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SUMMARY

The measurement and determination of the solar rotation rate has a long
histroy. But in the recent decades this topic has assumed increased importance
because of the necessity to measure the rotation rate and its variation with lat-
itude on the solar surface and depth inside the sun with high accuracies. This
is the result of the wider acceptance that the causal agency that gives rise to
and supports the dynamo action (which in turn maintains the solar cycle) is
the interaction between the rotation and convection. Since the basic solar cycle
mechanism is a subsurface phenomenon, this adds further importance to the
determination of the differential rotation which holds several clues for under-
standing and interpreting the solar cycle phenomenon. All rotation tracers like
sunspots, plages, surface magnetic fields are believed to be linked to subsurface
layers by magnetic field lines and hence the rotation rates derived from moni-

toring them represent the rotation rates of the depths at which these tracers are

anchored.

In this thesis, the rotation rate as a function of latitude has been com-
puted from the measurements of the positions and areas of sunspots from the
Kodaikanal data with an accuracy hitherto not attempted. These data in the
form of photographic images of the sun or the photoheliograms obtained at
the Kodaikanal observatory since 1904 forin one of the longest uninterrupted
data series in the world. The measurements of the positions and areas of -~
332620 sunspots were done from 18,888 Kodaikanal photoheliograms that cover
the period 1906 - 1987.

In Chapter I a brief review of the present status of the solar rotation mea-

surements relevant to this thesis and the aim of the present study are presented.

In Chapter II we describe the details of the Kodaikanal programme un-
der which this long data bank was created, and the measurement techniques
adopted for measuring the positions and areas of the sunspots from the daily

photoheliograms.

In Chapter III the results that have come out of this study have been

presented. The rotation rates using sunspot groups, individual spots divided
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into three groups accordidng to their areas (small, medium and large spots) and
all the spots in the three groups put together (all spots) have been computed.
The rotation rate derived from the small spots is highest and the rotation rate
progressively decreases with increasing size of the spots and the rotation rate of
the spot groups is the lowest. The rotation rates for the latitudes of the sunspot
zone in the two hemispheres (i.e., 0° - 30° latitude and also all spots poleward
of 30° in the north and south hemispheres) have been calculated. The north -
south asymmetry has been studied and it is seen, generally, the rptation rates

at all latitudes within the sunspot zone in the southern hemisphere are higher

than in the northern hemisphere.

In addition, the meridional motions measured from the proper motions of
the spots have been computed and these results are presented. These show a
poleward motion in the northern hemisphere and an equatorward motion in the
mid latitudes and a reversed motion (i.e., towards the direction of the pole)
at latitudes beyond 20° in the southern hemisphere. We have looked for solar
diameter changes during the period of the analysis. No evidence in the data for

any long term changes in the solar diameter was seen.

In Chapter IV the variation in the rotation rate with the sunspot cycle has
been studied and the results are presented. It is seen that the rotation rates are
higher during solar minimum and lower at maximum. This difference has been
interpreted atleast partly as a consequence of two different samples of sunspots

being used as tracers for rotation rate determination at the two extreme epochs

of the solar cycle.

In Chapter V a summary of the conclusions of the study has been presented.
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Appendix I Raw rotation rate vs year plots for the three size groups separately
(<5, 5 - 15 and > 15 millionths of the solar hemisphere) for all the latitudes
(0° - 30° and > 30° north and 0° - 30° and > 30 south) in 5° latitude bins.
Notice the gaps in the data due to the absence of spots in the minimum years.
The plots are noisy and need spatial and temporal averaging. These averaged

rotation rates are presented in Figures IV.1, IV.2 and IV.3.
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CHAPTER I

REVIEW ON THE STATUS OF SOLAR ROTATION
MEASUREMENTS

1.1 Introduction

The Sun is the most unique of all stars due to its proximity to the earth,
that its surface details can be observed at high spatial resolution. Besides the
large radiative flux, the sun permits us to study the morphology and dynamics
of its atmospheric inhomogenities and thereby understand the physical processes
involved in their creation, support and evolution.The study of the rotation and
its dependence on latitude and depth in the sun is itself an important problem;
besides, it has vast implications in the study of the late type main sequence stars

in view of the immense possibility of applying the rotation - magnetic activity -
age connection known for the sun to all of them.

