("spe('tively and .6.(An) '" ~(As) = e (say), then it 

ca.n he shown that the 6(l1a) rv U(2A."J7i1), where m is the number of data points in 

either hemisphere. Similar expressions a.lso hold for 6(Bo,) and .6.(Aa). Consequently, 

the variations Aa, J3a and Aa a.re easier to detect than those in A, Band A. 

Figures 4.I(a), 4.1(b), -1.2(a) and 4.2(1)) show the variationf! in An, As, Bn and Bs 

reRpcctiveiy dming 5-yl' MTl. TllP St1('C('ssive illt.ervals 1879-1883, 1880 .. ·1884, .... ,1972-

1976 are denoted hy thp interval Ilurnhf"rs I, 2, ... ,94 respectively and they are shown in 

the hottom scale. The III iddle years of these intE'rvals are shown in the top scale. In these 

figures it can be seen that the 1l11("ertainty bars are sufficiently small for determining 

the' variat.iolls in An, A8, r311. Clnd IJs 011 t.ill\(' scale'S 2: 5-yr. 

Figlll'f'S ·1.:3(a.), 4.:J(h) and 4.:3(c) show theva.riations in Aa, Baand Aa respectively 

derived rrom the :3-yl' MTI (dotted curve) and ~-yr MTI (dashed curve). In these figures 

it can he seE'n tha.t the a.verage amplitude of Ea is substantially larger than that of Aa. 
Then' exists a good resemblance in the patterns of variations in AQ and Ba, though the 

relative amplitudes of t1lf'ir variations are not. proportional. How€'ver, t.hefe exist cross 
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Figure 4.1(a). 

Figure 4.1 a.-b. Variations of the Sun's equatorial rotation rates An and As in the (a.) N- and (b) S­
hemisphercs during 5-yr MTI. (Th(' SlIcc'f'Hsivc illtnvalf; 1879-1883, 1880--188-1, .... ,1972-1g76 are 

denoted by the interval numbers 1, 2, ... ,94 respf'ctively and they are shown in the boLtom scales. The 

middle y('ars of these intervals a.re shown in the top scales.) 
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Figure 4.2a.-b. Variation of t.hf' latitudinal gradi~'nts, En and Bs of the Sun's rotation rate in the (a) 
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Figure 4.3a-c. Variations of t.he N -S asymmetries A a, Ba and ita respectively, calcula.ted during 

3-yr MTI (dotLed curve) and !)-yr MTI (dashed curve). (The hottom and the top sea.les have the same 

notations as in Figure 4.]), Error hars are not shown here since t,hey are quite small (see Section 4.3). 
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talks between An and Bn, and between As and B$. Hence, the resemblance between 

Aa and Ba Illay not have a rhysical mralling. In fact the variation in Aa is much 

more similar in character to the variation in Ba, except for the opposite sign. [This 

is expected from the definition of A (see Section 2.2.1 of Chapter III) because in each 

hemisphere, the amplitudes of variations in B are much larger than those of A (see 

Figures 4.1 and 4.2).]. This anticorrelation of Aa and Ba might be having a physical 

meanmg. 

The values of Ba arc~ positive in thp interval numbers 1-20 (corresponding to the 

period L882-189:3) a.nd 46-.57 (corresponding to the period 1924-1939). Thus, during 

these periods the N-ilelIlisphC're rotateclmore differentially than the S-hemisphere. Dur­

ing the fonner period t.he solar activity in the S-hemisphere was on the average highe:l' 

than that in the N-hemisphere and durillg the latter one, there was no significant dif­

ference in tIl<' a.JI1otlllt.s of activities ill the two hemispheres (e.g., see 'White & Trotter 

1977; Yi 19~J2). Except during t.lw former period, there is no definite anticorrela.tion 

bf'twccn the N--S a.symllletry of tIl<' amount of activity and that of the differential ro­

tation 011 timE'scales ':3--.') yr'. III order to verify this we computed the correlations of 

Itn, Ea and I\a to Xa, tile N--S asymmetry of surispot activity X (sa.y). In Figure 4.4 

we show the va.riation of X (l dmiIlg 3-yr MTI (dashed curve). In the same figure we 

also show the variation of X durillg :1-yl' M1'I (dotted curve). (Here the number of data 

points gone in the determinations of A, B. ,4 during a given interva.! is taken as the 

measnre of SllllSpol activity during t.hat interval.) Tbe correlatiolJs hetween the Aa all(\ 
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Figure 4.4. Varia.tions of sunspot activity X (dotted curve) and of N-S asymmetry X a (dashed 
curve) of X during 3-yr MTI (cf. Section 4.3). The horizontal line represents the avera.ge value of 

Xa. 

Xa for 3-yr 1\11'1 and 5-yr MTI is fonnd to be only -3.6% and -4.8% respectively. The 

correlations between the Ba and X a of 3-yr MTI and 5-yr MTI are merely -1 % and 

-2% respectively. The correlations between .A.a and Xa of 3-yr MTI and 5-yr MTI are 

also only :3.6% and 3.1 % respectively. Thus, it seems the N-S asymmetries of rotation 

parameters have no relation with the N-S asymmetry of activity on time scales < 5 yr. 

In Figure 4.4 one can see that the average value of Xa of the first 45 intervals (before 

the year aronnd 1925) has a sign (negative) opposite to that of the later intervals. The 
average value of t.he amonnt of activity (X) of the first 45 intervals is some what lower 

than that of the later intervals. In general, there exists a good anticorrela.tion between 

X a and X suggesting existence of the periodicities --.; ll-yr and '" 100 yr (e.g., Verma. 
Um:l) ill X a a.lso as in X. The anticorrelation suggests that relative contribution from 

Ilorthel'll hcmiRpitere is la.rger for the larger activity X. 



4.4. Periodicities in An, 13a and An 

4.4.1. FFT ANALYSIS 

We have computed FVT (fast l<burier transform) power spectra of the sequences of 
values of Aa, Ba and Aa for 3-yr MTI and 5-yr MTI. While computing the FFT of any 

sequence of values, a first-order polynomial fit obtained from the whole sequence of the 

values is first subtracted from each value. Next the first and the last 10% of the data is 

apodised by using a rosine bell function and then the size of the sequence is extended 
to the next power of 2 by taking an adequate number of zero values. This detrends the 
sequence and removes the leakage between the repeated data segments (e.g., Brault & 
White 1971). 

It should be noted here that as the interval length increases, the uncertainties in the 

parameters An, As, Bn, and Bs reduce. However, in the power spectrum derived from 
larger interval lengths, the peaks corresponding to the higher frequencies are washed 
out, and the peaks at lower frequencies get broader. 

For each FFT spectrum we have determined the mean ('m') and the standard 

deviation ('0"') over the whole frequency range. The standard deviation's' is determined 
after omitting the values which are greater than m + 2.5(1 in the spectrum. The FFT 
spectra are discussed below. 

Periodicities in Aa 

The continuous curve in Figure 4.5(a) represents the FFT power spectrum of the tem­
poral variations in An obtained from sequences of 3-yr MTI. This spectrum shows a 

very large power peak at 42. 7~ig yr, and another peak at 21.33~~ yr, which are signi­
ficaut at 5.8a and 3.2(1 respectively. This ,spectrum also shows a. broad. power hump a.t 
8 -14-yr with possihle peaks at '" 14.2-yr, f'V 9.8':yr and at"" 8.5-yr, which are signincant 

at 3.8s, 2.5s and 2.3s respectively. There are also small peaks at '" 6.4-yr, '" 5.6-yr 

and rv 3.7-yr, whose levels of significance are in the range'" 1.0-1.58. (Here the 2u 
corresponds to 95% confidence for n - 1 degrees of freedom and the 25 level corresponds 

to WS% confidence for n - 3 degrees of freedom, where n = 64 is the total number of 

fr(~ql1ellcy values ill the spectrum.) 

In the FFT power sp~ctrum of Aa obtained from the sequence of 5-yr MTI, we 

fOlllJd t.he same peaks, (within the uncertainty limits), with the same significance levels 

as in Figure 4 .. 5(a). Hence, this spectrum is not shown here. 
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Figure 4.5a-c. FFT power spectra of Aa, Ba and of A.a are represented by continuous curves. The 

spedra of corresponding simulated variations Aa', Ba' and A.a' are represented by dotted curves. 

(a): The spectra of Aa and Aa' are obtained from the values of 3-yr MTI. (b): The spectra of Ba 
and Ba' are obtained from t.he values of 5-yr MTI. (c): The spectra of Aa and Aa' are obtained 

from the values of 5-yr MTI. 

PC7·iodicili ('$ in Ha 

The continuous curve in Figure 4.5(b) represents the FFT power spectrum of Ba ob­

tained from the sequence of 5-yr MTI. This spectrum shows a dominant but broad peak 

(·orrc'sp<lIldi IIg t.o p('rio<ls ill t.h(' range '42--64-yr' which is significant at rv 3.50" levc:-1. 

There are peaks at 21.33~~ yr, 14.2 ± 1 yr, and at 10.6 ± 1 yr which are significant at 

levels 2.7rr, 2.30" (4.8s) and 3.40" respectively. This spectrum also shows the possibility 

of existence of periodicities in Ba at '" 8.5-yr, '" 6.1-yr and at ,...., 5.3-yr with,...., LOs 

levC'ls. (Here the 20" level corresponds to 95% confidence for the n-l degrees of freedom 

a.lId thp 2R level corresponds to 95% confidence for n - 4 degrees of freedom.) 

The FFT spectrum of Bn obtained from the sequence of 3-yr MTI is found to 

be quite similar to tha.t of the .5-yr MTI. Therefore (and for another reason given in 

Section 4.4.2) this spectrum is not shown here. 

Pe1·iodicifies in Alt 

The continuous curve in Figure 4 .. 5(c) represents the FFT power spectrum of 14 ob-
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t,aJ~ed from the sequence of .5-yr M'l'1. As expected (see Section 4.3), the positions and 

the levels of significa.nce of tile main peaks in this spectrum are almost same as those 

of the peaks ill the FFT spectrum of Ba. However, the spectrum of Aa shows relatively 

larger amount of power in the ra.nge '7-14' yrs. this spectrum also shows a peak at 

'32-yr' which is significant at 2.1a ( or 3.2s) level. The peak at '6.1-yr' is weaker and 

the one at 3.1-yr is much stronger than the corresponding peaks in the spectrum of Ba. 

The FFT spectrum of Aa obtained from 3-yr MTI (not shown here) is similar to 

that obtained from 5-yr MTI except for a much higher noise level. 

4.4.2. CONFIRMATION FROM SIMULATED TIME SERIES OF Aa, Ba AND Aa 

To check whether the periodicities in Aa, Ba and Aa determined in Section 4.4.1 are 

correct in spite of the uncertainties in the values of An, As, Bn and Bs, we used the 

following method, which we have already used in Section 3.5.1 of Chapter III. We 

generated 'simulated' time series An' by varying each value of An in the time series by 

adding to it a random number whose magnitude is equal to or less than the uncertainty 

in that value. Similarly, we generated the 'simulated' series As', etc .. From these series 

we construct the simula.ted series Aa', Ba' and Aa' respectively for Aa, Ba and Aa. We 

then computed the Fourier analysis of Aa', Ba' and Aa'. 

The dotted curves in the Figures 4.5( a-c) represent the FFT spectra of the time 

series Aa', Ba' and Aa'. The positions and the level of significance of peaks in these 

spectra are the same (within the uncertainty limits) as those of peaks in the correspond­

ing spectra (continuous curves) of the real time series of Aa, Ba and Aa. This shows 

that even if the 'correct' value of An, Bn, etc. were anywhere within the respective 

uncert.ainty rang(" the periodicities would be the same as those found in Section 4.4.l. 

Hence, the periodicities found ill Section 4.4.1 are present in the true variati()ns of Aa, 
Ba and Aa. 

[In the FFT spectrum of Ba' obtained from 3-yr MTI, large disagreements in 

the positions of peaks are found in comparison with the positions of the peaks in the 

spectrum of Ba. This discrepancy is due to large uncertainties in the values ()f Bn and 
Bs during some intervals around the periods of solar minima. Thus, the periodicities 

ill 13n oi>taill('d frolll :3-yr MTI are not reliable. Therefore the FFT spectrrun of Ba 

ohtailled frolll 3-yr MTI is not shown in Section 4.4.1] 

1.·1.3. 1\I AXIl\1lJl\1 ENTHOPY ANALYSIS 

To determine the values of the periodicities in Aa, Ba and Aa with better accuracy, we 

have comput.ed the power spectra of Aa, Ba and Aa by MEM choosing va.rions values 

for the order m of an autoregressive (AR) process in the range ('Il/3, n/2) .• ~ 
in Ulrych & Bishop (1975), where n is the toul number of intervals ~n the anai:yze.d 



series. The MEM For.-tnul program was provided to us by Dr. A. V. Raveendran. 

Periodicities in A a [1'0111 M /-<':;M analysis 

In Figure 4.6(a) wp show the MEM power spectra of Aa for p = n/2 obtained from the 

sequences of 3-yr MTI. The continuous and da.shed curves represent the MEM power 

spectra of Aa and Aa' respectively. The MEM power spectra show the existence of 

'45 yr', '21.3 yr', '13.3 yr', '10.5 yr', '8.S yr', '6.5 yr' and '5.6 yr' periodicities in the 

variations of An. III this figure, the positions of all the pea.ks in the continuous and in 

the dashed curves coincide. (The same behavior is found also in the MEM spectra of 

Aa and Aa' obtained from 5-yr MTI, hence we have not shown these spectra.) This 

confirms the reality of the above-mentioned periodicities in' the variation of Aa. 
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Figure 4.6{ a). 

Figure 4.6a.--c. MEM power spectra of Aa, Ba and of Aa (for autoregressive process of order 

p = n /2, where n is the length of the time series) are represented by continuous curves. The spectra 

of corresponding silllulated variations Aa', Ba' and of Aa' are represented by dotted curves. (a): 

Tlw sp<'ct.ra. of Aa and An' are obt.ained from the values of3-yr MTI. (b): The spectra of Ba a.nd 
(3(l' are oi>t.aiuf'd from t./H' vI-dues of 5-yr MTl. (c): The spectra of Aa and Aa' are obtained from 

t.llf' values of !5-yr MTL 

Pel'iod1:ciiies in Ba from. MEM analysis 

In Figure .1.G(b) w(' Hhow the lVIEM power spectraQf Ba (continuous clII've) a.n<l Ba' 
(clotted curve) for m = 11./2 obtained fl'om,tbe sequence of 5-yr MTI. These MEM 
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Figure 4.6(b). 

power spectra show the existence of '50 yr', '20.S yr', '13.9 yr', '10.5 yr', '9.3 yr" '6.25 

yr' and '5.:l2 yr' periooicities in Bn. In this figure also the locations of the peaks in 

the continuolls and dashed curves almost coincide. This confirms the reality of all the 

abov('-IlJ('IIt.iolJ('d [>f'l'iodicit,i('s ill the variation of Ba. 

Pe1'iodiciiie,'l in Aa f1'01n MEM analysis 

III Figl1\'c -1.G(c) we show the MEM power spectra of Aa (continuous curve) and Aa' 

(doU<'d ('urv(~) for lJ = 71/2 ohtainco from the sequence of 5-yr MTI. These MEM power 

sp('ctra Rhow t,1J~ ('xistence of '.5.5 yr', '19.6 yr', '13.2 yr', '10.5 yr', '9.0 yr" '6.29 yr' 

and ';'.29 yr' periodicities in Aa. Surprisingly, even the spectrum obtained by 5-yr 

MTI shows the existence of a very dominant periodicity at '3.22 yr'. This periodicity 

if! siglliflcant (though not dominant) in the FFT spectrum also. (A reason for the 

Cl h::H'IICP or i IIRign i ficallce of this periodicity in the spectrum of Ba may be that A.a 
depel\ds III ore' 011 t,11f' rotation in the deeper layers of the Sun.) The positions of the 

peaks at all the above-mentioned periodicities in the continuous and the dashed curves 

alIllOlit. coincid('. This confirms the reality of all the above-mentioned periodicities in 

thp variat.ion of Aa. The spectrum of Aa also shows the possibility of existence of the 

following periodicities: ':30.:1 yr', '1.29 yr', '3 .. 52 yr', '2.44 yr" and '2.17 yr', but UteS(' 

p('rio<iicit,jps are Ilot reproduced hy the Aa'. Hence, their significance is doubtful. 
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4.4.4. CHECr<ING FROM THE ROTATION RATES OF THE YOUNG AND THE OLD SPOT 

GROUPS 

To determine whether the periodicities seen in Sections 4.4.1 and 4.4.3 are due to the 

variatiollR ill the relat.iv(' contributions to the data from the young and the old spot 

groups, w(' have analyzed separately the data corresponding to the spot groups of age 

~ :J days and those of age > 3 days. 

Figul'(>!l -1. 7( a-() Rhow the FFT spectra of Aa, Ba and Aa obtained from data 
rorrf'!lpond iug to thp young groups (continuous curve) and the old groups (dotted curve) 

for t.hp RC'CJIH'IICC of 5-yr MTI. It can be seen in Figures 4.7(a) and 4.7(c) that the 
pOAit.ions of t.he peaks ill the power spectra of Aa and .ita obtained from the young 

grotl pR amI thf~ old groups taken separately are almost the same, (within the limits 

of t.\H'ir ullcertainties), as the peaks in the corresponding speCtra obtained from the 
comhillf'd dat.a. (Figures 4.5(a) and 4.5(c)). This suggests that the periodicities in Aa 
and A(l cipt.rrmi nc<1 in Sections 4.4.1 and 4.4.3. are present in the real variatiolls of ACI 
and Atl, and arp lIot ('Om ing from the variations in the relative contributions to tbe data 

from t.he yOllllg and the old groups. 

III F'igurC' 4.7(h) it can be seen that except for the absence of a peak at '21.' 
yr', th~ positions of t.he remaining peaks in the' power spectra of .& obtained from 
th(" YOlll!g groups and the old groups taken separately are almost the same (withill &he 
limits of their uIlcertainties) as the peaks in the corresponding spectra obtained from 
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the combined data. The peak at '21.3 yr' is missing in the spectrum corresponding 

to the young groups, whereas there is a high power concentration around the same 

position in the spectrum corresponding to the old groups. Thus '21.3-yr' periodicity 

in Ba determined in Sections 4.4.1 and 4.4.3 may be coming mainly from the temporal 

variation ill th(! rotation rate of the old groups (which h,as to be confirmed with a better 

separation of young and old groups). 

4.5. Periodicities Determined From the Mt. Wilson Velocity Data 

Dr. H.. F. Howard kindly provided with us the daily values ofthe A, Band C coefficients 

derived from Mt. Wilson Doppler velocity data measured during 1967-1994 for northern 

and sOllt.hcm hemispheres separately. We focus on observations obtained after 1981 with 

the t"(.'ducf>d instrumental noise. The data reduction and analysis is same as described 

in SectiOlI ~J.2.2 of Chapter Ill. The N-S asymmetries of A, Band C were ca:Iculated 

using til(' fOl'lllula (4.1). 

F'ig\ll'f' 4.8 shows the variations of the N-S asymmetries Aa, Ba and Ca, binned 

into 1 ~)-da.y int.el'vals of the Mt. Wilson velocity data during 1982-1994. Figures 4.9(a­

c) show the FFT pow(>r spectra of the ACt, Ba and Ca, respectively. The spectra. As 
and On show dominant peaks at the period of 374 ± 30 day with> 99.9 % confidence 

level. The spectrum of the N-S asymmetry of lJ shows peaks at the periods 374 ± 30 

day, 78 ± 2 <lay and 49 ± 1.0 day with 99-99.8 % confidence level. In this spectrum 



tile two peaks at periods of 67.F> ± L.O day and 42.7 ± 0.:3 da.y, and in the spectrum 

of C the peak at period of 41\.2 ± 0.t1 da.y arc significa.nt with 98% confidence level. 

In all these three spectra the pE"aks at the periods of '" 11 yr are highly insignificant 

or absent. Infh.tellce of the 7°.17 inclination of t.he Sun'8 equator to the ecliptic may 

be responsible for the domina.nee of 374 day periodicity in the N-S asymmetries of the 

solar rotation and the differential rotation. 
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Figur!' 4.8. Variations or the N-S asymmetries Aa, Ba and Ca determined from Mt. Wilson 

v('\ocit.y dat.a during 1982-1994 rebil111ed into consecutive 19-day intervals. The horizootallines 

represent the average values. 
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Figure 4.9a-c. FFT power spectrum of (a) .A. a , (b): of Ba and (c) that of Ca, determined from Mt. 

Wilson velocity data during 1982-1994. 
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4.6. Relations of Aa, Bn and Aa With the Surface Magnetic Field 
and With Activity 

4.6.1. RELATION WITH THE GLOBAL MODES IN THE MAGNETIC FIELD 

Csada (1971) analY7:ed 8-yr magnetograms measured during 1959-1967, and found the 

same family of periods for both even-parity and odd-parity modes of magnetic field. 

Stenflo & Vogel (1986) analyzed 25-yrs of magnetograms measured during 1959-1976. 

Thpy have not.ced the absence of a '22-yr' periodicity in the even-parity modes. We 

have analyzed (Gokhale & Javaraiah 1990a; cf., Chapter II) the magnetic field inferred 

from the latitude distribution of sunspot activity during 1874-1976. We find a small 

but significant power in the '22-yr' periodicity for even parity also. 

TIle '22-yr' oscillation in An, Ba and Aa (determined in Section 4) might be the 

ScUll(' as '22-YI"' oscillation of even parity found in the magnetic field inferred from the 

SlIlIspot data. The dominant '45-yr' periodicities in An, En and Aa match with the 

ppriod of so-called 'Double-Hale' solar magnetic cycle (see e.g., Fairbridge & Marcel 

}077). This suggests that the periodicities in Aa, Bn and Aa may represent torsional· 

1\.1 fin oRc-illations of odd parity in the rotation (represented by odd terms in the Le­

gendre polynomial fit of w(.x)) which correspond to even parity in the magnetic field. 

StPIl no & Vogel (1986) have noticed an increase in the frequencies of the even-parity 

modes of the Sun's magnetic field with increase in the spherical harmonic degree. We 
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foonH'that the fn'qucncies of ('ith('r even-degree modes or of the odd-degree modes 

8I'e independent of t.heir spherical ha.rmonic degree a.nd we have suggested that the 

Sun's global modes may be 'forced' by SOlIle unidentified mechanism (d. Chapter II). 
The similarities ill the patterns of the temporal behaviors of Aa, (-Aa) and Ba seen 

in Section 4.2 indicate t.hat the torsiollal oscillations constitut.ing va.ria.tions of these 

parameters may he either forced illdepcndc'Ilt. oscillations or components of a single 

oscillation which itself could be forced internally or externally. The oscillation repres­

ented by the variation of Aa is in anti-phase with that represeIlted by the variation of 

Ba (or Ba). 

4.6.2. COMPARISON BETWEEN THE PERIODICITIES IN THE N-S ASYMMETRY OF 

AMOUNT OF SUNSPOT ACTIVITY AND THOSE OF Aa, Ba, AND Aa 

Swinson et al. (1986), analyzed the combined data of sunspot areas and sunspot num­

bers from White & Trotter (1977) and Koyama (1985). They have noticed in addition 

to the f"o.J ll-yr periodicity, the existence of a significant f'V 22-yr periodicity in the N-S 

asymmetry of solar activity. The existence of '3.27-yr' and f'V 80-yr periodicities in the 

N-S asymmet.ry of solar activity was also suggested from the analysis of spot group 

areas (see, Vizoso & Ballester 1990). Carbonell et al. (1993), using a classical and 

modern quantitative techniques, studied the N-S asymmetry of sunspot areas in the 

combined data from the GPR (1874--1983) and the United States Air Force (1983-1989). 

In their study only a '12.l-yr' periodicity was found to be statistically significant. 

Some invest.igators raised doubts OIl the significance of the f"o.J ll-yr periodicity in 

the N-S asymmetry of solar activity (Vi 1992 and references therein). According to 

them this periodicity might be simply an artifact of the '11-yr' cyclic variation of the 

total activity in the denominator of formula (4.1). Similar doubts may also be raised 

wit.h rf'S)H'ct t.o the rv 11 O-yr trend seen recently by Verma (1993) in the N-S asymmetry 
il\(licC's of t.he SCV~1l different solar activity phenomcnaobserved during 1832-1990 (since 

the exist.cnce of a '" 1 OO-yr periodicity in the total activity is well known: e.g., Cohen 

& Lintz 197-1; Wolf 1976; Otciola & Zenteno 1983). 

The douhts in the previous paragraph do not apply to the periodicities found in 

An., Ha and :\a ddc'l"m illC'd from SllIlSpot dat.a., for the following reasons. We have 

veriripd t.ha.t. t.he quant.ities (An - As), (Bn - Bs) and (An - As) also show the same 

perio<iici tics as in All, Ba and .Aa respectively. The low frequency ends of the spectra do 

not change £OvelJ if thp FFT spectra of the sequences of Aa, Ba and Aa are calculated 

after sllbtract.ing their respective mean values instead of subtracting the first-order 

polYlJolll ietl fit.s. A Iso, the correlations of ;ta, Ba and Aa to (Xn - Xs) are found to 

have almost tlw same values as their correlations to Xa (see Section 4.3). Here Xn and 

X s are the measures of sunspot activity X in the Nand S hemispheres, respectively. 



Thus, for the frequellcy resolution allowed by the data, the periodicities found in 

the present analysis must be really present in Aa, Ba and Aa determined from spot 

group data. 

To compare the periodicities in Aa, Ba and Aa with those in the N-S asymmetry 

of solar activity, we have computed the FFT spectra of Xa and also that of the quantity 

Xn - Xs (equivalent t.o the Ilumerator of the Equation (4.1)) during the 3-yr MTI and 

5-yr MTI. The spectra. obt.ained from 3-yr MTI a.re shown in Figure 4.10. (The spectra 

obtained from 5-yr MTI are found to be similar, hence, not shown.) These spectra show 

all the dominant periodicities found in Aa, Ba and Aa with similar relative magnitudes. 

(The FFT spectrum of Xa is much more similar to that of Aa than those of Aa and 

Ba.) 
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Figure 1.\0. FFT POWN spectra of t.he N-S asymmetry X a (continuous curve) of sunspot activity X 
and of X 11. - X8 (dotted curves) obt.aincd from the values of 3-yr MTI, where X n and X S are the 

lIleasures of sunspot activity X in northern and southern hemispheres, respectively. The power 

val ues are normalized to t,heir respective maximum values. 

['I'll(' SpC'ct.l"lllll of Xa (contillllollS cl1l"ve) shows the presence of a dominant period­

icit.y at (IUi-yr'. This periodicity is not dominant in the spectrum of Xn - x.~ (dotted 

("\II"v('). II ('lice, Olle may suspect that the dominance of this periodicity in X a may be 

all artifact of t.he variation of the denominator of the Equation (4,1) as suggested by 

SOIlH' out-hors (Yi 1992 and reff'rences therein). On the other hand, in the spectra of 

,ita alld f3n. dd,crmillC'd froJTl spot group data. there is a large amount of power in 10-14 

yC'ars (Sf'C' SC'ct.ioIl .1..1.1), henc£' the dominance of 10-14 yr periodicity in Xa seems 
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to be physical. The 11 yr periodi.city is not found in Aa, Ba and Ca derived from 

the Mt. Wilson velocity data during 1982-994. The difference in periods determined 

from sunspot data and from the velocity data may be understood if the rotation rates 

determined from these data sets represent rotation rates at different depths in the solar 

convective envelope (sef' Section 3.7 of Chapter III).] 

4.7. Comparison of Periodicities in the Solar Differential Rotation With 
the Periods of Planetary Configurations 

The maintenance of torsional oscillations will need internal or external perturbations 

(either continuous or episodic); with appropriate periodicities. So far no internal source 

of perturbations which excite the Sun's torsional oscillations is known (see Rosner & 
Weiss 1992). 

Influence of planetary motions on Sun's cyclic activity has been considered by a 

number of scientists (see Ferris 1969; Kuklin 1976; Fairbridge & Shirley 1987; Seymour 

et al. 1992). Some authors considered action of tidal force of planets on the Sun as a 

calise or 1'1I1lSpots «'.g., 'I'akaha.shi 1965; Wood 1972; Bigg 1976; Verma 1986). Some 

other authors (Jose 196.5; Wood & Wood 1965; Fairbridge & Shirley 1987; Lanclscheidt 

1999) have noted that the motions of the planets cause the Sun to move irregularly 

around the ccnter of mass of the solar system (barycenter) and suggested coupling of 

the Sun's spin a.nd orbit motions may be responsible for the sunspot activity. Recently, 

Zaqarashvli ( L997) slIggf'stecl that t.he near elliptical 'path' of the Sun around the bary­

cellter of t.he solar system causes weak periodic differential rotation in the interior. 

In order to check whether the perturbations needed to excite the torsional oscilla­

tions could come from the solar system dynamics (SSD), we looked for the periods of 

planetary configurations which agree with the periods of solar differential rotation. 

Most of the angular momentum of the solar system is contributed by the orbital 

motion of the fOllr major planets .Jupiter, Saturn, Uranus and Neptune, whose time 

dependent spatial configurations are responsible for irregular orbital motion of the Sun 

arollnd the solar system barycenter with 1"V22-yr periodicity. On the other hand Mercury, 

Venus, Earth and Jupiter are important 'tide-raising' planets. Conjunctions of the 

later plalldR S('CIIl t.o 1)(' important for 'Jerks' in the Sun's orbital motion (Wood & 
Wood 19(5). lIellce, all inner as well as outer planets may be important sources of 

perturbat.iolls in the solar rotation, either due to their angular momentum or due to 

their t.idal force or due to both. 

Ea.ch of tIl(' sign ifica.nt. periodicities found in th(' solar differential rotation seem 

to match with a pc>riod of configuration of two or more planets (Javaraiah & GokhaJe 

19%; .lavara.iah 1996). We est.imated the approximate values of the relative 'powers' 
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(approximate areas under the curve) of the significant peaks in the FFT spectra of 

B (Figure 3.10, Chapter III) and Ba (Figure 4.5(b), Section 4.4.1). In the spectrum 

of Ba, the relative vailles of powers of the peaks at frequencies which match with the 

combination freqnencies lis - Vu , Vj - Vs and {(Vj - VII), (Vj - vn )} were found as 1.00 ± 
0.05, O.31±0.0.5 and O.81±O.05, respectively. Here Vj, vs, Vu and Vn represent the orbital 

frequencies of Jupit.er, Saturn, Uranus and Neptune, respectively. The frequencies 

Vj - Vu and Vj - Vn are considered together because the peaks at these positions are not 

wen separated in the spectrum. The approximate values of the relative powers at the 

above said frequencies in the FFT spectrum of B were found as 0.71 ± 0.5, 1.00 ± 0.5 
and 0.46 ± 0.0.5, respectively. 

Thus, ill B the combination frequency of Jupiter-Saturn pair may provide the 

strongest perturbation, whereas in Ba the combination frequency of Saturn-Uranus 

pair may provicle the strongest perturbation. However, within Newtonian mechanics, 

these perturbations are quantitatively quite small. 

The time dependent N-S asymmetry in the distribution of mass and angular mo­

mentum in the solar system may be the source of asymmetry of the perturbations which 

excite the Sun's anti-symmet.ric oscillations. The maximum N-S asymmetry in the dis­

tribution of mass and angular momentum in the solar system during a specific planetary 

configuration of planet.s depends lIpon the maximum angular distances of the planets 

above and lwlow the ('dipt.ic (or invariant plane), which in turn depends on the dif­

ferenc('s ClIllOllg til(' angular inclinations of the orbits of planets to the ecliptic (in the 
hclioccutI:ic co-ordillate system). Hence, we speculate that the dominance of the com­
bination frequellcy of Sa.turn--Uranus pair in Ba may be due to large difference in the 
angu lar i lid illat.iolls of the orbi ts of these two planets. 

The llIain doubts about any role of the solar system dynamics in solar activity 

mechan ism ('ome frolll (i) the near absence of sunspot activity during the Maunder 
mini Ill\! m cwd (ii) the variation of stellar magnetic activity along the H-R diagram and 
with age. Attempts have been ma.de to explain the prolonged sunspot minima (such as 

Ma.llnclf'1' l1linimum) IIsing the solar system dynamics (e.g., Fairbridge & Shirley 1987). 
d ., th b 'c mechanism of solar activity lIow('v('r, t.llP rolp of tJw solar system ynamlcs m e aSl 

is s1.i II a. lIlatl.('!' of slwnJlal.ion. 

lO2 



4.8. Conclusions and Discussion 

Conclusions: 

From the analysis of the N--S asymmetry in the Sun's 'mean' and differential rotation 

obtained from 103 yr CPR data. on sunspot groups and the velocity data during 1982-

1994, we have drawn the following conclusions: 

(1) The variation ill Aa is similar in character to the variation in Ba but with opposite 

sign. From this we suggest that the variations of Aa and Ba may represent components 

of an anti-symmetric torsional oscillation of the Sun which are in opposite phase with 
each other. 

(2) The temporal variations of Aa, Ba and Aa have a dominant periodicity at 45.5 ± 
11.5 yr and have periodicities at 21.3 ± 4.0 yr, 13.3± 1.5 yr and 10.5± 0.5 yr. The 

variations of Aa, Ba and Aa may also have periodicities at '8-9 yr', '6.5 yr' and '5.6 
yr'. 

(3) The power spectrum of N-S asymmetry of A and that of C determined from the Mt. 

Wilson velocity data during 1982-1994, show peaks at the period 374 ± 30 day with> 

99.9 % confidence level. The spectrum of the N-S asymmetry of lJ shows peaks at the 

periods :374 ± 30 day, 78 ± 2 day and 49 ± 1 day with > 99 % confidence level. The 

7° .17 inclination of the Sun's equator to the ecliptic may be responsible for the 374 day 

periodicity in the N-- S asymmetries of the solar rotation and the differential rotation. 

(4) Almost all the IH'riodicities of Aa, Ba anel Aa reported in Conclusion 2 are also seen 

in the va.riat.ion of N--S asymmetry (X a) of sunspot activity (X), with similar relative 
magnitudes. 

(5) There exist::; a. good a.nticorrelat.ion between X a and X suggesting existence of the 

periodicities", ll-yr and", 100 yr in Xa also as in X. 

(6) Some of the dominant periodicities of the solar differential rotation ma.tch with the 

periods of configura.tions of dominant planets, suggesting some speculations on planet­

ary cOllfigurations providing perturbations needed for 'torsional MHD oscillations'. 

Di.<icus."ion: 

The a.verage F'FT powpr in the spectra of Aa, Ba and Aa obtained from the young 

groups if; respectivE'ly "" 2A, "-J 13 and"" 3 times higher than the average power in the 

COIT(,Spoll<i illg ::;p('ct, ra oht.ai ned from the old groups (flec Figures 4. 7( a-(')). If the young 

groupFl arE' a.nchored deeper layers than the old groups (Tuominen & Virtanen 1987; 

Sch·ii.ssler 1987), then it seems that the asymmetry is more pronounced in the deeper 

layers. A simi ia.r beha.vior was seen in the variations of B / A obtained from the young 



and the old group rotation rates (cf., J avaraiah & Gokhale 1995). The absence of '21.3-

yr' periodicity in Ba as seen from the young-group data (Sec.tion 4.4) and the possibility 

of the existence of this periodicity in Ba as seen from the old-group data indicates that 

this periodicity in Ba may be connected to the rotation rate of the superficia.l layers 

(which has to be confirmed with a better separation of young and old groups). 

Patterns of t.emporal variations of the coefficients l3 and 6 determined from Mt. 

Wilson magnetograph data were also found to be similar to each other (see Snodgrass 

& Howard 1985). This and conclusion (1) above, indicate the possibility that the Sun's 

torsional oscillations might be of the 'forced' variety. (As pointed out by a.n a.nonymous 

referee of our pa.per Javaraiah & Gokhale (1997a), the anticorrelation of Aa and Ba 
may suggest an exchange of angular momentum between rigid and differential rotation.) 

Since most of the frequencies (/periodicities) found in the present analysis (Con­

clusion 2) appear as integral multiples of one of the frequencies, they may suspiciously 

look like mathematical artifacts. However, they may not be mathematical artifacts since 

the length of the data used here is longer than double the longest period. It is more 

likely that the existence of these 'harmonics' and 'subharmonics' may he a. consequence 

of the Sun's behaviour as a forced nonlinear oscillator (see also Bracewell 19S8j Attolini 

et. a1. 1990). 

According to some authors (e.g., Ribes et a1. 1987 and references therein) Sun 

was slightly more differential during the Maunder minimum (1645-1715). The activity 

was not totally absent and activity was more pronounced in the S-hemisphere. That 

is, it seems during the Maunder minimum (1645-1715) sunspot activity was not totally 

absent and the N-S asymmetry in the amount of activity was unusually large (see 

Sokoloff & Ri bes 1994; U soskin et a1. 2000). There exists a good anticorrelation 

between the sunspot activity and its N-S asymmetry (cf., Section 4.3, Figure 4.4). 