The origin of the solar rotation studies can be traced back to the sunspot ob-
servation of Galileo Galilei in 1610. Following Galileo, a number of astronomers
carcfully monitored the movements of the sunspots across the solar disk day after
day. Their studies led to the first set of papers on solar rotation (Scheiner, 1630;
Hevelius, 1647; Wolf,1862). Christoph Scheiner mentions in his “Rosa Ursina”,
published in 1630, that sunspots close to the solar equator rotate at a faster rate
than the spots farther away from the equator. This led to the detection of the
differential rotation on the sun. The determination of the differential rotation of
the sun is an important and difficult problem. It is now widely accepted that the
activity cycle is a magnetic dynamo process which depends on the convection
and the differential rotation. The details of the physical mechanism are unclear
as are the details of the maintenance of the differential rotation with latitude.
The basic problem is that we can see only a thin surface layer of the sun, and
much of the large-scale motions associated with the dynamo take place in the
layers below the photosphere and cannot be observed. One way is to study
carefully the surface motions spectroscopically and another is by using any one
of the several features on the sun as tracers, such as, sunspots, faculae, photo-
spheric magnetic fields, supergranulation cells, the Calcium K network, etc. Yet
another method is to study the frequency shifts of high frequency solar acoustic

oscillations.



Thus the methods of measurements of the rotation and differential rotation
rates of the sun fall broadly into three classes:
(1) Spectroscopic method
(2) Tracer method

(3) Helioseismological method

1.2 Spectroscopic methods

In the spectroscopic method the spectral lines are recorded on the east and
the west limbs of the sun at a number of latitutes and from the Doppler shifts
of the lines the rotational velocities are derived. The first results were published
more than a century ago (Vogel, 1872; Young, 1876, Duner, 1890). These ob-
servations although were made mainly to verify the Doppler effect to start with
also yiclded the solar rotation rate. With the availability of high-dispersion
spectrographs in the beginning of this century, spectroscopic techniques were
used to determine the solar rotation rate (e.g., Adams, 1911; J.S.Plaskett, 1915;
H.H.Plaskett, 1916; Storey, 1932; St.John, 1932). The results from these studies
were mutually discordant and these were attributed to various errors (De Lury,
1939). These are listed below:

1) Systematic errors from the measurement of small displacements of the spec-
tral lines.

i1) Blending of spectral hines chosen for the study resulted in reduced measures
of the displacements of spectral lines.

i11) Accidental errors due to velocities in the pores which were hypothetically
and observationally found to have convective system, and this contributed
to the increase in the wavelengths of many spectral lines at the solar limbs.

iv) Scintillation caused by the earth’s atmosphere and imperfect optics resulted
in the scattering of light in the telescope in a complicated manner. Also
the scattered light, seeing conditions and state of the optics all vary with
time. Coupled to these were the imperfect guiding of the image and the
conscquent uncertainities in the slit position with reference to the point of
observation on the image.

v) Errors due to the approximations in the computations of the rotation rates.
In these methods, correction for the components of the carth's velocity was

done only to the limb measurements , whereas for points within the solar
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limb and at high latitudes, no corrections were done and this resulted in
€rTorS.

vi) The interpretation of the spectroscopic measurements depends on the values
of i and 2 (Carrington, 1863). i, the inclination of the sun’s polar axis to
the ecliptic and , the longitude of the ascending node of the solar equator
on the ecliptic. Hence any errors in the values of i and 2 will be reflected

in the rotation rate determination.

All these errors lower the values of rotation rates. To minimize these errors,
the present day spectroscopic observations use photoelectric systems. Several
reviews on solar rotation (Gilman, 1974, 1980; Howard, 1978, 1984; Schroter and
Wohl, 1978; Schroter, 1985; Bogart, 1987; Stix, 1989; Libbrecht and Morrow,
1991) summarize the problems of measurements of solar rotation with historical
background and discuss the merits and sources of errors in their measurements.

Recent developments in this field have been reviewed by Howard et al., (1991).

1.2.1 Recent Measurements

In the latter half of the century, Doppler measurements with the photoclec-
tric systems replaced the cumbersome photographic method, and this resulted
in velocity data of higher accuracy (Howard and Harvey, 1970). At about the
same period, several theoretical models of the solar differential rotation were
constructed (e.g., Kippenhahn, 1963; Kéhler, 1970; Durney and Roxburg, 1971).
This gave further motivation to the observers to vastly improve the quality of
observations and reach higher and higher accuracies, so that these could provide
as effective checks on the various models. Well known reviews on theoretical

models are by Gilmnan (1974, 1976) and Dicke (1970).

Photoelectric detectors measure the Doppler shift of a spectral line via a pair
of exit slits while the entrance slit of the spectrograph scans over the solar disc.
With the installation of magnetographs, the line - of - sight velocity data were
obtained regularly at many observatories like Mt.Wilson, Stanford, Kitt Peak,
Crimea, Locarno, Capri, etc., by operating the magnetograph in the velocity
mode. The large amount of velocity measurements across the full disc allowed
the rotation determination to be done with an accuracy level much higher than

so far possible. The systematic errors caused by the scattered light were mostly
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eliminated by omitting the data near the limbs. Howard and Harvey (1970)

using the velocity data of Mt.Wilson for the period 1966 to 1968, derived the
sidercal rotation rates for the full disc.

Day-to-day scatter in their data was nearly 10%, but improvements in the
instrumentation brought down the daily variations down to ~ 1%. These fluctu-
ations however remain and these could be of solar origin (Howard 1984). Ideally
using a typical medium strong Fraunhofer line it should be possible to realise
an accuracy of = 5 m/sec in the velocity determinations. But, in practice this
is never achieved due to several uncertainties both pertaining to the instrumen-
tation as well as of solar origin for which corrections cannot be done perfectly.

These errors are briefly discussed below.
1.2.2 Uncertainities of Solar Origin

Resolved motions result mainly in noise and unresolved motions result in

systematic crrors.

A. Sources of noise in the data: Granular motions, supergranulation flow pat-
tern and oscillations are of solar origin and these give rise to noise. Beckers
and Canfield (1975), and Beckers (1981) have discussed the source of errors
of solar origin and methods to reduce their influence on the rotation data.
Even after these procedures, they found that the noise level could not be

brought down to < 10 m/sec level from day-to-day observations.

B. Systematic errors: These are produced by
1. incorrectly eliminated limb shifts,
ii. variation of the line-asymmetry across the solar disc,

iii. line - asymmetry differences between quict and acive regions.

C. Instrumental effects:

i. Thermal inhomogenities of the air inside the spectrograpl, thermal pres-
sure on its parts, long term variations of temperature, air pressure and
water vapour give rise to noise and spurious signals in the data. These are
estimated to go upto ~ 40 m/sec (Howard and Harvey, 1970; Livingston
and Duvall, 1979; Howard, Boyden and LaBonte, 1980).
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1. Grating illumination: Change of spectral line intensity due to improper
reimaging of the entrance slit of the spectrograph coupled with errors in
grating ruling leads to systematic wavelength shifts. Limb darkening also
gives rise to the same effect. (Livingston, 1968; Brandt et al., 1978, Howard,
Boyden and LaBonte, 1980).

iil. Interference fringes: Thesc are produced in the spectrum due to one of the
optical components acting as a Fabry - Perot etalon. Room temperature
variations produce change in the fringe pattern, leading to incorrect center-
ing of the line on the exit slits. These lead to systematic errors (La Bonte
and Howard, 1981).

iv. Detectors: 0.1% non - linearity of the two detectors can give rise to a
spurious signal leading to an error in the range of 25 m/sec (Brandt et al.,
1978). Lowering the intensity signals by a factor of 100, would lecad to an
error of 60 m/sec (Howard, Boyden and LaBonte, 1980).

v. Scattered light: Svalgaard, Scherrer and Wilcox, (1978), showed that instru-
mental and atmospheric scattered light effects contributed to the observed

short term variations in the rotation rate.