However, the correlations of N-S asymmetry of activity with N-S asymmetry of A 
and with that of B were found to be very wea.k (Section 4.3). Presence of harmonics 

and subharmoniC"s in the temporal variations of differential rotation determined from 
sunspot data may suggest nonlinear nature of Sun's torsional oscillations. So, it is 
intel-esting to inveRtigate whether the prolonged minima such as Maunder minimum 

might n'sult from t.he non-linearity of Sun's torsional oscillations. 
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Chapter V 

DEPTHS OF INITIAL ANCHORING AND RISING-RATE OF 
SUNSPOT MAGNETIC STRUCTURES 

5.1. Introduction 

Statistical observations on active region size distribution, rotation and meridian flow, 

characteristics of growth and decay, seem to reflect regularities of the behaviour of the 

subsurface flux tubes through which the regions are formed (Howard 1996a). Studies 

of the rotation of plasma and magnetic structures on the Sun's surface are useful for 

understanding the magnetohydrodynamic (MHD) interactions beneath the surface. In 

particular, it is important to study the variations in the rotation frequencies of sunspots 

and sunspot groups with respect to their ages, areas and lifetimes. Several such studies 

have been carried out by a number of authors using Greenwich photoheliographic results 

(GPR) for sunspot groups (see Schroter 1985). It is believed that the rotation rate of 

spot groups decreases with their age (e.g., Ward 1966; Godoli & Mazzucconi 1979; 

Gokhale & Hiremath 1984; Balthasar et al. 1986; Tuominen & Virtanen 1987; Zappala 

& Zuccarello 1991; Zuccarello 1993). This could be interpreted as an indication that the 

Sun's deeper layers rotate faster than the shallower layers assuming that the magnetic 

structures of the spot groups rise to shallower depths as the groups grow older. This 

interpretation supports the traditional dynamo theory (e.g., Stix 1981), but contradicts 

the radial gradient in the Sun's angular velocity inferred from helioseismology (e.g., 

Brown et al. 1989; Libbrecht 1989; Dziembowski et al. 1989; Goode et al. 1991; 

Tomezyk et al. 1995; Antia & Chitre 1996, Antia et al. 1998; Howe 1998). It is also 

known that 'large' or 'long lived' spot groups rotate slower than the 'small' or 'short 

lived' groups (e.g., Howard et al. 1984). Hence, it is possible that one obtains the 

larger mean angular velocity for younger spot groups because of presence of a larger 

percentage of 'small' and 'short-lived' groups among the sample of the 'young' groups. 

To verify whether it is so, it is necessary to study the rotation rates of the samples of 

spot groups of different life spans (lengths of life) separately. Such studies have been 

carried out recently by Zappala & Zuccarello (1991) and Zuccarello (1993). In the 

present cha.pter we examine on how the rotation frequency of a spot group varies with 

its age (t), life span (r) and size (area), which may help to understand motions of the 

magnetic st.ructures (flux tube) of spot groups in the solar convective zone from where 

the magnetic structures rise (Javaraiah & Gokhale 1997b). 

In Section 5.2 we describe the data reduction. In Section 5.3 we show variations 
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d rotation frequency of spot groups with respect to their life spans and age. In Sec­

t~:n 5.4 we give comparison of these variations with the radial variation, (n(r), of the 

~lar plasma across. the convective envelope, determined from helioseismic measure­

ments. In Section 5.5 we give estimation of the depths of the initial anchoring and the 

rising rate of magnet.ic structures of the spot groups of different life span and age. For 

these studies we used spot group data during 1874--1939 (Javaraiah & Gokhale 1997b). 

B,ecently, upgraded spot group data during 1874-1981 became available to us. Using 

this large data, in Section 5.6 we confirmed the results of these studies. In Section 5.7 

we determine the area-lifetime relation of spot groups, and the distributions of spot 

groups with respect to life span. In Section 5.8 we summarize the conclusions and 

briefly discuss them. 

5.2. Data and Method of Analysis 

The magnetic tape of the GPR data on the sunspot groups during the years 1874-1976 

which was kindly provided by Dr. H. Balthasar, included the observation time, (the 

date and the fraction of the day), heliographic latitude and longitude for each spot group 

on each day of its observation during the entire period 1874-1976. It also included the 

corrected whole spot area A (in mh) and central meridian longitude (CML) of spot 

groups for the period 1874-1939. 

Let t I , t2, ...... 'tn be the times at which a given spot group was observed and AI, 

A21 .... An be its corresponding area values (in mh). Considering il as the time of 'birth' 

and tn as the time of 'death' of the spot group, the lifetime or life span (1", in days) and 

the average area A, and the maximum area Amax of the spot group are determined as 

follows: 

A = l/nI:A i , i = l,n, 

Amax = Max{A, i = 1, ... n}. 

To determine the life span of a spot group which is essential for the present study 

we have to ensure that we know the first and the last days of its life span without any 

ambiguity. For spot groups living longer than 9 days the identification of the first and 

the last days is possible for much fewer groups during 1940-1976 than during 1874-

1939. For 1940-1976 the magnetic tape contains data on spot groups only with central 

meridian longitudes (eM L) having absolute values 5 58°. Hence, we confined our 

study to years 1874-1939 (later we have extended the study to a large data set). Even 

from the years 1874-1939, we have eliminated the entire data on those spot groups 

which have Ie M LI > 7.5 0 on any day of their life. (This leads to elimina.tion of the 

second and the subsequent disk passages of the recurrent spot groups.) Thus, all spot 

groups with identifiable first and last days, have life spans S 12 days. 
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These spot groups are further binned into latitude intervals of width 10° each. ]n 

order to have bet.ter sta,tiRtics, groups in t.he flame latitude intervals in t,hf" northern and 

$outhern hemispheres were taken in combinat.ion. In Table 5.1 we give the total number 

of spot groups of different specified life spans in three latitude intervals of 10° each, 

deduced from the data during 1874-1939. 

Table 5.1. Columns 2, 3, 4 contain the number of sunspot groups of different specified life spans (T, 
in days) in different 10° latitude intervals, during 1874-1939, 

T latitude intervals 

0-10° 10° - 20° 20° - 30° 

1.5 183 277 109 
2.5 138 217 95 
3,5 107 235 62 
4,5 122 201 89 
5.5 123 222 81 
6.5 100 292 70 
7.5 92 183 65 
8.5 85 159 53 
9.5 84 154 52 
10.5 64 142 58 
11.5 16 49 26 

The sidereal rotation frequency (w) of a spot group of a specified life span in a spe- . 

cified latitude interval, at its age i = (ti + 1/2) day is computed using the epochs of its 
observations on the ith day (td and the (i+ 1 )th day (ti+J), and the heliographic longit­

udes of the spot group at these epochs. Rotation frequencies between non-consecutive 

days were Bot det('nnilled. Thus the uIlcertainty in t is 0.5 day. 

For each specified value of the age It' of a spot group, the mean rotation frequency 

(w( t)), a.nd the sta.ndard deviation (0"), were computed for spot groups of given life 

spans in given latitude bins. 

For spot groups of given life span r in a given latitude bin, the value of w at t = 1.5 

is defin('d as the mean "initial" rotation frequency Wini(r). 

Whil(, c\f't,(>l'lIIining t.he values of w(i) and Wini(r) we excluded the data correspond­

ing to t.he 'abnorma.l' motions, e.g., displacements exceeding 3°day-l in the longitude 

or 2°day-1 in Ia.t.it.ude. This reduces the data sample by about 3% but guards against 

errors ill l'('cording a.nd in identification of small spot groups from one day to the next 

(Ward 1965a, 1966). This precaution substantially reduces the uncertainties in the 

mean rot.at.ion frequencies (d., Javaraiah & Gokhale 1995; cf., Chapter III). 
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5.3. Variations of windT) and wet) 

In Figure 5.1 we show the dependence of the "initial" rotation frequency (Wini(r») on the 

life span 'T' of a spot group, for spot groups of life spans 2 to 12 days, in different latitude 

intervals, obtained from the data during 1874-1939. The 'error-bars' correspond to the 

uncertain~ies at the respective a-levels. From this figure one can easily see that initia.l 

rotation frequencies of spot groups depend on their life span. 

In Figure 5.2 we show wet) as a function of age t for spot groups of life spans 10-12 

da.ys in la.titude bins (0° - 10°), (10° - 20°) and (20° - 30°), obtained from data during 
1874-1939. We notice the following: 

(i) In each latitude interval, the rotation is accelerated during the first day, and in first 

two interva.ls the rotation is decelerated after the 9th day, and 

(ii) between the 2nd and the 9th days we see the following trends: (a) in latitudes. 

(0° - 10°): neither acceleration nor deceleration, (b) in (10 0 - 20°): slow acceleration, 

(c) in (20° - 30°): slow deceleration. 

We believe that the 'decreasing' trend of rotation rate with age of spot groups, 

reported by earlier authors was due to mixing of shorter and longer lived groups in the 

data sam pIe for each gi ven age. Such a mixture in the data sample affects largely the 

initial phase of w(t). This follows from the variation of Wini(T) shown in Figure 5.1. 

In lati tudes 0° -100 the trend in w( t) is generally similar to that found by Zuccarel10 

(199:3) from the GPR sunspot groups with life spans of 11 days during 1874-1976. 

5.4. Comparison of Wini(T) and w(t) With O{r) 

Genel·a.lly, it is believed that magnetic flux tubes of sunspots (or spot grollps) are formed 

near th~' base of the convection zone and rise to the surface through buoyant forces. 

Hence-, assllming that during the initial phases, the sunspot magnetic structures are 

anchored at. deepe-r layers and subsequently rise to the surface (e.g., Schiissler 1987)), 

we compare Wini(r) and w(t) with O(r). 

~. . I I I' I . t' f n(r) of the Sun's plasma rotation 111 I' Iglln' :i .. J w(, R lOW 1. le rae la varIa Ion 0 H , 

. . 65) t I t·t..J 5° 15° and 25° as provided to us fn'que-Hcy (fot' fractional radIUS ~ O. a a I uues , , 
hy Dr. fl. M. AIIt.ia, who dr-termined it from the Big Bear Solar Observatory (BBS~) 

. . . & 'bl ht 1993 ) b sing the inversion method of AntJa hf'IIOS('lsllllldata(Woodard LI rJrec .a yu 

& Chi t.n· ( I !H)6). 

5.4.1. COMPAIUSON OF Wini(T) WITH n(r) 
. d . t I 0° 10° and lOO-WO 

F L"" t::. 1 d 5 3 I't can be seen that in latItu e III erva s - , rom r Igures .J. an "', 
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Figure 5.1. The initial rotation frequency Wini as a function of the lifespan T, for spot groups 

occurring in latitude intervals 0° - 100 (dotted curve), 10° - 20° (continuous curve) and 

20° - 30° (dashed curve). 
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Figure 5.2. The meall rot.at.ion frequency w as a function of the age t for spot groups with life spans 

of 10-12 days, occurring in latitude intervals 00 - 100 (dot,ted curve), 10° - 20° (continuous curve) 

and 200 - 30° (dashed curve). 
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Figure 5.3. Plasma rotation frequency n( r) as a function of r at latitudes 5° (dotted curve), 15° 
(continuous curve) and 25° (dashed curve) provided to us by Dr. H. M. Antia, as determined from 

the BBSO helioseismic data (Woodard & Libbrecht 1993) using the inversion method of Antia & 
Chitre (1996). 

Wini(T) has trends similar to the trend of n(r), across the convective envelope. In the 

interval 20° - 30°, there is relatively large difference between the corresponding trends 

of Wini(T) and n(r) which could be due to the poor statistics. However, Wini(T) and nCr) 
at 15° latitude are similar. The similarity is even better for spot groups in the entire 

sunspot latitude belt (see Figure 5.4). In each ~nterval, the values of Wini(T) are 5-15 

nHz higher than the values of n(r). This might be due to the 'differential buoyancy' 
(D'Silva & Howard 1994) or difference in inclination between preceding and following 

wings of a rising fluxtube (Caligari et al. 1995) which might make the flux loops rotate 

faster than locai plasma. In spite of the effects (if any) due to aforementioned factors, 

the similarity of trends of Wini(T) and n(r) suggests that the magnetic structures of 

spot groups with successively longer life spans (2-12 d.ays), are initially anchored in 

successively deeper layers of the Sun. 

5.4.2. COMPARISON OF w(t} WITH n(r) 

From Figures 5.2 and 5.3, it can be seen that in each of the latitude intervals (0° _10°), 

(10° - 20°) and (20° - 30°), the range of values of w(t) is similar to that of n(r) across 

the convective envelope. In the interval 100 - 20°, even the trend of w(t) is similar to 

that of n( r) across the convective envelope at 15°. This may be interpreted as caused 
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by the rise of the IllClgll<'l.ic st.l'lI('\,lII'('S of spot, groups across the cOllvective envelope a.C) 

the spot gl'Oups grow older. (This is consistent with the inference that spot groups are 

'anchored' in deeper layers when they are younger and in shallower layers when they 
are older: e.g., Schiissler 1987). 

[The similarity between w(t) and n(r) depends on the statistical distribution of the 

ma.gnetic structure of the sunspot groups with respect to various factors, e.g., initial 

field strength, total magnetic flux, drag force, magnetic tension, etc. (e.g., Fan et aI. 
1993, Moreno-Insertis 1997 and references therein). The lesser similarity of trends in 

latitude intervals 0° - 10° and 10° - 20° must be due to the effects of such factors. 

Which of these factors lead to maximum loss of similarity between w(t) and n(r) is not 

clea.r.] 

5.5. Estimation of the Depths of Initial Anchoring and the Rising-Rate of 
the Magnetic Structures 

To estimate the initial anchoring depths and the rate of rise of the magnetic structures 

of spot groups, we adopt a working hypothesis that the relations between the initial 

radial location r o and life span T, and between the subsequent radial position r and age 

t are linear with: 

r = 7'2 + k2t , 

and maximize tilt' correlations, between Wini(r) and n(r), and between w(t) and n(r) 
as followR. We choose various combinations of trial values for the coefficients rl a.nd kl 
in wi<if' rang<'R around the values visually estimated from Figures 5.1 and 5.3. For each 

pair of trial va.\u('s of rl and kl , we compute the correlation between Wini(r) and !l(r). 

The pair which yiplds maximum correlation is taken as our best estimates of rl and k1· 

The bPRt f'st.imat.es of r2 and k2 are also obtained by maximizing in a similar way the 

cOl"n'lat.ioll IWt.Wf'C'1I w(t) and !l(r). 

FOI" the best estimates of r. and kl , r o represents the initial anchoring depth of the 

magnetic structures of spot groups. The best estimate of k2 represents the rising rate 

of the ma.gnetic structures. 

,. lIt f () f, r spot groups in the entire sunspot III 1'lglIl"<' !)..1 w(~ show t,le p os 0 Wini r 0 

. . ' l' 1 10° 20° and !l(r) at latitude 15°, with the tat-II,IIe1p 1)('11" w( I) III lat.It.U( e llItcrva - , 
. . . 1 I d' continuous curve and a dotted curve, llIaXlllmwd correlations by a l as Ie CUIve, a 

["('l'I[>c'ct.i v('ly. 

. . d 1 t' f· ·(r) in the- latitude intervals '1'11<' coefficients of the maXImIze corre a Ions 0 Wlnl 

00 _ I O~, 100 _ ~oo and 20° ~ 30° to n( r) at their respective mid~int~, are O.8~, 
. . f th . mired correlatIOn ID the entIre 

0.8S:J and 0.72.5 respectively. The coeffiCIent 0 e maxI 
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Figure 5.4. The dotted curve represents radial variation of rotation frequency of solar plasma. (Sl(r» 
at latitude 15° as provided to us by Dr. H. M. Antia, who determined it from the Big Bear Solar 

Observatory (BBSO) helioseismic data (Antia and Chitre 1996). Dashed curve represents varia.tion 
of initial rotation frequency with life-span of the spot groups, Wini( r)), in the entire sunspot latitude 

belt and the continuous curve represents the variation of rotation frequency with age, w( t), ofthe 
spot groups in the latitude interval 10° - 20°. The radial scales of w{ t) and Wini( 1') are given by 

maximized correlations with fl(r) at latitude 15°, (the dotted curve). From left to right the 

values of tare 1.5,2.5, ... ,10.5 days, and those OfT are 11.5,10.5, ... ,1.5 days respectively (Javaraiah 

& Gokhale 1997b). 

latitude belt, is 0.908 and the corresponding 'ro'-'r' relation is as follows: 

ro(T) = (696.5 ± 0.6) - (20.9 ±O.l)r. (5.1 ) 

The coefficient of the maximized correlation between w(i) of spot groups living 

10-12 days in latitude interval 10° - 20° and O( r) at latitude 15° is 0.863 for all 11 

poi n ts amI 0.911 for first 10 points. The 'r '_It' relation corresponding the later value is 

as follows: 

,,·(t) = (480.6 ± 0.7) + (20.9 ± 0.1)t. (5.2) 

Here, ro(T) and ,·(t) are in megameteres (i.e., 103 km). The uncertainties in the coef­

ficient8 in Equations pl.l) and (5.2) are nominal uncertainties corresponding to uncer­

tainties of 0 .. 5 day in age, t and lifespan, T. 

(We believe that the 87% and 88% correlations between Wini(T) and f!(r) in the 

individual latitude intervals 0° - 10° and 10° - 20° indicate that the similarity of Wini(r) 
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and !l(r) is t·eal. We have giv('tl he\"(' lh{' va.lues of 1'1 and k:\ deI"ived rrom tJle data. in 

the entire sunspot latitude hdl, beca\ls~ we had found that their values in individual 

latitude intervals do not differ by more than a few percent. We have considered the first 

10 points of w(t) he("ailse all of them represent spot groups which live for 10-12 days, 

but the last point is for spot groups of life spans 11-12 days which are fewer ill number. 

In the intervals 0° - 10° and :WO - :mo, the ("oeHiciellts of the maximized correlations 

are mere 0.49 and 0.21, respectively, and for the entire sunspot latitude belt it is 0.72.) 

From Equation (5.1) we infer that initially the magnetic structures of sunspot 

groups of life spans ~ 2 day arp anchored at r '" 650 Mm, i.e., near the Sun's surface 

and those of spot groups with RlIc(:essively longer life spans between 3 and 9 day are 

anchored at successively increasing depths at the rate""' 21 Mm/day. The ma.gnetic 

structures of the spot groups with T > 9 days are initially anchored at r ~ 500 Mm 

(near or below the base of the convective envelope). 

For spot groups of life spans 10-12 days in latitudes 100 - 20°, we infer from 

Equation (5.2) that the magnetic structures are initially anchored at r '" 500 Mm (i.e. 

near the base of the convective envelope) and these structures rise across the envelope 

at the rate of '" 21 Mm/day (i.e., with mean speed'" 240 m/s). 

5.6. Confirmation From the Larger Data set 

For the reason given in Section 5.2, the data during 1940-1976 were found to be inad­

equate. Rccently, the upgraded CPR data (1874-1976) and NOAA/UASF data. (1977-
1981) bC'came available to us. These data were compiled by the National Geophysical 

Data C("lltl'r, USA. These data included corrected whole spot area A (in mh), and cent­

ra.! meridian longitude (CML) for each day of observation, besides other parameters, 

for a.ll the spot gron ps observed during 1874-1981. 

In Table .).2 we give the total number (N) and the mean A of the spot groups with 

different !'lpecificd life spans in three latitude intervals of 100 each and also in the entire 

sunspot latitude belt using this larger data set. 

In Table .5.a we give the values of w{ t) of spot groups of different specified life 

Spa.IlR ill t.hree latitude intervals of 10° each, obtained by using the larger data set. 

(Note: Most of the difrerences in the day-to-day va.lues of w(t) are not significant for 

spot. groll(>R of specified life span but the overa.1l trends of w(t) seem to be significant.} 

PRing this largcr dal.a set. 'we have confirmed the results in Sections 5.3, ·5.4 a.nd 

5.5. In Section 5.!> we have IIsed only the plasma rotation frequency fl( r) determined 

from the BBSO helioseismic data (Antia & Chitre 1996, and reference therein). We 

have also confirmed the results using f!(r) determined from GONG data (Antia et aI. 
1998, a.nd references therein) SOHO data (Howe 1998, and references therein). The 
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Table 5.2. The number (N) and the average area (A, in mh) of sunspot groups with differenL specified 

life spans (r, in days) ill different 10° latitude intervals and in whole sunspot latitude belt (northern 

and southern hemispheres data is combined), during 1874-198l. 

r latitude intervals 

0° - 10° 10° - 200 200 - 300 Whole belt 
N A N A N A N A 

1.5 620 21.0±1.1 1119 20.9±0.7 530 19.5±0.9 2347 20.5±O.5 
2.5 444 26.8±1.3 789 29.2±1.2 372 28.3±1.4 1654 28.4±O.7 
3.5 339 36.6±2.2 679 35.7±1.6 284 35.9±2.0 1358 35.7 ±1.1 
4.5 286 40A±2.7 529 41.6±1.9 250 43.5±2.9 1100 41.9 ±1.4 
5.5 272 56.4±5.0 469 52.0±2.7 203 53.7±6.4 979 53.7 ±2.3 
6.5 224 62A±4.3 428 61.1±3.5 176 64.0±5.7 855 61.7 ± 2.4 
7.5 177 68.6±4.6 348 75.8±3.8 161 79.5±5.8 708 74.9 ±2.6 
8.5 153 101.1±7.8 331 81.4±4.0 134 90.1±7.0 636 87.9 ±3.2 
9.5 161 108.1±6.7 297 129.7±8.4 118 112.8±11.7 596 119.5 ±5.1 
10.5 141 164.1±11.2 289 195.3±l1A 122 185.9±18.3 569 185.7 ±7.6 
11.5 40 206.1±29.0 96 205.6±16.5 54 218.6±19.9 198 210.0 ±11.4 

values of fl(r) determined from GONG data were provided by Dr. H. M. Antia and 

those determined from SOHO data were provided by Dr. R. Howe. 'In Figures 5 .. 5, 5.6 

and 5.7 we show plots of Wini(T) a.nd w{t) and f!(r), with the maximized correlations. 

In each of the latitude intervals, the rotation frequencies of spot groups during their 

initial days, i.e., the values of Wi~i(T) (dashed curves), are 10-14 nHz higher than the 

values of 0(1') (dotted curves), with a maximum difference at 0.7-0.8~. Tentative 

explanations for this a.re mentioned in Section 5.4.1. 

5.6.1. INFLUENCE OF SPOT GROUP AREA ON THE 'r - t' RELATION 

When the NOAA/USAF data during 1977-1981 is included, the maximized correla­

tion bf'tween fl( r) and w( t) is found to be relatively lower (83-91 %) for the groups 

in latitudes 100 - 200 and a marginal increase in the correlation is also found in the 

intervals 0° - 100 and 200 - 300 • We noticed that the average area (A) of spot groups 

of i '" 10-12 days is slightly (2.4%) smaller during 1874-1981 than during 1874-1976. 

The range of A of spot groups of life span 10-12 days is considerably wide, 110-220 

mh (see Table .5.2). Hence, we repeated the calculations by excluding the data of spot 

groups with A smaller by 10 mh during each repetition. Improvement (about 3-7%) in 

the maximized correlations (obta.ined using w{r) determined from BBSO, GONG and 

SOBO da.ta) were found in all three latitude intervals, reached maximum when the data 

of spot groups whose A < 130 mh were excluded (this reduces the data size by about 

48%). 
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Table 5.3. DepClldrllc(' of IIH'Rn rot.at.ioll frequency (w(t), inuHz) wit.h ag~ (t, in days) of sunspot 

groups with different SI){'cifh,d liff' spans (T, ill clays) ill diff(>rent 10° latit.ude intervals, determined 

from sunspot group data during 1874-H)81. 

T lat.it.ude intervals 

0-10° 10° - 20° 20" - 30° 

t: 1.5 2.5 1.5 2.5 1.5 2.5 

1.5 470.15 ± 1.39 464.99 ± 1.06 456.17 ± 1.62 

2.5 472.08 ± 1.56 468.09 ± 1.66 464.55± 1.25 461.24 ± 1.21 458,48±1.85 458.14± 1.82 

3.5 469.67 ± 1.82 466.74 ± 1.82 464.51 ± 1.34 463.56 ± 1.36 459.44 ±2.15 454.16 ± 2.12 

4.5 470.45 ± 1.97 467.93 ± 1.92 464.94 ±1.51 463.37 ± 1.45 457.32 ±2.29 455.95 ±2.09 

5.5 471.09 ± 2.03 466.90 ±2.04 461.34 ±1.59 465.94 ± 1.59 455.41 ±2.77 456.02± 2.28 

6.5 467.18 ±2.27 469.94 ± 2.24 4615.60 ± 1.66 464.40 ± 1.49 461.55 ±2.92 453.72 ±2.64 

7.5 472.10 ±2.47 473.34 ±2.27 464.37 ± 1.98 464.01 ± 1.63 461.41 ±2.99 458.879 ±2.75 

8.5 466.05 ± 2.86 469.40 ± 2.54 462.56 ± 1.86 463.51 ± 1.68 457.36 ±3.43 456.77 ±3.14 

9.5 462.56 ±2.44 467,45 ±2.14 459.76 ±1.98 462.34 ± 1.81 461.24 ±3.33 456.94 ±3.16 

10.5 458.55 ±2.48 465.36 ±1.89 451.82 ± 1.83 459.43 ± 1.44 442.60 ±3.01 451.44 ±2.64 

U.5 450.51 ±3.88 456.96 ± 2.65 451.05 ± 2.69 451.22 ± 2.76 437.76 ±4,46 446.82 ±3.81 

t: 3.5 4.5 3.5 4.5 3.5 4.5 

3.5 463.79 ±2.06 463.88 ± 1.46 453.21 ± 2,46 

4.5 ,lIiGA:1 ±un ,IGIi.07 ±'LI6 46Hli ± l.51 462.20 ± 1.64 453.66 ±Z.16 452.27 ±Z.50 

5.5 469.84 ± 1.97 468.04 ± 2.07 461.07 ±1..'50 464.70 ± 1.73 452.32 ±2.52 452.62 ± 2.75 

6.5 467.9,\ ± 2.06 469.58 ±2.21 462.38 ± 1.65 461.87 ± 1.68 457.66 ±2.52 453.60 ±2.65 

7.5 468.50 ±2.31 468.52 ±2.31 462.59 ± 1.69 462.60 ± 1.62 450.35 ±2.36 453.92 ± 2.63 

8.5 466.62 ± 2.2,1 468.S", ± 1.98 463.26 ± 1.69 459.55 ± 1.62 452.22 ±2.82 454.92 ±2.55 

9.5 466.979 ±Z.27 46S.92 ± 2.24 463.18 ±1.8 462.42 ± 1.82 456.52 ±3.06 456.29 ±2.91 

10.5 46.'5 . .'5Z ±2.0:l 462.62 ± 2.06 459.48 ± 1.48 4.58.35 ± 1.34 450.39 ±2.35 451.83 ±2.60 

11.5 ,161.6R ±2.58 4.'57.89 ±2.57 455.49 ±2.69 458.93 ± 2.38 449.62 ±2.79 447.19 ±2.75 

t: 5.5 6.5 5.5 6.5 5.5 6.5 

5.5 459.92 ±2.31 462.92 ±1.82 454.65 ±2.64 

6.S 'lfi7.79 ±2.2S 461.64 ±2 .. ':i9 462.42 ±1.77 460.97 ± 1.84 451.77 ±2.86 451.03 ±2,87 

7.5 '166.01 ±Z.61 466.86 ±2.57 464.95 ± 1.71 465.04 ± 1.79 450.07 ±2.15 457.01 ±2.88 

8.5 'lfi6.S5 ±Z.59 467.98 ±2.19 462.94 ± 1.65 459.81 ± 1.64 459.83 ±2.76 456.13 ±3.06 

9.5 '165.S1 ±2.02 468.0.'5 ±2.24 461.04 ±1.71 463.24 ± 1.71 455,47 ±3.03 457.70 ±2.96 

10 . .5 ,160.S7 ± 1.85 461.07 ±2.08 459 . .'55 ± 1.47 460.95 ± 1.42 448.53 ±2.27 448.83 ±2.59 

11.5 '160.87 ±2.81 4GO.I.'5 ± 2.82 4.'57.97 ±2.37 455.24 ± 1.99 445.94 ±2.96 443.14 ±3.15 

t: -~ 8.5 7 . .5 8.5 7.5 8.5 
I ,,) 

- " ( .. ) ·16:W8 ± 2.70 462.42± 1.79 453.01 ±3.14 

il..'i '169.21 ± 2.·15 465.24 ± 2.59 461.82± 1.87 458.76 ± 1.77 458.79 ±3.55 453.78 ± 2.60 

9.5 'lfi6.!J:3 ± 2.26 466.87 ± 2.21 462.S8± 1. 71 463.80 ± 1.95 452.27 ±3.40 457.35 ±2.98 

10.5 461.56 ± 1.49 466.06 ± 1.90 460.35 ± 1.39 459.35 ± 1.54 447.69 ±2.75 448.21 ±2.62 

11.5 ·156.26 ±2.81 4.59.08 ± 2.63 4,58.88 ±2.06 4,55.7,5 ± 2.62 444.26 ±3.25 448.62 ±3.36 

lUi ,IS:U7 ±Z.73 4.51.1-1 ±2.97 443.80 ±3.66 

Continued on the next, page. 
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Table 5.3 is continued. 
T latitude intervals 

0° - 10° 100 - 20° 20° - 30° 

t: 9.5 10.5 9.5 10.5 9.5 10.5 

9.5 466.61 ± 2.62 462.85 ± 1.86 458.91 ±2.93 

10.5 463.30 ± 1.76 457.05 ± 2.17 460.57 ±1.72 459.28 ± 1.72 449.28 ±2.96 452.81±3.14 

11.5 459.00 ± 2.96 464.30 ± 3.75 453.84 ±2.14 451.32 ± 2.43 443.95 ±3.25 454.81 ±2.98 

t: n.5 11.5 11.5 

11.5 453.47 ±2.73 451.14 ±2.97 443.80 ±3.66 

Maximized correlations from data of spot groups with T = 10-12 days and A 2 130 mh: 

In Figures 5.5, 5.6 and 5.7 the solid curves represent w(t) of spot groups with T = 

10-12 days and average Mea A 2 130 mh, and determined from the data during 1874-

1981. The coefficients of the maximized correlations of w( t) in the latitude interval 1 00 -

• c.' , _ 0.940 for !1(r) determined from BBSO 

I" 

"BB90d~' 

GONG data: 

SORO data: 

_ The corresponding 'r'-'t' relations and 

r(t)·~f:f\l'1,'t~~.) + (~l ± 2)t 1 
. ''1<> 

r(t) = (470:f 10) + {21 ± 2)t , 
r{t} = (516 ± 10) + (16 ± 2)t 1 

x2 = 0.376 

X2 = 0.183 

X2 = 0.016 

5.6.2. INDEPENDENCE OF 'r - t' RELATION WITH RESPECT TO SPOT GROUP TYPE 

CPR data during 1874-1976 also included indices of the types of spot groups. The spot 

groups were classified into 9 types, viz., single, single with few small spots, pair, pair 

with few small spots, stream, stream and one spot, stream and two spots, cluster or 

composite, pair of clusters or composites, and others. In order to check whether the rate 

of rise of spot group magnetic structure depends on the type (instead of a.rea) of spot 

group, we maximized correlation between w{t) and !1{r), by excluding the data of spot 

groups of one type or different combinations of two or more types. Except in one case, 

the maximized correlation between w(t) and Q{r) is found to be reduced in all latitude 

intC'rvals. When we excluded the spot groups of the type: few single sma.1l spots, the 

coefficients of the maxi rnized correlations of w( t), in the latitude interval 10° - 200, to 

0(1') at latitude 15° determined from the BBSO, GONG and SORO data, are found to 

be relatively higher and the COlTf'sponding '1' - l' relations are fonnd to be almost same 

as the relat.ioll .).2, except for minor differences in the values of the iutercepts. The 

corresponding values of \.'2 are also found to be relatively slightly smaller. From this it 
seems that radial rise of a spot group magnet.ic structure does not depend on the type 
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Figur€' 5.5. CurVf's Wini (T) ami w( t) plotted using values of 1'}, kl' rz and k2 (cf., Section 5.5) 

which yield rnaxi7n1trn correlations with O(r) determined from BBSO data. The dotted cltrves 

reprt'sent 0(7'). The dashed curves represent Wini(r) of spot groups during 1874-1981. The solid 

curvps represent. w{t) of spot groups with r = 10-12 days and A> 130 rnh of spot groups during 

1981. In latitudp inLervallO° - 20°, the dotted-dashed curve represent w(t) ofsPQt groups with 

T = 10--12 days dllring 1874-1976. (a) Wini(r) and w(t) in latitude interval 0° - 10°, n(r) at 

lat.it.udE' !So, (b) Willi(T) and w(t) in latitude interval 10° - 20°, Q(r) at latitude 15°, (c) WindT) 
ami w(i) ill lat.it,lIdl' int.erval 20" - 30°, Q(r) at latitude 25°, and (d) windr) and w(t) in the 

cllt.il'€' SlIllflPOt. littit 1Ie11" hplt, f2( 1') at latitude 1·5°. From left to right. tile values of tare 1.5, 

~,!), ... ,1O.!) days, ami t.h(Jst' of T are lUi, IO.5, ... ,1.ij days respectively. 
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Figllrf' f>.6. Same a."I Figure 5.5 except that Q(r) was determined from GONG da&a. 

118 



-N 470 
=E --.to 460 
I 

-:;5 450 -3 

? 470 
c ......... 

........ 

.!:, 460 
1 

:3 

-:5 450 ......... 
:3 

0.70 0.80 0.90 1.00 
Fractional Radius 

0.70 0.80 0.90 1.00 
Fractional Radius 

-~ 470 

::: ~ ... 1- ~"' .-I-I:./:" ~ 
.t, 460 (., ~-I~~ t·r .. 

'1! ,1/ .. , :'-.1 a ,1" .. ' . 
-::5 450 I- i / .. , \ '3.... . 
2440 c 

: 

0.70 0.80 0.90 1.00 
Fractional Radius 

480~~~--~~~~~~~ 

(d) -~ 470 
c --.!::. 460 
:I 
3 

Z. 450 -3 --..=.. 440 c: 

'" -I l -f -1-/ r ... ,.. "'f ••••• 

I .... ~····· . I .' • , ........ . 
rI •• ' : 

If • • r : . 

0.70 0.80 0.9() 1.00 
Fractional Rodius 
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of spot grollp, ('x("(~pt. ["or groups of few sillgl(\ FHllaJI flpotS. 

5.7. Area-Lifetime Relation of Sunspot Groups 

The daily area of a SUllSI)ot (or sunspot group) is one of the most important parameters 

used to describe the spot (or spot group) development. The area of a spot (or spot 

group) is closely connected wi th the magnetic flux of the spot (or spot group), and 

so the development of the spot (or spot group) area reflects the development of the 

magnetic field. It is well known that large spot groups also live longer. According to 

Waldmeier (1955) the life~ime of a spot group is related to the maximum area (attained 

by the rule-of-thumb) in the following way (Bray & Loughhead 1964) : 

r == O.lAmClx . 

In Section 5.6.1, it is suggested that radial rise of magnetic structure of a spot group 

depends on life span and also on area of the spot group. Hence, in this section we study 
the area-lifetime relation of sunspot groups. We also study the distribution of spot 

groups with respect to life times. These studies with r - rand r - t relations, derived 

above, provide important information on how the magnetic structure of short lived (or 

small) groups is related with that oflong lived (or large) groups in the C()nv.ectio&~ne. 
~ 

We use spot group average area because it is clear that statisticaJlymoMiaOOW'ate~b.an 
~~ 

the spot group maximum area. .. 1 
7 
! 

Figures 5.8( a) and 5.8(b) show the correlations, (a) between Log£A) and ~ and 
~ ,#' 

(b) between Log( N) and r, respectively, determined from the valueS (given in table . 
5.2.) of average area (A), life span (r) and number (N) of spot groups. I~ these 

figures, the solid lines represent the values of Log(A) or Log(N) estima.ted from the 
linear regression analyses. The values of the corresponding intercept (a), slope (b) 
and correlation coefficient (R) are given in Table 5.4. The magnitudes of coefficient of 

correlation a,re high, so that the data were well fitted to the form: Log(y( x» = a + /)x 

(see Table .5.4). 

From Figures 5.8(a) and 5.8(b) and from Table 5.4, we can draw the following 

infel'ences for spot groups with life span 2-12 days, in all latitudes: 

(i) the a.verage area of a spot group increases exponentially with incr~iIlgspot'gQUP 

life span, (or A(r) = I.5.24 exp(r/4.48»), 

(ii) the IlIlBllwr of spot groups seems to decrease exponentially with increasing SP()t 

group life span, (or N( r) '" 2824 e:l'p( -7/5.38»). 

So far f"x»oJlential relationship of areas of active regions to their lifetimes is !lOot 

reported. Tang et a1. (1984) have shown that the size distribution of active r~ is 

close to expoIlf"lltial and some other authors have shown that it is dose to p()~ law 
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Figure 5.8(a). 

Figl1m! !i.Kn h. Plo!'s of (a) Log(A) against T and (b) Log(N) against r, for the values of A, T a.nd 

N p;ivPII ill 'l'ahl(' f'.2. The solid lines rppresent I.he values of the Log(A) and Log{N) estimated from 
til(' linrar regression analyzes (see Table 5.4). 
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'. ~e 5.4. VI\!tH'H or t.11(' codliciC'llt,s (a alld h) ill 111(' n(lt( t' L (()) '. ' , a. ,1011 09 y;r = a + b:r. a( d . 
coeffi<."(cnt (Ii), (kl.l'rlllill('(1 from rrOIll t,he' 1I1l'lhod ofl t fi ' .. , ( correlatIOn 

Ta.bl 5 2' . ea.s -square It t.o t.he values (given in 
e .) or t.\)(' (hffNt'IlI. combinations or t,he parameters A I N --, T an< taken for the x and y( x). 

latitude intervals 

0 10° 10° - 20° 20° - 30° Whole belt 

For :r T, y(x) - A: 

a 2.745±0,061 2.725±O.078 2.713±0.066 2.724±O.O62 

b O.217±O.OO8 O.224±O,Oll O.226±O.009 O.223±O.008 

R 0.9933 0.9896 0.9928 0.9933 

For x = T, y( x) = N : 

a 6.671±0.199 7.207±0.168 6.399 ±O.118 7.946 ±0.159 

b -0.202±0.O27 -0.182±O.O23 -0.182±O.O16 -0.186±0.O22 

R -0.9254 -0.9331 -0.9657 -0.9429 

or log--normal difltribution (Harvey & Zwaan 1993; Bogdan et al. 1988; Howard 1996). 
Gokhale & Sivaraman (1981) have showed that the distribution of sunspot groups with 

reapect to maximum area may not be fitted by a simple one-parameter distribution 

such 8..0; sillgl(~ pow(~r law or an exponential law. 