1.3 Method using tracers

By monitoring the day-to-day positions of stable and long - lived tracers
such as sunspots, faculae, filainents, magnetic regions, chromospheric plages,
coronal holes, etc., solar rotation can be derived. All long - lived solar features
are of magnetic origin. To study the surface motions, the most obvious choice is
the motion of sunspots. An advantage of studying sunspot motions is that the
strong magnetic ficlds of sunspots are possibly linked to the sub - surface ficlds
and thus we are seeing the effects of the motions of these sub - surface layers.
In principle, by tracing solar features, one can measure two components of the
velocity ficld. From these, surface Reynold’s stresses can be measured (Ward,
1965; Belvedere et al.,1976; Schiréter and Wohl, 1976).

1.3.1 Coordinate system to measure the solar rotation

In the case of sunspot the day-to-day positions are measured and from the
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change in positions between two successive days and the actual time interval
between the measurements of these positions the rotation rate is calculated. An
important prerequisite for measuring daily positions which can be used subse-
quently to compute the rotation rates is a coordinate system against which these
position measurements can be referred to. An obvious choice is to use the heli-
ographic coordinates. These are based on the position of the solar rotation axis
within the ecliptic plane and specified by the two coordinates called rotational
elements: (2 - the longitude of the ascending node of the solar equator on the
ecliptic and 1 - the inclination of the sun’s equator to the ecliptic plane. 2 and
i, determine the annual variations of the angle P which is the angle between the

north direction on the sky and the solar north and B,, the annual tipping of the

solar axis towards or away from the observer.

The rotational elements 2 and i derived by Carrington have been used by
the subsequent observers. Stark and Waohl (1981) showed an error of 0.5° - 3.0°
in 2 and 0.3° in i in the values given by Carrington. Inaccuracies in  and 1
can result in spurious annual periodicity in the results. Many investigators have
tried to determine the correct values of 2 and i1 (Schréter and Wohl, 1975; Wohl,
1978; Clark et al., 1979; Stark and Wohl 1981; La Bonte, 1981) which would

enable the calculation of the correct values for P and B,.

It has become customnary to represent the latitude dependence of the solar

angular rotation w by the formula

W($)=A+B Sin® ¢ +C Sin* ¢ ———1

where ¢ is the latitude on the solar surface and A. B, and C are the coeflicients
which are determined from measurements through a least square fit. A, gives
the equatorial rate, B and C give the differential rotation. For sunspot position
measurements C is assumed to be 0. Howard and Yoshimura (1976) have argued
that the above polynomial have terms that are not orthogonal, but still serve
as a convenient form for deriving solar rotation from measurements. Howard,
Boyden and LaBonte (1980) showed that the conversion of the linec-of-sight ve-
locity to angular velocity requires terms which introduce non-orthogonality. By
orthonormalisation with respect to the solar disc of the rotation function, limb

shift and meridional flow, the crosstalk between the coefficients A, B and C for
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plasma rotation velocities get totally removed (Snodgraas, 1984).

1.3.2 Sunspot as tracers

The advantage of using sunspots as tracers is that the available data have
been independently obtained either in the form of white-light images on plates
or as drawings that span many solar cycles. Besides faculae, sunspots are the
only indicators of solar motion field that were available prior to the middle of
this century. The first indication that the sun rotates was found from day to
day observations of sunspots across the disc. Sunspots are the ones which can
be observed on the simple projection of white light image with even a very
small aperture telescope. This shows the simmplicity of the data. In the 17th
and 18th centuries, many investigators monitored the sunspots to determine the
solar rotation. But Carrington (1863) made a systematic study of spots from
1853 to 1861 and found that the sun rotates differentially. Carrington from
his observations determined the orientation of the solar rotation axis and this
value is still used for ephemeris calculations. The old data has recently been
analysed by many investigators (e.g., Eddy, Gilman, and Trotter, 1976; Herr,
1978; Abarbanell and Woll, 1981; Arevalo et al, 1982; Yallop et al, 1982).