In tI\(' inrf'rel1ces (i)··(ii), above, the values of the parameters in the expressions 

given in hrackets are determined from the data in the entire sunspot belt. In case of 
A _ T f('lat.ioll, t.he vailles of both intercept a and slope b in a given latitude interval do 

not Rignificant.1y differ wit.h the corresponding values in the whole belt (cf., Table 5.4). 

Thlls, tIl(' ('xpr('ssioll given in inference (i) also holds good for all latitudes. Thissuggests 

glohal nature of !\ - T relation. 

It. is i TI t.('r(~s t. i Ilg to note that the magnitudes of the slopes in r - T and r - t relations 

an' (-qllal (cr., Equat.ions ,5.1 and .5.2). Thus, for spot groups with l' 5 9.5 days 

1'0(1') ~ r(10.5 - 1'). 

Th is lllNtllR t.hat. the 'initial anchoring' of the magnetic structures of spot groupS with 

l' :S ~U') days is at t.he same depth where the anchoring of the magnetic structures of spot 
. .' 10 5 1 Also the linear relation of r-T and 

grOtIpH wlt.h T = 10.5 days rIses III t == .' -1' cays. , ' . 
.' . I 1.1' t'la! relation: A ~ 130 e.rl~ -II /95). 

til(' (,XI)()IlI'1I1IClI )"(·Iat.loll of /\ - T, IIll!> Y If' exponen . 
. . . I I 1.1 b f tile convection zone. These two facts 

when' II, III \\1111, IS t.he 1H'lg It a )ove 1(' ase 0 • . . (fl ,t b ) f spot groupS WIth .4 ? 130 mh 
SIIp;p;('st that: (I) magnetic structures uxu es 0 . 

f tl f on zone (ii) many of tht- magneit(, 
might. 1><, gf'llt'ra.t.ed around ba.se 0 Ie COllvec l' .. . h' ). taller structures while rlsmg through 
strllctUI"f'S may he fragmentIllg (branc IIlg III 0 sm . . .. ) t' trllctures of smaller spot groups (at lea .. :;t 
UlC' solar COIlV<'Ct.IOll zone, and (\II magne. 1C s 
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· rpup:s witll 1\ < no mit) lIlight. lw t.he fragmellted (ImUl('hed) parts of the magnetic 

dftKtmef'l of larppr spot. groups. Thesp inr('1'<'Il('rl'l (1.re ("oIlRiRt.ent. wit.h t.he proposals of 

~ll1e theoreticallllodcls (<,.g., Pa.rk(· .. 1979b). Such all illfercllce would also a.ccount [or 

.decrease of N with T (snggesting increase of N with H). 

In Figure 5.8(b) one can see that there exist large deviations between estimated 

and observed values of the last 2 or 3 points (at T ~ 9 days, A > 130 roh or Log(A) 

)I 4.87). In fact these points seem not to fit to the exponential forms suggested in 

inference (ii), above. This is because magnetic structures of spot groups with T > 9 
OOys and A > 130 mh might be generated directly from the basic mechanism which 

generates the magnetic field for solar activity near the base of the convection zone. 

'fhe:se structures seem to rise more radially. A reason for this may be drag force is less 

()tD these large structures (e.g., D'Silva & Howard 1994). 

5.8. Conclusions and Discussion 

Conclusions: 

Assuming that sunspot rotation is representative of rotation at some depth in tlie Sun's 

convective zone, we infer the following: 

(1) The magnetic structures of sunspot groups of life spans:::; 2 day are ancliored at 

r "-' 650 Mm, i.e., near the Sun's surface and those of spot groups with successively 

longer life spans between 3 and 9 day are anchored at successively increasing depths at 

the rate'" 21 Mm/ day. The magnetic structures of the spot groups with 7 > 9 days 

are initially anchored at r ~ 500 Mm. 

(2) The magnetic structures of spot groups of life spans 10-12 days in latitudes 10° -20°, 

are initially anchored at r '" 500 Mm (i.e. near the base of the convective envelope) 

and these structures rise across the envelope at the rate of'" 21 Mm/day (i.e., tV 240 

m/s). 

(3) The radial rise of a spot group magnetic structure depends more on the size of the 

spot group rather than type. The conclusion (2) above, is seem to be more realistic for 

spot groups with T = 10-12 days and average area A ~ 130 mho 

(4) For spot groups living 2-12 days, the average area (A) depends exponentially on 

the liff' span (T). The distributions of the number of spot groups (N) with respect to 

T or A is nearly exponential (upto T == 9 days). 

(5) Frolll l' - T, l' - t and A - T relations found here, we infer the following: (i) magnetic 

structures (flux tubes) of spot groups with A ~ 130 mh might be generated around 

base of t.l1f> convection zone, (ii) many of the magnetic structures may be fragmenting 

(branching) into smaller stmctures while rising through the solar convection zone, and 
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(iii) magnet.ic strnct.l\I"es of smaller spot groups (at least groups with A < 130 roh) 

might be the fragllH'IIt.f'd (branched) parts of the magnf'tic structures of larger spot 

groups. 

Discussion: 

The Conclusion (2) above, is consist.ent with the conventional belief that the 'main' 

mechanism of solar activity, (e.g., the one that generates spot groups living longer than 

10 days), operates near the base of the convective envelope (see Rosner & Weiss 1992). 

The rate'of rise of magnetic structures of spot groups having life span 10-12 days 

in latitudes 10° - 20°, derived by us is consistent with the conclusion of Howard & 
LaBonte (1981) that the magnetic flux of an active region rises on a time scale of 10 

days. Incidentally, in the model of Choudhuri & D'Silva (1990), the 10 day rise of a flux 

tube would correspond to initial strength,...., 105 G. Conclusion (5) above consistent 

with the proposals of some theoretical models (e.g., Parker 1979b). 

Considerable differences were found in some of the values of the correlation coef­

ficients, slopes and intercepts obtained here using O( r) determined from the BBSO, 

GONG and SOlIO data. These differences may be related to the differences in the 

techniques used in the inversion of these data sets (Howe 1998). The O(r) determined 

from the SOllO data yielded a drastically different r-t relation for spot groups of latit­

ude intE'rval 20° - :JO'). It yields a rate of rise of magnetic structures is relatively slow, 

7000,··9000 kill PPI' day, and the rising terminates around 0.86R0 . (In polar latitudes, 

the radial rise of magnetic structures might be slower and terminate at deeper layers 

causing ahsence of sunspot activity in those latitudes). This might also be related to the 

East West inclination of field lines in the spot group magnetic stnicture, which seem 

to dt'pE'ud 011 the f'mergence latitude, amount of magnetic flux, and evolution stage of 

spot groups (s{'e, Caligari et al. 1995, Howard 1996b). 

It. must be noted that the above results represent only the average behavior of spot 

groups. Th~ data used by us in determining the rotation frequencies of spot groups 

extends over several decades whereas the helioseismic data extends over only about 4 

yr, 198.1 and 1988-1990, though the internal rotation of the Sun may be varying with 

time- he-sidf"s depending upon depth and latitude (e.g., Goode & Dziembowski 1991; 

Gough pt a!. Hm:3; Howe et al. 2000a). Recurrent spot groups during their second and 

lat.('1' "Plwarall(,('s cUP not. included in this study. It, should be of interest to see how 

tlw rot.at.ioll 1'J'('cplPlI('i('s of spot grollps living longer than 12 days vary in t.ime and how 

t.hC'ir arp(I amI lifdinw '\.I'f' related. 
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Chapter VI 

CONFHUvIATION OF 22-YEAR VARIATION IN THE SOLAR 
DIFFERENTIAL ROTATION AND ITS DEPTH 

6.1. Introduction 

It is generally accepted that Hale's 22-year magnetic cycle (cf., Section 1.2.2 of Chapter I) 
is the basis for all solar activity. Differential rotation plays a key role in providing tor­

oidal magnetic fields from poloidal field (e.g., Babcock 1961). So, study of variations 

of the differential rotation during the solar cycle is vital for understanding the mechan­

ism of the solar cycle and has been carried out by several authors (for references see 

Chapters I and Ill). The so-called 'torsional oscillations' have a period rv ll-yr (Howard 

& LaBonte 1980; LaBonte & Howard 1982a,; Snadgross & Howard 1984; Komm et a.l. 

1993a). In order to explain the difference in phase and amplitude of the torsional os­

cillation patteflls derived from small magnetic features and from large-scale magnetic 

field pattf'rns, J(ornm et al. (1993b) assumed that the Doppler pattern represents the 

surface laYf'rs, while the two magnetic patterns show the effect of layers located some­

where cleq)cr in the convective zone. In Chapter III of this thesis, a periodicity at '18.3 
± 3-yr i~ foulld to be prominent in the differential rotation coefficient B determined 

from sunspot group data. Goode et al. (1991) and Goode & Dziembowski (1993) have 

noticed v(I,riation in the solar internal rotation derived from helioseismic data. Goode & 
Dzi<>mbowski (\99:3) suggested 22-yr solar magnetic cycle is due to the excitation of a 

tor~iollal oscillation in the radiative interior. Schou (1990), Gough & Stark (1993a, b), 

Antia et al. (1 m)6) have concluded the evidence for changes in the internal equatorial 

. rotatiOIl is weak. However, Antia et al. (1996) found variation in the amplitude of the 

hump in the equatorial rotation near r ~ 0.9R0 and concluded that the rotation rate 

near l' ~ o.!) HI;) Illay \)(' ('banging ov('1' the solar cycle. Recently, tlsing heliosei~mic 

tech niqllf's the pattern of torsional oscillations has been measured in the outer part of 

the convection wile (Kosovichev (~ Schou 1997; Schou et al. 1998; Birch & Kosovichev 

1998; SchOll UJ99; Basu & Antia, 2000). 

J\ 11I1Illl>('[' of st.at.ist.ical stlldi('~ of solar activity suggested a physical connection 

1)('lw('('11 lH'igld)oring ll-yr activit,y cyelps (Gnevyshev & Ohl 1948, 1947; Wilson 1988; 

I<operk)' 1991, I\'lakarov 1mJ.1; Sykora 8.:, Storini 1997; Makarov 1994; Usoskin et al. 
20(0). (;1I('vys\t<'v 8:, Old (l~).1S) illvestigated the variability of the SUllspot index using 

Ziil'i eh datahase (1755--1944) and fOllnd that the sum of annual Wolf numbers during 

all odd-lIl1llll)('\,(,d cycle exceeds that of the preceding even-numbered cycle (referred 
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as the Onevyshev-Ohl rule). They also showed that the sum of annual Wolf numbers 

of all ev(~n-mllllbeJ'(·d cycl(· ('oIT('latf'd well (corr. codf. II = +(UH ± 0.11) with that 

of following odd-llullI!>eJ'(·d eyek and t.he corrC'latioJl is weak (R = +0.50 ± 0.24) with 

that of preceding odd-lllllllbered cycle. From these facts, Gnevyshev & Ohl claimed a 

mutual physical relation between twins of neighhoring 11-yr cycles and concluded that 

each 22-yr cycle hegins with beginning of the even cycle and ends with the end of the 

following odd one. 

To check whether the 18.3 ± 3-yr periodicity in the differential rotation coefficient 

B (found in Chapter III) is related to solar magnetic cycle, we examine in the present 

chapter the behaviour of B in adjacent 11-yr solar cycles, i.e, in the neig~boring odd 

numbered cycles (ONSCs) and even numbered cycles (ENSCs). In addition, using the 

results in Chapter V· on anchoring depths of magnetic structures for spot groups of 

different life spans and age, we also examine the possibility of depth dependence of the 

periodicities in· differential rotation (J avaraiah 1998). 

In Section 6.2.1 we describe the data and its reduction. In Section 6.2.2 we de­

termine mean values of the differential rotation coefficients A and B, and also show the 

profiles of mean differential rotation determined by averaging over 5° latitude intervals 

from different subsets (i.e., odd cycles, even cycles, north and south hemispheres) of 

sunspot group data during 1879-1975. In Section 6.2.3 we show the cycle-to-cycle 

variations of A and B and in Section 6.2.4 we determine variations during the solar 

cycle. III Sect.ion 6.2.5 we describe the correlations of A and B with amount of activity. 

In Section 6.:1.1 we describe the data samples of the young groups and the old groups. 

In Section 6.:1.2 we show temporal variations in B derived from the young and the old 

spot groups, and a.lso from the short-lived groups. In Section 6.3.3 we show the depth 

depend(,llc(' ill t.IIP periodicities of B. In Section 6.4 we summarize the conclusions and 

bridly discuss thelll. 

6.2. Long-Term Variations in A and B 

6.2.1. DATA ANALYSIS 

We have IIsed the data on sunspot groups compiled from OPR during 1879-1975. This 

dat.a is cOIllPiled by National Geophysical Data Center, USA and include the observation 

time, (til(' date and the fradion of the day), heliographic latitude and longitude and 

centrallll(,l'idian longitude (CML), etc., for each day of observation. 

W(' have computed the sidereal rotation velocities (w) for each pair of consecutive 

days in the life of each spot group using its longitudinal and temporal differences 

betw("t'll these days. We fitted this data to the standard formula of differential rotation 

(Equation (:3.2)), W(A) = A + Bsin2 )... We have excluded the data corresponding to 
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·ttte Ie M LI > 7ri" Oil allY day of t.he Rpot group life spa.n and a.lso did not use the 

data frolll I\OIl-C()IIR('(,\It.iv(~ da.y:'! of SP()t. gn)1(ps life span. Further, we excluded the data 

corresponding t.o t.Ilf> 'abnormal' motions, e.g. displacements exceeding 3° day-l in the 

l()ngitude or 2° day-l in lat.itude. This n'cillces substantially the uncertainties in A and 

B (see Section :3.2.:J of Chapter II I). 

We study variat.ions ill the equatorial rotation rate (A) and the latitudinal gradient 

(B) by determining them from the ONSC data and the ENSC data separately. The solar 

·cycle variations of A and B are determined by superposing the data during 1879-1975 

a.ccording to the yea.rs relative to the nearest sunspot minimum (1879, 1890, 1902, 1913, 
1923,1934, 1944, 1954, 1965, 1976). 

6.2.2. MEAN VALUES OF A AND B 

In Table 6.1 we give the mean values of A and those of B determined from the dif­

ferent subsets (e.g., odd cycles, even cycles, etc.) of the data during 1879-1975. In 

Figure 6.1(a) and 6.1(b) we show rotation rate determined from the ONSCs (Wald­

meier cycle numbers 13, 15,17, 19) data (circles) and ENSCs (12, 14,16,18,20) data' 

(crosses), by averaging the data over 5 degree latitude intervals. In these figures the 

smooth solid curves and t.he dashed curves represent the rotation obtained using values 

of A and 13 (given in Table 6.1) which are derived from the ONSCs data and ENSCs 

data, respf'divdy. Figure 6.1(a) represents the whole sphere data whereas Figure 6.l(b) 
represents the separated data of northern and southern hemispheres. 

Ta.ble fU. Thf' val lies of t.hf' parameters A and B (in f..I. Tad S-l) and their uncerta.inties ~(A) and 

£l( B) derived from the different sets data during t.he period 1879-1975. N represents the number of 

data points gone in each determination. 

Data set A £l(A) B 6.(B) N 

All cycles: 

Whole sphere 2.932 ± 0.001 -0.536 ± 0.008 112388 

Sout.hern hemisphere 2.934 ± 0.001 -0.531 ± 0.012 54285 

Northern hemisphere 2.931 ± 0.001 -0.541 ± 0.011 58103 

9dd nllmbered cycles: 

Whole sphere 2.934 ± 0.001 -0.562 ± 0.011 54526 

SOllthrrtl hemisphere 2.938 ± 0.002 -0.575 ± 0.017 25848 

Northrrn hrlllisphere 2.932 ± 0.002 -0.5.53 ± 0.014 28~78 

Even I1Il1llhereci cycles: 

Whole sphf'ff' 2.!J:W ± O.OOL -0.504 ± 0.012 57862 

SOIlt.hern hemisphere 2.931 ± 0.002 -0.484 ± 0.017 28437 

Norl.bern hemisphere 2.930 ± 0.002 -0.526 ± 0.017 29425 
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Figure 6.1. Differential rotation det,ermined from the ONSCs (13, 15, 17,19) data (circles) and of 
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From lhe Tabk (;.1 and Figures 6.1(a.) a.nd 6.1(b) it can be seen that the rotation 

is signifkantly mon' dirr(,l'f'ntia\ in t.he ONSCs than in the ENSCs. The differenc~ in 

the magJlit.u(\(> of H is a.hout 5 tilliE's la.rger then t.heir respective uncertainties (1\8 

values). HowE"vC'r, this difference is mainly contributed from the southern hemisphere. 

In t.h£' nort.hern h('ll1 ispl I<'r(' t.h(' d iffCl"('lIc(' is marginal (ahout 1.6 timeR larger t.han t.heir 

respective ~B va.1m's). North-south asymmetry in B (cf., Chapter IV) is considerably 

significant (2.6 timf's t.he corresponding values of 6.B) in the ENSCs and it is less 

significant (1.6 tinl('s 6..£3) in ONSCs. In ENSCs and ONSCs the behaviour seems to 

be opposite in the northern and southern hemispheres, i.e, in £.NSCs the rotation is 

more differential in the northern hemisphere than in the southern hemisphere and it is 

opposite in the DNSCs. 

The equatorial rotation rate A is also significantly larger in the ONSCs than in 

the ENSCs. In general, southern hemisphere seems to be rotating (near equator) faster 

than the northern hemisphere. The north-south asymmetry in A seems to be large in 

ONSCs. 

6.2.3. CYCLE TO CYCLE VARIATIONS OF A AND B 

Fignrcs 6.2(a) and 6.2(b) show the cycle-to-cycie variations of A and B, respectively. 

In F'igl1rf' 6.2(a), tllf're is a big jump in the values of A from cycle 13 to cycle 14. 

This larg(' d(>('t'pafH' in A was already noticed by Tuominen & Kyrolainen (1981) and 

Balth<lHnr pt ~L (I ~)86) from the analysis of GPR data. There is a suggestion of gradual 

incrcas(' inA from cycle 14 to cycle 17 and a sudden decrease from cycle 17 to cycle 

18. 'I'll(' t.ime ~ap between this jump and the previous big jump is a.bout 55 years. 

YoshilllllPl. & 1\.C\.IlIhry (1993) have detected a 55 year grand cycle in A using N~OJ 
. 8 1987 Th 11 t nd in Figure 6 2(a) suggests existence spot grol1 p data dur1Jlg 194 - . e overa re . 

of a d01llinant long periodicity of the order of 100 year in A. 
I . f . B ugge5ting 

In Fignr(' 6.2( h), there exists a systematic cycle-to-cyc e vana Ion III , S 

. , . . B If elude the first data. point (belongs to the 
C'X1S\.('IIC(' of 22-yr modulatIOn III . we ex . C . 

1 tl . tude of B in each of ONS ·s IS 
c},('1<- 12), til(' 1'('IIl(\.illing data suggest t Ia.t ,Ie lI1ag11l .' . A 

. .' . hb . ENSCs Such a. systema.tlc behaVIour m 
sOIlH'w\m\. largf'J' than that'lI1lts nelg onng· I F" 63 

..,. ( ) b t 't' not as well defined as that of B. n 19ure . 
call (\\:.;o 1)(' S(,f'll 111 ~ Igllre 6.2 a u 1 IS £ 11 . ENSCs (cycle 12 

. B f ONSCs and that of 10 owmg , 
W(' sllow I.he' corrdatlOn between 0 • ('0 R sl.NnatiC" 

, , 1 (t)(j '1~) . rrclation ('ollfirrnR tilt' aJorenl<'ntton . y. 
is 1101 il1Cll1<icd). III<' gooe . )., (l (0,' . t' . B (Thecorrelation 

. . . ,.t ' . t.cnee of long term vana Ion 10 . 
l)('ha\'1011l" 111 fJ a1l<1 also SlIggf S S ('XIS. •• . f 1 be better. However, the-

, ., I I' t f followlllg ONSCs IS OU!l< 
1)('t.w('('l1 n or bNS(s all< t. le\. 0 } . ggestion of 'V 80 

. I ,11 '3) In Fignre6.2(b),tlerels asu 
1111111111'1' of dat.a. p0111 t.s art' rp( u('( ( .0·. • d ( 0 0" 't rad S-l) srems to 

., ; ',_, ,. ,I lin B whoseamphtu f' '" . I r • 
Y('(lr vanal.lOll ((.If'lSshf 19 cye e.' d ~-1) of the 22-yr modlliation. 

. ,) th t (ma.xlmum ("oJ 0.04 il ra • . 
hf' ('oIlsl(krahly targel t laB a . I the"" 8O-vr lll00lItahon. 

. . t 1 e f;H perlin posec on -
In fad, t.11<' rv :2:2-yr lJ1odulat.lOn seems 0 ) . 
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Figure 6.3. Plot of va. lues (in Figure 6.2(b» of B during odd cycles verses that during the 'following' 

even cycles. The solid line represent.s the values of even cycles B obtained from the linear regression 

analysis (the values of the intercept (a), slope (b) and the correlation coefficient R are also shown). 

6.2.4. VAlUATIONS DURING THE SOLAR CYCLE 

Figures G.4(a) and 6.4(b) show the mean variations of A and B with phase of sunspot 

<,ycle dd,(~rlllilled by superposed epoch analysis of the spot group data during 1879-

1975. Figlll'(,s G.5(a) and 6.5(b) show the mean variations of A and B during the ONSCs 

(Waldmei('r cycle II\lInbel's 13, 15, 17, 19)(dashed curves) and the ENSCs (12, 14, 16, 

18,20) (dotted curves). From Figures 6.4(a) and 6.4(b) it can seen that A and B vary 

significa.ntly during the solar cycle. However, from Figure 6.5(a) it can be seen that 

the variation in 11 is significant only in the ONSCs, with amplitude f'V 0.01 J1. rad s-I, 
at minimum years. The variation in B is quite significant in both ONSCs and ENSCs 

with amplitude "-' 0.05 It rad S-I. Also, there exists a good anticorrelation between the 

claRbC'r\ alld dotted curves (in Figure 6.5(b)) suggesti ng existence of a '22-yr' periodicity 

i II If. lIow('v('r, t.lte am pJi tude of the anticorrelation between odd and even cycles B 
dC']H'llds 011 til(' phRse of the solar cycle. The value of the correlation coefficient (R) is 
ollly -o.:n rrolll all th(' (i points. Exclusion of the last point (average value of 11th and 

12t.h ye-a.\') yiddC'd Il = -0.53. The exclusion of last two points yielded R = -0.93 
alld t.his is sI10\\111 ill Figure' {Ui. The regression line shown in this figure (solid line) 

suggest.s ('xist.en<'f.' of a good inverse linear relationship between the B of ONSCs and 

that of ENSCs, ill the first eight years of the cycles. However, it. has to be confirmed 

by IIsillg lIl()r(~ da.t.a points. (These results are reported ill Javaraiah 2000.) 
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analysis. The values of intercept a, slope b and correlation coefficient R are also given. 

[Note: as already pointed out in Chapter III (Section 3.4.2), the substantial de­

crease in the magnitude of B at 9.5 year in Figure 6.4(b) is mainly coming from the 

data in t.hf' y(~ar }962. The exclusion of the year 1962 yielded the value -0.474 for Bat 

9.5 year, whose magnitude is even greater than the corresponding value at 11.5 year. 

The exc Ius ion of the year 1962 yielded the value -0.389 for B of ONSCs at 9.5 year in 

Figure 6.,5( b). lIowever, still the pattern of the dashed curve remains almost same.] 

6.2.5. CORRELATIONS OF A AND B WITH THE ACTIVITY 

From the pattern of cycle-to-cycle variation of B shown in Figure 6.2(b) (described 

in Section 6.2.3, above) it seems that the known Gnevyshev & Ohl rule (Gnevyshev 

& Ohl 1948) rule of solar activity (see Section 6.1) may be applicable also to B. We 

also foulld 91% correla.tion hetween the ratios A2n j A2n+1 and X2n/ XZn+I, and 91 % 
correlatioll bf'tween rat.ios BZ71 / B2ntl and X2n/X2n+l, where X is the mean sunspot 

activity of givell cycle (n\.ICldated from the yearly means taken from web page: 

http://www.(\,stro.cma.oe jSIDC jDATA/yearssn.dat) 

and the subscripts represent the cycle numbers with n = 7,8,9. The ratios of preceding 

odd cycle and the following even cycle combinations yielded only 40%-50% a.nticorrela­

tion. One may interpret these corn'lations as follows: Each 22-yr cycle may begin with 



beginning of the evell cycles and may end with the end of the following odd one, as 

suggested by Gnevyshev & Ohl (1948) from t.he analysis of sunspot. activity. However 

the aforementioned correlations are derived from only 3-4 points. The exact physical 

reason for better correlations of preceding even cycle and the following odd cycles ratios 

of A and B with corresponding ratios of X and the low (and negative) correlations of 

the 'preceding odd cycle-following even' combinations is yet be found. 

6.3. Depth dependence of periodicities in the solar differential rotation 

6.3.1. SAMPLES OF THE DATA ON THE YOUNG AND OLD SUNSPOT GROUPS 

We have analysed GPR spot group data during 1879-1939 (the data was provided by 
H. Balthasar). The data reduction is the same as in Section 6.2.1 but here we have 

used only data on spot groups living 2-12 days (the data on second and subsequent 

appearances of recurrent spot groups are excluded). 

In view of the relationships found in Chapter V between the rotation frequencies 

of spot groups and the life span and age of spot groups, we considered separately the 

following data samples defined as follows: (i) YLSG: young long-lived sunspot grouplll 

(YLSGl: t = 2, 7 = 7-12, or YLSG2: t < 4, 7 = 10-12), where 7 and t represent 

respectiwly life span and age of a sunspot group in days, (ii) SLSG: short-lived sunspot 

gT01tpS (7 = 2-1) and (iii) OLSG: old long-lived sunspot groups (t > 4,7 = 10-12). 

For these well separated data we fitted the standard formula of differential rotation, 

w(A) = J\ + lJ.'3in 2 >.. For each of the above data sets, we determined variations of 

the diffel'('f)tiai rotation coefficient, B, during 5-yr moving time intervals successively 

displac~d by 1 yl' (5-yr MTI) (the data sizes in the intervals < 5-yr are inadequate). 

6.:J.2. TEMPORAL VAlUATIONS OF B DETERMINED FROM YLSG, OLSO AND SLSG 

Figure 6.7 shows t.he variations of the differential rotation coefficient, B, during 5-yr MTI 
of YLSC I, YLSC2, OLSG and SLSG. In this figure it can be seen that the uncertainty 

bars arc sufficiently small for seeing the variations of B on time scales 10-20 years. 

Figure 6.8 shows the FFT spectra of B determined from the YLSG 1, YLSG2, 

OLSO and SLSG foJ' .5-yr MTI during 1879-1976. (For longer interval lengths the 

1IJ)(·C'rt.aint.ies ill /3 will be smaller. However, the peaks corresponding to the higher 

r\'('C[lI('llci<'s \vill 1)(' wasb{'d out., awl the peaks at lower frequencies will be broader.) 

The FF'I' spectra of B deterlllined from the YLSG show existence of a periodicity at 

"-' 21 yr. Tllis I><,('iodicity is abseJlt. (or insignificant), and a "" 11 yr periodicity IS 

dominant in the spectra of B determined from the OLSa and SLSG. 

To check whether the posit.ions and significance levels of the peaks m the FFT 
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sp<'d.ra of Han' H'liahle in spite of the uncertainties (standard deviations) in the values 

of IJ, we' lIs('d til<' following method which we have already used in Chapters 111 and 

IV. We' g('IH'ra.i.('c\ 'Rimulated' time series B' of B by varying each value of B in the 

lilll<' scri('s hy a.ddillg to it, ('\. ralldom number whose ma.gnitude is eqnal or less than the 

(,OIT('s(>(JIIc\ i Ilg \I1\('('rta.illty. FFT a.nalyzes were then done for the simula.ted series of B'. 
III hot II sp('d ra of IJ alld H' dd('rlllined from given da.ta set, the positions of the peaks 

nrc' fOl1l1d to 1)(' l.hc SCtlllf'. TillIS, ('\'('/1 if t.he 'correct' va.lues of B were any where within 

t.heir l'('sJ)('cl.iv(' st,(llldard (kviatiolls, til(' positions of the pea.ks in FFT spectra would 

be lIllalt.ered. Hellc(>, the peaks ill the FFT spectra. of B represent the true variations 

of 13. 
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'.3.3. DEPTH DEPEN DENCE OF' nOTATION FREQUENCIES OF THE YLSG, OLSG AND 

SLSG 

In Figure 6.9, we compare the average rotation frequencies (w) of YLSG, OLSe and 

SLSG with' the radial dependence (f2( T)) of plasma rotation frequency determined from 

belioseismology. From this figure we infer that the average rotation frequency determ­

.ined from the YLSG represents the average rotation frequency of magnetic structures 

()f YLSG which are initially anchored (or born) in deeper layers (near the base of the 

convective envelope, 7'/ Rca '" 0.73), whereas the average rotation frequencies determ­

ined from the OLSe and SLSG represent the average rotation frequency of magnetic 

stl'uctures which are anchored at r / R8 > 0.9.5. 

480 

..--.. 470 

.-t-- ~_f"t~ 
N 

I 
c 

'-'" dr r t .. r" ... 1' "'~'. ..--.. 
460 I-

'-'" 
:5 
3 I 

,t I' 
. 

..--.. ...... 450 , 

.......... r' ,\'f 3 

..--.. iJ 
.... j"/' '--' c 440 fl 

430 
0.70 0.80 0.90 1.00 

Fractional Radius 

Figure 6.!). Same as t,lIe Figure 5.4 of Chapter V except that here we have also showed the average 

rotation frequf'lIcies of the YLSGI, YLSG2 and OLSG and SLSG (represent by the symbols 0, I.:l, 
X and *, respectively) and they were determined from, data during entire period 1874-1939. 
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6.4. Summary of Conclusions and Discussion 

The main conclusions of the above study are as follows: 

(1) The equatorial rotatioll rate A is siguificantly larger in the ONSCs than in the 

ENSCs. The north-south asymmetry in the A seems to be large in the ONSCs and less 

in the ENSCs. 

(2) The rotation is significantly more differential in the ONSCs than in the ENSCs and 

the difference is mainly contributed from the southern hemisphere. In the northern 

hemisphere the difference is marginal. 

(3) North-south asymmetry in B is significant in the ENSCs and it is not significant in 

ONSCs. In ONSCs the rotation is more differential in the northern hemisphere than in 

the souU)(,rlI hemisphere and it is in opposite sellse in the ENSCs. 

(4) There exists a systematic cycle-to-cycle variation in B, i.e., the ~agnitude of B in 

each of the ONSCs is larger than that in its neighboring ENSCs, suggesting existence 

of 22-yr modulation in B. (Such a systematic behaviour can also be seen in the cycle­

to-eyrie va.riation of A but it is not as well defined as that of B). 

(5) Existencr of '" 80-yr cycle (Gleissberg cycle) in B is seen in the cycle-to-cycle vari­

ation of B. The weak 22-yr modulation in B seems to be superposed on the relatively 

strong 80-yr modulation. 

(6) '1'1)(' A varies significantly only during ONSCs with amplitude'" 0.01 p. rad 8-1 , 

at minilllulll yrars. There exists a good anticorrelation between the variations of B 
dCl'iv('d from the ONSCs and ENSCs, suggesting existence of a '22-yr' periodicity in 

B. The amplitude of variation of B is ("oJ 0.05 /l rad 8-1. 

(7) It S(,f'ITlS the known Gnevyshev & Ohl rule (Gnevyshev & Oh11948) of solar activity 

is applicablE' i''''SO to B. (The pattern of correlations of A amI B with activity also suggest 

that th€' ('a('h 22-yr cycle begin with beginning of the even cycles and ends with the end 

of the rollowing odd one, as suggested by Gnevyshev & Ohl (1948) from the analysis of 

sllnspot Illllnbcrs.) 

(I~) 'I'll!' prriod icities I'V 21 yr and ("oJ 11 yr in B may be dominant in the rotational 

[H'rlllrl)atiolls ill t.h€' SI\I\'S d('{'[H'1' layers (neal' bRse of the convective envelope, r r-.J 

O.7:HL,) ami in the shallower laYNs (rv r > O.9.5R~,), respectively. 

(9) TIt(· avC'rage rotation fn>queJlcy of Y LSG may r~presellt the rotation of their mag­

Hetic structures which are initially anchored near the base of the convective envelope, 

wh(.\'(.a.s t.he' aVE'ra.g<- rotat.ion frf'qnencies of OLSa and SLSG may represent t.he t'Ot.ation 
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frequencies of tltei r maglletic Rtructures anchored in shallower layers Ilear the surface. 

(10) From conclusiolls (8) anel (9) we cOllclude that (i) the'" 22 yr a.nd rv 11 yr 

periodicities in B may be dominant in the rotational perturbations in the deeper layers 

(near base of the convective envelope, r f'V O.73R0) and in the shallower layers of the 
Sun (rv r > O.95H,~), respectively. 

Discussion: 

Existence of anticorrelation in the variations of B during ONSCs and ENSCs (Con­

clusion (6), above) indicate that the solar cycle variations in B found here is not an 

artifact of influence of latitudinal distribution of sunspot activity in the course of solar 

cycle (Butterfly diagram). We have used superposition of 5 or 10 cycles data. So, the 

magnitude of variation of B during some single solar cycles may be larger than that is 
found here. 

It has been claimed that the torsional pattern is present in sunspot motions (Godoli 
& Mazzucconi 1982; Tuominen et al. 1983; Ternullo 1990), although the results are 

marginally significant, judging from the errors. Tuominen et al. (1993) analyzed lon­

gitudinal and latitudinal motions of recurrent sunspot groups using Greenwich spot 

group data during 1974-1976. Although their time resolution was course, they found 

some evidence for the l1-yr oscillation in the sunspot zones with an amplitude of a 

few m S-I. Gilman & Howard (1984) have observed faster and slower bands, but with 

no clear migratory character. Ternullo (1990) has discovered evidence of equatQrward 

moving hands through a careful study of the sunspot drawings made during cycle 21 at 

Catania Astrophysical Observatory. It is interesting note that Ternullo used for each 

spot group only the data collected from the 4th day of observation until the last obser­

vation available (i.e., the data on old spot group). From the Conclusion (10), above, we 

confirm that ll-yr period 'torsional oscillations' (Howard & LaBonte 1980; LaBonte & 
Howard 1982; Snodgrass & Howard 1985; Komm et al. 1993a) may be strong in the 

rotational perturbations in the shallower layers of the Sun (rv r > 0.95R0). Similar 

suggestions are also found in the recent helioseismic measurements (e.g., Howe et a1. 

2000b; Basu & Antia 2000). 

Re:m1tR/conclusions (1)-(10) above, confirm: (i) existence of '22-yr' periodicity in 

B, (ii) itR validity nea.r the base of the convection zone, (ii) its relation to solar magnetic 

eye-le--. 
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Chpater VII 

VARIATION OF THE SUN'S MERIDIONAL FLOW DURING 
THE SOLAR CYCLE 

7.1. Intro ductiol1 

Many solar physicists believe that the Sun's meridional flow can transfer angular mo­

mentum and magnetic flux across the solar latitudes and can even maintain the observed 

differential rotation (e.g., Schroter 1985 and references therein). So far the meridional 

velocity determined from tracers like sunspots or sunspot groups, faculae and pI ages 

suggest a flow of only a few m S-1 and the direction is either north or south from 

the mea.n latitude (e.g., Balthasar et al. 1986; Howard & Gilman 1986; Howard 1991, 

1996a; Lustig & Wahl 1991; Nesme-Ribes et al. 1993; Meunier et al. 1997). The 

velocities determined from Dopplergrams and magnetograms suggest a poleward flow 

of 10-20 111 s-1 (Duvall 1979; LaBonte & Howard 1982b; Ulrich et at. 1988; Cavallini et 

al. 1992; J(omm et al. 1993c; Snodgrass & Dailey 1996). Recently, helioseismological 

measu!'('TIlf'llts of the nea.r-surface and subsurface properties of meridional flows (Duvall 

et al. l!)!"):J; Hathawa.y 1996; Hathaway et. al. 1996; Giles et al. 1997; Braun & Fan 

1998) (lIRO SlIggCRt it poleward flow in the range 10-20 m 8- 1. The reason for the dis­

crepancy in til(> results derived from tracers and from Doppler velocity measurements, 

and alRo in t.he results obtained from different tracers, is not yet known. However, this 

might bf' duc to difficulties in obtaining adequate homogeneous samples of identical 

tracers (for example, sunspots or sunspot groups with same life span, age, area etc.). 

The hOlllogcneity of the sa.mples might also help in interpreting the results in terms 

of th~ anchoring depths of the magnetic structures of the tracers (cf., Chapters V and 

VI). Variability of the meridional motion through the solar cycle would provide valuable 

information on the dynamics controlling the differential rotation, which is responsible 

for t.]J(' dynalllo Ill('chanism. Re,aw;e the amplitude of meridional motion is small, it iR 

diHklllt (,0 llH'a,s\IJ'f' its variability. In the present chapter we discuss the dependence of 

the' tll('ridiolla.\ Illot.ions of sunspot group on life spa.ns a.nd age of the groups and on the 

pha.se of 1,11(' Imla.r cyck, through t:he analysis of thp large data. OIl sunspot groups. 

The olltlitl(' of this chapter is as follo\\'s: In Section 7.1 We" describe the data. and 

t.hc' method of ana lys is. III S('ctiOll 7.:U We' c\escri he the mean meridional motions of 

SUllspot grollps of different. life spans. 111 Section 7.:3.2 we show the variation of initial 

meridional v<'locit.ies of spot groups with life span 7 in range 2-12 days and the variation 

of the mean meridional velocity of long lived (7 = 10-12 days) spot groups with age 
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'. t. In Section 7.:3.:3 W(' derive the 'surface plasma. meridional flows' from spot groups 

'tfhich lived 10 12 da.ys. III Sed.ion 7.-1.1 we show va,rial.ions in the mea.n meridional 

1,J~locity of SUllspot groups duriJlg the solar cycle. The va.riations in the 'surface plasma 

meridional velocit.y' dnrillg the solar cycle is determined in Section 7.4.2. In Section 7.5 

we determine the correlation between the solar cyde va.riations of the mean meridional 

motion of spot groups and the solar differential rotation. In Section 7.6 we summarize 

~d interpret the results and also discuss briefly the source of uncertainties. 
\ 

7.2. Data and Analysis 

We have used t,he data on sunspot groups compiled from Greenwich Photoheliographic 

Results (1874-1976) and from NOAA/USAF for the years 1977-1981. The method of 

data reduction is the same as in Chapters V and VI. In Ta.ble 7.1 we give the total 

number of the spot groups of different specified life spans in three latitude intervals of 

10° each and for northern and southern hemispheres separa.tely. 

Table 7.1 The number of sunspot groups of different specified life spans (r, in days) in different 100 

latitude intervals, during 1874-1981. 

North hemisphere South hemisphere 

Latitude inLervals Latitude interva.ls 

T 00 _ 10° 100 - 20° 20° - 30° 0° - 10° 10° - 200 200 - 30° 

1.5 289 571 247 331 548 283 

2.5 223 378 205 221 411 167 

:u 178 324 143 161 355 141 

1.0 141) 277 132 141 252 118 
5.5 137 248 100 135 221 103 

6 .. 5 105 190 109 119 238 67 

7.5 78 177 87 99 171 74 

8.5 75 166 77 78 165 57 

9.5 75 166 70 86 131 48 
]0.5 73 145 65 68 144 57 

11.5 24 49 27 16 47 27 

'I'll(' 1ll('ri<iiolla.1 vf'lority (da.ily la.titudinal drift), 11, of a spot group of a specified 

life spall, ali(I ill a. specified latitude interval, at its age t = (n + 1/2) day is computed 

using tile' f'pochs of its observations on the (n)th and the (n+l)th day, and the helio­

graphic lat.itlldf'fl of the spot group at these epochs. Non-consecutive days were not 

used for determining v. Thus the uncertainty in t is ~ 0.5 day. We adopt the following 

convention: a positive value of v indicates poleward flow in either hemisphere. 
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For each HI)('cificd va.lue of the age 'I' 0[' a spot group, t.he mea.n meridional velocity 

(v(t)), alld t.he' Hta.Jl(lard df'viation (0-), we're computed for spot grOllpR of given life spa,n 

in givell la.t.itude bill. For spot groups of given life spall r in a given latitude bin, the 

value of vat t = ~i/2 day is defined as the mean "initial" meridional velocity Vini(r). 

The variat.ion in the mean meridional motion of the spot groups during the solar 

cycle is determined using the method of superposed epoch analysis (cf. Chapter VI). 

In this case the calculations were repeated with and without including the second and 

subsequent. disk passages of the recurrent spot groups. Each disk passage of a recurrent 

group is treated as a separate spot group. 

7.3. Variation of Meridional Motions of Sunspot Groups During 

Their Life span 

7.3.1. MERIDIONAL MOTIONS OF SUNSPOT GROUPS OF DIFFERENT LIFE SPANS AV­

ERAGED OVER THEIR LIFE 

In Figure' 7.1 we show the "mean" meridional velo('ities, < v > (r), of the spot groups 

of different specified life spans in three latitude intervals of 10° each, during the entire 

period 187 41981 (data in northern and southern hemispheres were folded by adopting 

the cOllvelltion mentioned in Section 7.2, i.e, in either hemisphere the positive and 

negative v(lilles of v indicate poleward and equat.orward motions, respectively). For 

spot grollpS of given life span (r) in any given latitude interval, the values of < v > (T) 

Wf're comput.ed by taking the data during the entire life span of spot groups, i.e., 

T 

< V > (r) = l/r L v(t). 
t=l 

In Figt1f(' 7.1 one can see that for spot groups of any specified life span and in all the 

three lat.itude int.ervals the magnitudes of < v> (r) are only a few m S-l and most of 

them are of the same order (or less than) their respective standard deviations. Thus, 

< v > (r) is neither significant nor it exhibits particular trend with increasing r. 

7.3.2. VAHIATIONS OF Vini(r) AND v(t) 

In Figure 7.2(a) W{' show variation in the 'initial' meridional velocity (Vini(r)) with life 

spall T of spot. grollps of life spans 2 to 12 days in different latitude intervals, obtained 

frolll data durillg 1~1,1 1981. '1'1)(' variations of l'illi(r) derived separa.tely from northern 

IWllliHplwr(' dat.a (solid CttrVf'S) and southern hemisphere data (dotted curves) are shown 

ill Figm(' 7.2(h). The ('1'1'01' bars ('('I)J·('S('Ilt. plus/minus one sta.ndard deviation. 

In FigUl'{' 7.:3( a) we show varia.tion in the mean meridional motion v(t) with age t 

of sunspot groups of life span 10-12 days in different latitude intervals, obtained from 

the data during 1874 -1981. In Figure 7.3(b) we show the variations in v(t) derived 
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s~~pa.\'at.ely rrolll I\orth(~rn IWllIisphere data (solid curves) alld south h . h d 
{ I -, ern emlSp ere a.ta 
( oU<'d cllrvf's). 

[N ot.P:. I l\ vic~w of the relations of the life spans (T) and (t) of spot rou s with 
the alldlol'lllg l t} ft· g p 

. ( ep , IS 0 suns po magnetIc structures derived earlier, (cf., Chapters V), 

we have chosen t.he scales of abscissa of Figure 7.2 in the reverse order. This helps to 

compare the va,riation of Vini(T) with T and that of v(t) with t.] 

In Figures 7.2 and 7.3 one can see the following: 

(i) In each latitude interva.l, the values of Vini(T) and v(t) (10-20 m s-l) often differ 

from z~ro significantly. (The values of Vini(T) of spot groups oflife span T ~ 5 day do 
not differ from zero significantly.) 

(ii) The variations of Vini(T) and v(t) determined from the spot groups data in the 

entire sunspot latitude belt seem to be largely similar to the corresponding variations 

of Vini( T) and v( t) in the latitude interval 20° - 30°. This could be due to the fact that 

in the interval 20° - 30°, the amplitudes of Vini(T) and v{t) are 5-10 m 8-1 larger than 
those in the intervals 0° - 10° and 10° - 20°. 

(iii) In the latitude interva.l 20° - 30°, the variations of Vini(T) and v{t) are systematic 

and mutually similar, and the north-south similarities of Vini(T) and v(t} are more 

pronoullced than in the other two intervals (Note: the first value of v{t) is the average 

of fi rst thrrc values of Vini (T)). The form of v( t) suggests existence of periodic variation 

in the meridional motion of magnetic structures of spot groups with period 4-day and 

amplitude 10-20 m S-I. The similarity in the forms of v(t) and Vini( T) suggests presence 

of this periodicity in solar meridjonal flow . 

. " 
7 .3.3. SURFACE PLASMA MERIDIONAL FLOW 

III 'I'ahlc> 7.2, we give the values of meridiona.l velocity, ve(t), determined from the last 

f('w days (t: 10--12 days) data of the spot groups which live 10-12 days. In latitude 

ill\('l'va.\ 20" - :W" t.he values of ve(t) differ from zero more than 20' in the northern 

IWlllispl}('l'c, more than la in the southern hemisphere and around 30' in the average 

v;tltl(' or lIort.h alld sout.h hemispheres. In latitude intervals 00 - 100 and 100 - 2()0 the 

va Itl<'S arc Slllall and t.hc'y are not significant. In order to have adequate data, we used 100 

1;t\.it.llde ill\.Nvak We also confirmed the characteristic properties of the aforementioned 

r('~,tlts r()t' t h(' i IIl<'l'v(-\ls :J" - I:J", \ riO - :2!)() ()lid 2!)0 - :350 and the values of t1.(t) in tht-se 

illtervals m(' also givell ill Tabl(' 1.'2. \\'r obtained", 6 m .~-I higher velocity in the 

I . I' t ., I ,)r: o - '\"j() tllall tll,\t '111 ')()" _:~OO (however. in thf' former interval statistics 'tilt \1( (' 111 (', V,I -') , , (-

i~ r<,lat,ively poor). III Tahlf' 7.2, t.he general characteristics of t'e(t) are similar to the 

('liaract.('ri~t,i('s of lIJ('ridioJlal flow df'trrmined from Doppler velocity measurements and 
Sill all 11lagllct.ic f('at.urrs (e.g., I\OIllIll et al. HJ93c; Snodgrass & Dailey 1996; Hathaway 
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Ta.ble 7.'2. Thf' vaill('s of slIrfa.re lIleridiollal velocit.y (ve(l), in m 8-1 ) with t.heir ulIcertaillt,iclJ (0-) 

det.ermilll'c1 frolll the last. few days (age t: 10-12 days) d!tta of the spot groups oCliCe spall (r) 10-12 
days. The number of obscrvat,ions (N) go lie in eaeh determinat,ioll is also given. In either hemisphere, 

the positive va.lues of the velocity indicate poleward motions and negative values indicate 

Lat. interval 

0° - 10° 
10° - 20° 
20° - 30° 

5° - 15° 
15° - 25° 
25° - 35° 

Whole belt 

equatorward motions. 

north south 

Ve 0- N ve 0- N 

3.14 3.69 267 -2.72 3.4 256 

2.82 2.80 585 4.14 2.90 547 

12.71 4.12 267 7.19 4.61 236 

5.00 4.28 217 0.11 3.75 204 

0.774 4.01 260 10.46 4.55 265 

18.75 7.47 85 13.61 9.11 85 

4.84 1.93 1170 2.53 2.02 1071 

north+south 

Ve 0- N 

0.272 2.53 523 

3.46 2.01 1132 

10.12 3.08 503 

2.63 2.86 421 

5.66 3.04 525 

16.17 5.88 170 

3.74 1.40 2241 

1996), i.p., t.he motions (in general) are poleward in each hemisphere with amplitude 

10-20 III .,!-l in middle latitudes. (Note: the average of all the 11 points OfVini(r) and 

that of lJ( I) are found to be only a few m 8-1 , cf. Sections 7.3.1. and 7.3.2.) 

Doppler v~locity measurements and small magnetic features suggest a weak (or 

nOli-existence) north-south asymmetry in the surface meridional flow (Komm et al. 

199;Jcj Snodgrass & Dailey 1996). In ve(t) there is a suggestion of north-south asym­

metry. In latitude interval 15° - 25°, the asymmetry seems to be substantially large. 

7.4. Variation in the Sunspot Meridional Motion During 

the Solar cycle 

7.1.1. VAR.IATIONS OF THE MEAN MERIDIONAL MOTION OF SPOT GROUPS 

In ()rd~r t.o Ilave better statistics here we have lIsed the data during entire life spans 

of til(> spot groUpR with life spans 2-12 days. The calculations were repeated with and 

without inclusion of second and subsequent disk passages ofthe recurrent spot groups. 

Each disk passage of a recurrent group is t.reated as a separate group. Since the mean 

meridional velocities, < v > (r), of spot groups seem to be almost independent of the 

life spans (r) of spot groups (cf. Section 7.3.1, Figure 7.1), variations in the mean value 
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(say Vi), i.f'., 
r=12 

1" = 1/11 L < v > (T) 

of < v > (T) of spot groups represents the variations in the meridional velocity of 

the solar plasma averaged over thickness of the convection zone. The variations are 

determined by superposing the data during 1874-1981 according to the years relative 

to the nearest sunspot minimum (1867, 1879, 1890, 1902, 1913, 1923, 1934, 1944, 1954, 

1965, 1976, 1986). Figure 7.4(a) shows the solar cycle variations of the mean meridional 

velocity Vi of a.ll recurrent and non-recurrent spot groups in different latitude intervals, 

during the solar cycle. Figure 7.4(b) shows the variations derived separately from 

the data. in the northern hemisphere (solid curves)' and southern hemisphere (dotted 

curves). Figure 7.4(c) shows the variations derived separately from the data in the odd 

numbered (Waldmeier cycle numbers 11, 13, 15, 17, 19, 21) cycles (solid curves) and 

even numbered (12, 14, 16, 18, 20) cycles (dotted curves). 

In Figure 7.4(a) it can be seen that in all latitude intervals the velocity is not 

significantly different from zero during the rising phase of the solar cycle and there is 

suggestion of poleward motion only in the declining end. Especially in the ending years 

the velocity values (a few m S-1 at lower latitudes and I'V 15 m S-1 at higher latitudes) 

differ from zero significantly. In latitude interval 200 - 300 , the exclusion of the data on 

the second and subsequent disk passages of the recurrent spot groups yielded poleward 

motion of about 40 m S-1 around 9th-10th year of the cycle. (It is interesting to note 

he!"e' t.hat. I.h(')'("' arc rapid changes in t,he variation of the solar differential rotation coeffi­

cient around 1-2 year before the cycle minima (cf., Chapter III). In Figure 7.4(b) it can 

he S(,f'1l that in all latitudes there is a suggestion on existence of north-south asymmetry, 

but. tI](' velocity values have large uncertainties. The strength of the asymmetry seems 

to he depending on phase of the solar cycle. On the average (during ~ of the cycle) the 

velocit.y Reems to be poleward in southern hemisphere and equatorward in the northern 

hemisphere (in the ending years the motion is poleward in both hemispheres). 

In Figure 7.4(c), there is a suggestion that in the beginning of the cycles, the 

velocit.y is equatorward in the odd numbered cycles and it is poleward in the even 

numbered cyclf~s, mainly in latitude interval 0°_10°. Around 9th-10th year the velocity 

seems to be larger in the even numbered cycle than that in the odd numbered cycle, 

hut. t.he' velocity values have large uncertainties. The aforementioned differences of the 

Ill('ridional motions of spot groups in the odd and even numbered cycles may suggest 

('xist.f>I1ce of 22-yr modulation in the solar meridional flow (Tuominen 19.52; Richardson 

&. Schwarzschild 195:3). 

[In Chapter III (Section 3.4.2) and Chapter VI (Section 6.2.4) we have observed the 

abnormal behaviour in the data during 1962. Exclusion of this data incl'ea,sed the value 

of Vi (to f"ooJ 20.72 m S-I) at 9.5 year in latitude interval 20°--30° shown in Figure 7.4(a). 
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Figure 7A(a). Variations of the mean meridional velocity, Vi, of 2-12 days living sunspot groups 

during the solar cycle. (Note: each disk passage of the recurrent spot group is treated as a separate 

group and its data are also used here.) Averages taken over 2-yr intervals. Activity maximum is 

around 4·· 5 years. Northern and sout,hern hemispheres' data were folded. (The sign convention is 

same as mentioned in the caption of Figure 7.1.) 
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The' gap Iwtwe'('ll 1,11(, valll('s or odd-e've'll cycle's at the same position ill Figure 7.4(b) is 

fomul to 1)(· )'(·dll(,('(\. Thifl dO(,H 1101, affect, Oil tilE' afol'cllJ('lltiollcd cOllchlHiollS.j 

7.4.2. VAlUATIONS OF TIlE SURFACE PLASMA MERIDIONAL FLOW 

In latitude interva.l 20° - 30°1 the 'sUl-face l meridional velocitY1 ve(t) (defined in Sec­

tion 7.3.:3)1 i::; found to he rv 20 m ,9-1 poleward during the maximum years (around 

5th year) and it is equatorward at declining end of the cycle by about the same mag­

nitude. In latitude intervals 0° - 10° and 10° - 20° 1 the values of ve(t) are found to be 

not significantly different from zero throughout the cycle1 i.e., the variation can not be 

recognized because of the large uncertainties. 

[In Figure 7.4(a), even in the latitude interval 20° - 30°, the average velocity 

determined from all spot groups is not significantly different from zero during the 

maximum years. This could be due to the dependence of meridional motions of long 

living spot groups with their age. The mean velocity of a spot group of given life span 

is only a few m S-I.] , 

7.5. Correlation Between the Solar Cycle Variation of the Average 

Meridional Velocity and the Differential Rotation 

Theoretical models which attempt to expla.in observed torsional pattern argue that the 

meridioIlal Bows have an important role in generation of torsional oscillations (e.g., see 

SlIodgraHH 1992 alld references therein). We determined correlations of the solar cycle 

variat.ion of meridional motion Vi averaged over the entire sunspot belt with those of 

the <,«uatorial rotation rate Al the latitude gradient of the rotation B and the 'mean l 

rotatioll rat,(· A. (eLl Chapter III). The V ' 1 A1 B and A. were determined from data of 

all J"(,("1I1TC'lIt and non-recurrent spot groups. We find 68% correlation between Vi and 

A, 52% correlation between Vi and B, and 74% correlation between Vi and A.. These 

correlations ::;uggf'st existence of coupling in the latitudinal and longitudinal motions 

(in the Suns convection zone over the depths to which the sunspot magnetic structures 

were extended). 

7.6. Sumnlary and D.iscussion 

C01l.clIlSi01!": 

From t.he analysis of a large set of sunspot group data we have drawn the following 

couci usions: 

1. The mean meridional velocities1 < v > (r), of sunspot groups with life spans 2-12 

days (over entire life span) are only a few m ~-l and independent of the life spans of 

spot. groups. However, the initialmeridion(l,l v('iocitif'Sl Vini(r), of spot groups depend 
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Oil t.heir lire spans (T) and the velocities of IOllg lived spot groups depclld on their age 

(t). 

2. In latitude interval 20° - 30°, the variations of Vi!li( T) and v{ t) are similar and 

the form of v( t) suggests existence of periodic variation in the meridional motion of 
magnetic structures with period 4-day and amplitude 10-20 m 8-1 . 

3. Meridional flows (ve(t)) determined from the Idata during the last few days (age 

t: 10-12 days) of spot groups of life spans 10-12 days are found to have magnitudes 
(10-20 m 8-1 ) and directions (poleward) similar to those of the surface (and near to 

the surface) plasma meridional flows determined earlier from the Dopplergrams and 
magnetograms. 

4. Existence of north-south asymmetry in the 'surface meridional plasma flow' is sug­

gested. In the latitude interval 15° - 25°, the asymmetry seems to be substantially 
large. 

5. The mean meridional motion (Vi) of sunspot groups seems to vary with the phase 
of the solar cycle. The velocity is not significantly different from zero during the rising 
phase of the cycle and there is a suggestion of poleward motion (a few m 8-1 at lower 

latitude and,..., 15 m 8-1 at higher latitudes) during the declining end of the cycle. 

6. Existence of north-south asymmetry in the solar cycle dependence of the mean 

meridional motion of sunspot groups is suggested. The strength of the asymmetry 

depends on the phase of the cycle. On the average, during ~ of the cycle, the velocity 

seems to be poleward in the southern hemisphere and equatorward in the northern 

hemisphere. 

7. In latitude interval 20°-30° the 'surface plasma meridional motion', ve(t), is found to 

be p()l(~ward around maximum years (ve(t) '" 20 m 8-1 at 4th-5th year) and equatorward 

around the declining end of the cycle (about the same magnitude). 

8. There exists a reasonable correlation between the solar cycle variation of the average 

meridional motion Vi and coefficients of the differential rotation A, B and A, suggesting 
existence of coupling in the latitudinal and longitudinal motions, some where in the 

con vection zone. 

Discussion: 

In latitude interval 20° - 30°, the magnitudes of ve(t) obtained from the north­

ern hemisphere data and also those obtained from combined data set of northern and 

southern hemispheres, are'" 1.5-2 times larger than the estimated relative error in 

the measurements of heliographic coordinates of mass centers of spot groups (see Sec­
tion 1.2,.:3 of Chapter I). In the southern hemisphere, the values of ve(t) are of the same 



order or slightly gra.t.c'r t.h .. l.II t.he.· C'st.illla.t.(·d ('ITOI'. This is because in t.his hcmisphert' N 

is rela.tivc'ly IC'RH. III t.he illtc~rva.ls 0" - 10" and 10° - :lOI) t.he meridional speed itself is 

low and hence it. is not possible to arrive at any conclusion 011 the significance of the 

velocity values in these intervals. 

In latitude interval 200 -300 , the relative variations in Vini(r) and v(t) (Figures 7.2 

and 7.3) are slightly greater than the estimated relative errors of heliographic positions. 

In this interval, the variations of Vini(r) and v(t) obtained from the combined data set 

of the northern and southern hemispheres as well as from the separate data sets are mu­

tually similar. This suggests that the variation in v(t) is not a.n artifact of the evolution 

of the spot groups producing a shifts of the spot groups centers in latitude. Existence 

of a 4-day periodicity in the total solar irradiance is reported by some authors (Froelich 

~ Pap 1989, Nikonova et a1. 1998). In view of all these factors and conclusion 3 above, 

the 4-day periodic variation seen in v( t) seems to be of solar origin. Using the anchoring 

depths of magnetic structures for spot groups of different rand t, estimated earlier (cf. 

Chapters V), we suggest that the patterns of Vini (r) and v( t) may represent radial vari­

ation of meridional flow in the Sun's convection zone, rather than temporal variation of 

the flow. So, the discrepancy in the magnitudes and directions of the solar meridional 

flow determined from sunspot data and direct Doppler velocity measurements might be 

due to the dependence of meridional motions of sunspots or sunspot groups on their 

life spans and age, i.e., due to depth dependence of the meridional flow. 

It. Illust be noted that the results obta.ined here may represent only the average be­

havior of many spot groups. The meridional velocity of any single spot group might be 

affected by several factors such as splittings, expansions, etc. The data used in the de­

termi nation of Vini( T) and v( t) extends over 10 decades and we have used superposition 

of .5 or 10 cycles data in the determination of the solar cycle dependence of meridional 

velocity. So, the magnitude of variation of the meridional velocity during some single 

solar cycles may be larger than that is found here. 

Wa.rd (1965a) analyzed Greenwich data (1935-1944) and showed for the first time 

the existence of a positive correlation between latitudinal and longitudinal motions of 

sunspot groups. Coffey & Gilman (1969) and Paterno et a1. (1991) found a similar cor­

relation. Belvedere et al. (1976) were also found similar correlation using facular data 

covering a four-year interval. Howard (1991, 1996a) using Mt. Wilson measurements 

found a strong correlation bet.ween meridiona.l drift and residual rotation velocity of 

SUllspot groups (from 1917-198.5) and of plages (from 1967-1985). Nesme-Ribes et a1. 

(L9!l3) Hsillg Meudon observations covering the cycle 21, found no significant covari­

ance from sunspot data. Recently, Komm et a1. (1994) using the small-scale magnetic 

field data. deduced from IOtt Peak magnetograrns covering the years 1987-1990, and 

Meunier et al. (1997) using the photospht"ric facular dat.a during cycle 19 (1957-1962), 

foullel a V('I'Y slIIa.1I coval'ianc('. 
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Theoretical models (e.g., Gilman 1986) predict the observed correlation between 

the surface latitudinal and longitudinal mot.ions as l'efledion of equatorial angular mo­

mentum transport from Reynolds stresses and argued that the Sun's differential rota­

tion could be maintained using Reynolds stresses neal' the surface. Reynolds stress is 

produced by interaction of convective elements and the Coriolis force, which causes a 

correlation between longitudinal and latitudinal velocity components of the convective 

elements. The smaller the Rossby number Ro = u/(20l) (where u is a typical velocity 

in the non-axisymmetric eddies, I a typical cell size, and n the angular velocity), the 

more efficient this interaction, i.e, the correlation (Reynolds stress) depends on the size 

1 and the velocity u of the convective elements present in the convection zone. Hence, 

the angular momentum transport by Reynolds stresses is more efficient with supergran­

ulation than with granulation. The giant meridional cells (if exist) should also be more 

efficient than supergranulation. So, if the convective elements are large and have small 

velocities, the Reynolds stress produced can be large enough to maintain the equatorial 

angular momentum transport and thus the differential rotation against viscosity. The 

sizes of the granular and super granular cells seem to be smaller at solar maximum 

than at solar minimum (Muller 1985; Singh & Bappu 1981). So, the increase in the 

equatorial rotation rate (cf., Section 6.2.4 of Chapter VI) and the magnitude of the 

meridional motion (Conclusion (1), above) during the solar minimum phase may relate 

to the enhancement of the Coriolis force and in turn efficiency of the Reynolds stress 

during the cycle minimum phase. 

There have been criticisms of the theoretical explanations of the equatorial acceler­

ation of the Sun as being due to equatorial angular momentum transport from Reynolds 

stresses which are reflected in the correlations of latitudinal and longitudinal motions 

shown in the surface motion data. These criticisms are on the basis that the observed 

motions Il\ay result from the well-known expansion and contraction of sunspots along 

the tilted magnetic axes of the sunspot groups. These axes are inclined in such a way 

(lea.ding spots equatorward of following spots) as to lead to the correlation that is seen 

(UB Leighton 196.), unpublished ma.nuscript). Gilman & Howard (1984), argued that 

because the effect could be observed for whole sunspot groups, at least some fraction 

of the observed correlation must be due to Reynolds stresses near the solar surface 

and that. this amount was sufficient to account for the angular momentum transport 

I'f'qllirC'd to maintain the solar differential rotation. 
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Chapter VIII 

CONCLUSIONS AND FUTURE PROSPECTS 

In this chapter first I summarize the conclusions from Chapters II to VII and then 

provide some overall interpretations of the results in Chapters II-VII. I also list in the 

end some important investigations to be undertaken. 

8.1. Summary of the Conclusions in Chapters II-VII 

We inferred the rate of emergence of toroidal magnetic flux above the Sun's surface, per 

unit latitude interval and per unit time during 1874-1976, using sunspot group data and 

Hale's Law of magnetic polarities. Though the sunspot data comes only from latitudes 

< 35°, the superposition of the main LF terms in the estimated rate of emergence of 

toroidal magnetic flux not only reproduces the butterfly diagrams, but also predicts 

the following large scale characteristics of the weak fields in latitudes> 350 : (i) the 

migrations of nelltrallines from latitudes rv 35° u.pto '" 90°, and (ii) polar field reversals 

at the correct phase of the cycle. This suggests that the buoyant toroidal magnetic 

flux tubes, whose emergence above the Sun's surface produces 'sunspot' activity as 

well as the 'quiet sun' activity, may be created in the Sun by interference of 'global' 

M H D oscillations / waves represented by the dominant LF terms. The structure of the 

LF spectrum of these oscillations/waves and its approximate 'steadiness' suggest that 

these oscillations are resonating with frequencies forced by some permanent sources of 

excitation. 

III the photospheric 'mean rotation' A, determined from the Mt. Wilson velocity 

data dmillg 1982-1994, we found periods: 6.7-4.4 yr, 2.2 ± 0.4 yr, 1.2 ± 0.2 yr, and 

2<'1:.3 ± 10 day (with a 2: 99.9% confidence level), which are similar to the periods found 

ill othf'l' indicators of solar activity suggesting that they are of solar origin. The 11-
yr periodicity is found to be insignificant or absent in A:. In the differential rotation 

pal'alllC'i.C("f; ij alld C', dd<'l'IlliJl('d from the' samC' da.ta s('t, we found only the'" 11 yr 

p(~riod with a 2: 99.9% confidence level. 

The time series of A determined from the yearly sunspot group data obtained 

during 1879--1976 is found to be similar to the corresponding time series of B. After 

correcting for da.ta with large error ba.rs (o('{'uring during cycle minimn,), we- have found 

periods of 18.3 ± :3.0 yr and 7.5 ± 0.,) yr ill ..l and these and a few ot.her short periods 

(e.g., 3.0 ± 0.1 yr, etc.) in 8. We found considerable differences in the periodicities of 

160 



A and zJ determined from the velocity data and t.hos(' determined from the spot group 

data. Presence of these differences may be understood if the rotation rates determined 

from sunspot data represent the rotation rates of the Sun's deeper layers. 

Recently a number of authors reported existence of tV 160 day periodicity in several 

solar activity indices. We have also found a rv 163 day periodicity in the ratio B/ A 

determined from Mt. Wilson velocity data during 1969-1982. However, it is not found 

in the data during 1983-1994. Hence, whether this periodicity comes from the errors in 

the velocity data before 1982 or due to some other reason is yet be confirmed. 

In the North-south (N-S) asymmetry of it and also that orB determined from the 

spot group data we have detected the periodicities: 45 ± 11.5 yr, 21.3 ± 4.5 yr, 13.3 ± 
1.5 yr and 10.5 ± 0.5 yr. We have also found similar periodicities in the N-S asymmetry 

of sunspot activity. For the velocity data we focused on observations obtained after 1981 

with the reduced instrumental noise. Power spectra of N-S asymmetries of it and C 
determined from the velocity data during 1982-1994, show peaks at the period 374 ± 
30 day with> 99.9 % confidence level. The spectrum of the N-S asymmetry of B shows 

peaks at the periods 374 ± 30 day, 78 ± 2 day and 49 ± 1 day with 2 99 % confidence 

level. The 7° .17 inclination of the Sun's equator to the ecliptic may be responsible for 

the 374 day periodicity in the N-S asymmetries of the solar rotation and the differential 

rotation. 

Some of the dominant periodicities of the solar differential rotation and its N­

S asymmetry happen to match with periods of configurations of dominant planets. 

Hence, I present some speculations on possibility of planetary configurations providing 

perturbations needed for 'torsional MHO oscillations'. 

Assuming that during the initial phases of the active regions magnetic structures 

are anchored at deeper layers (e.g, Foukal 1972; Schussler 1987), we compared the 

dependence of the mean rotation frequency of a spot group on its age (t), and the 

dependence of the 'initial rotation' of a spot group on its life span (r), with the depend­

ence of plasma rotation frequency (H(7·)) 011 the radial distance (r) at different latitudes 

(A) as determined from helioseismology. This comparison brings out the following im­

portant possibility: (i) The magnetic structures of spot groups which live successively 

longer by 1 day are initially anchored in layers successively deeper by tV 21 Mm. (ii) 
Structures which yield spot groups with life spans 10-12 days are initially anchored 

Ilca.r t.ll(' ba.se of the ("ollv('ctiV<' eIlvelope. (iii) 1"01· a. Rpot group whirh lives 10-12 days 

in latitudes 10° - 20° the 'anchoring layer' of its magnetic structure also rises at a rate 

approximately 21 Mm per day, as the spot group ages. 

The result (iii) above, is found to be more realistic for spot groups with life sparis 

10-12 days and average area A 2 130 millionth of the solar hemisphere. For spot 

groups living 2-12 days, we find a well defined exponential dependence of the average 
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an'a (1\) Oil til(' IiI'" Hpa.1I (T). WC' alHo filiI! t.lml. tIl<' dist.rihut.ioll ofth<' IIIlJllht'l' of spot 

grouJls (N) with r(~Hp('d t.O T is neady exponential, in the range 2 -9 days. From these 

rela.tiolls and the equality of the slopes of l' - T and r - t relations we have drawn 

(in Clta.pkl' V) th<" foltowing tentativE' iuferences : (i) magnetic structmeR (flux tubes) 

of spot groups with A ~ 130 mh might be generated around base of the convection 

zone, (ii) mnny of thE' magnetic structures may be fragmenting (branching) into smaller 

structures while rising through the solar convection zone, and (iii) magnetic structures 

of spot groups (at least groups with A < 130 mh) might be the fragmented (branched) 

parts of the magnetic structures of larger spot groups. These inferences are consistent 

with the proposals of some theoretical models (e.g., Parker 1979b). 

Using the spot group data during the whole period 1879-1975 we find the equatorial 

rotation rate A is significantly larger in the odd numbered solar cycles (ONSCs) than 

in the even numbered solar cycles (ENSCs). The N-S asymmetry in the A seems 

to be large in the ONSCs and less in the ENSCs. The rotation is significantly more 

differential in the ONSCs than in the ENSCs and the difference is mainly contributed 

from the southern hemisphere. In the northern hemisphere the difference is marginal. . 

N-S asymmetry in B is significant in the ENSCs and it is not significant in ONSCs. In 

ONSCs the rotation is more differential in the northern hemisphere than in the southern 

hemisphere and it is in opposite sense in the ENSCs. 

There E'xists a systematic cycle-to-cycle variation in B, i.e., the magnitude of Bin 

each of t.he ONSCs is larger than that in its neighboring ENSCs, suggesting existence 

of 22-yr modulation in B. Such a systematic behaviour can also be seen in the cycle­

to-cycle variation of A but it is not 8."3 well defined as that of B. The trend of variation 

of A suggests existence of a long periodicity of the order of 100-yr in A. Existence 

of'" 80-yr cycle (Gleissberg cycle) in B is seen in the cycle-to-cycle variation of B. 
The weak 22-yr modulation in B seems to be superposed on the relatively strong 80-yr 

modulation. 

The coefficient A varies significantly only during ONSCs with amplitude'" 0.01 

It rad 8-1 , at minimum years. There exists a good anticorrelation between the variations 

of /J derived from the ONSCs and ENSCs, suggesting existence of a '22-yr' periodicity 

ill R. The amplitude of variation of B is '" o.m; It rad 8- 1• It seems the known 

GIl{'vyshf'V & Ohl rule (Gnevyshev & Ohl 1948) of solar activity is applicable also to 

n. The pattern of correlations of A aJl(1 B with activity also suggests tha.t the each 

22-yr "episode" begin with the beginning of an even cycle and ends with the end of 

t.he following odd one, as suggest.ed by Gnevyshev & Ohl (1948) from the analysis of 

SUllspot IlUlllhers. 

In t.he differential rotation cOf>fficiE-mt B determined from the long--Iivecl young 

groups '22-yr' periodicity is dominant whereas that determined from the long-lived old 
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groups and the short. lived groups, the dominant periodicity is 'll-yr'. From compa,ring 

the mean rotation frequencies of the YOllng, the old and the short. lived spot groups with 

the nCr) determined from helioseismology, it is suggested that the periodicit.ies '" 21 yr 

and fV 11 yr in B are dominant in the rotational perturbations in Sun's deeper layers 

(r rv 0.73Re) and shallower layers (rv r > O.95R0 ), respectively. 

In the latitude interval 20"- 30°, the forms of 'initial' meridional motion, Vini(T), of 

sunspot groups and mean meridional motion, vet), are largely systematic and mutually 

similar in both north and south hemispheres. In v{t) there is a suggestion of existence 

of periodic variation in the meridional motion with period 4-day and amplitude 10-20 

m 8-1 . The meridional flows (ve(t)) determined from the data during the last few days 

of spot groups of life spans 10-12 days are found to have magnitudes and directions 

similar to those of the surface meridional plasma flows determined from Dopplergrams 

and magnetograms. Existence of N-S asymmetry in ve(t) is suggested. Using the 

anchoring depths of magnetic structures for spot groups of different T and t estimated 

in Chapter V, I suggest that the patterns of Vini (7') and v( t) may represent the spatial 

structure of the meridional flow in the Sun's convection zone, rather than its temporal 

variation. 

The mean meridional motion (v') of sunspot groups seems to vary with the phase 

of the solar cycle. The velocity is not significantly different from zero during the rising 

phase of the cycle and there is a suggestion of poleward motion (a few m 8-1 at lower 

latitude and rv 15 m s-1 at higher latitudes) during the declining end of the cycle. 

Existence of N-S asymmetry in the solar cycle dependence of the mean meridional 

motion of sunspot groups is suggested. The strength of the asymmetry depends on 

the phase of the cycle. On the average, during ~ of the cycle, the velocity seems to be 

poleward in the southern hemisphere and equatorward in the northern hemisphere. In 

Ia.t.itude interval 20° - 30° the 'surface plasma meridional motion', ve(t), is found to be 

poleward around maximum years (ve(t) rv 20 m 8-1 at 4th-5th year) and equatorward 

around t.he declining end of the cycle (about the same magnitude). There exists a 

reasonable correlation between the solar cycle variation of the average meridional motion 

v' and that of A, between v' and B, and between v' and A, suggesting existence of 

coupling in the latitudinal and longitudinal motions, somewhere in the convection zone. 
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8.2. Overall Summary of the Thesis 

To conclude, the summary of this thesis is as follows: 

The LF allalysis of sunspot group data suggests that the solar activity may be 

created in the Sun by some kind of 'slow' MHD waves constituting 'global MHD oscil­

lations' (Chapter II). The periodicities in the rotation parameters, tbe depth dependence 

of the rotation of sunspot groups (and its temporal variations), and the temporal vari­

a.tions in the meridional motions of sunspot groups (Chapters III-VII) suggest existence 

of couplings between the spatial (radial, latitudinal and longitudinal) and temporal (few 

da.ys to few decades) variations of Sun's magnetic field, rotation, and meridional flow. 

This supports the suggestion that the oscillations found in Chapter II are 'global MHD 
oscilla.tions'. The substantial variations in the differential rotation, whose periodicities 

and parity St1gg~st that these oscillations are torsional in nature. 

8.3 Future Work 

More work will be necessary to acquire further insight into the real mechanism of solar 

cydf". For this purpose we list the following important investigations to be undertaken 

in tht' nt'ar future: 

1. PhYRiral explanation for the observed amplitude spectrum of the odd degree axisym­

rtwtri<' mod~s determined from the magnetic field inferred from sunspot data. 

2. ERtimation of the depths of initial anchoring and rising rates of sunspot magnetic 

strllctllf('S during different phases of the solar cycle using the more accurate data set of 

m('a.'Hlrf'rIlents of individual sunspots from Kodaikanal and Mt. Wilson observatories 

(Sivaraman ('t 801. 1993). 

:J. Finding relationship between the meridional and rotational flows. 

Spherical-Harmonie-Fourier analysis of the magnetic field from high resolu~ion 
1. . h' h f 'global MHD osCllla-nONG and SOBO magnetograms for detectmg Ig requency 

tiOIlR' if any. 

!l. Id('lItification of physical rela~ions (if any) between the solar system dynamics and 

thf' tor1'lional MHO oscillations. 
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