In the middle of the last century, the programme to obtain white light im-
ages of the sun was started at Greenwich, Cape town (South Africa), Mauritius
and Dehradun. Greenwich sunspot records span over a century from 1874 to
1976 and the sunspots are sketched on Stonyhurst charts. These constitute the
oldest continuous sunspot records that have been extensively used for solar ro-
tation studies. Also, there were three other observatories in the world, namely,
Mt. Wilson, Mcudon and Kodaikanal where a similar programme was started
from the early part of this century and of these Kodaikanal data has the longest

duration.

Greenwich data was digitised by Ward (1966) to study the rotation rates.
Many of the published results do not refer to sunspot data, excepting Kearns
(1979), who used individual-spot data over a short interval. Mt. Wilson data
has been digitised and analysed by Howard, Gilman, and Gilman (1984). Their
results based on sunspot data, cover the period 1921 - 1982 and are of better

A .
accuracy than those from Greenwich records.
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Sunspots are relatively good tracers of rotation, as they are compact, well
defined, unchanging and often with life tiines of several days or more. Sometimes
spots live longer to cross the central meridian more than once. Number of studies
of solar rotation and its variation with the latitude (i.e., differential rotation)
using sunspots as tracers arc available in the literature: Newton and Nunn,
1951, Ward, 1966; Godoli and Mazzucconi, 1979; Balthasar and Wahl, 1980;
Arevalo et al., 1982; Lustig and Dvorak, 1984; Balthasar, Lustig and Waoll,
1984; Howard, Gilman and Gilman, 1984 and Howard et al., 1991; Touminen
and Virtanen, 1987; Snodgrass, 1092. The Greenwich photoheliographic results
covering the period 1874 to 1976 were the main source of data for the study of
solar rotation so far. Howard, Gilman and Gilman (1984) devised a different
approach to find the spot positions to determine w (¢) using Mt. Wilson
photoheliograms for the period 1921 to 1984. Recently Ribes, Ferreira and
Mein (1993) have used the sunspot data of Meudon and calculated the rotation
~and differential rotation. In their classical work Newton and Nunn (1951) using
136 long-lived individual spots that transited the solar disc in the years 1934 -

1944, derived angular velocity of solar rotation as

(w) = 14.38 (£0.01) —2.96 (£0.09) Sin® (¢) deg./day ———— (2)

This value is still taken as a standard of measure of the solar rotation.
Balthasar et al. (1982) reported that younger spots tend to show a rotation
rate that is faster than that derived from older spots. This can be explained
from the observations of Howard, Gilman and Gilman (1984) that small spots
rotate approximately 2% faster than large spots. Since large spots live for several
rotations represent the older spots and the sinall ones last only for one rotation
or less are relatively young. Ribes (1986) also found that young spots show
a more rigid rotation profile than older spots. Howard, Gilman and Gilman
(1984) showed that spot groups rotate at an intermediate rate between small
spots and large spots which agrees well with the recurrent spot rate of Newton
and Nunn (1951); this would however depend to some extent on how a spot
group was defined. Balthasar et al., (1986}, have done a comprehensive study
of the spot groups rotation from the Greenwich data. Dependence of rotation
rate on spot age has been confirmed. They also confirm the result of Balthasar

and Wohl (1980) and those of Gilman and Howard (1984) that spot rotation
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rate is highest near solar miniimum. They further confirm the correlation of
rotation rate and meridional motion found by Howard and Gilman (1986). This
effect was discovered by Ward (1965) from Greenwich data and was taken as an
evidence of angular momentum transport towards the solar equator. Touminen
and Virtanen (1987) found similar results from the same Greenwich data set.
Hathaway and Wilson (1990), using Mt. Wilson data found that solar cycles

with less sunspot area show more rapid rotation.
1.3.3 Depth dependence of rotation

Sunspots seen at the photospheric level are rooted to the interior through
the magnetic lines of force associted with them. Different spot sizes presumably
are anchored to different depths in the convection zone, (Foukal, 1972; Stix,
1976; Gilman and Foukal, 1979). So the rotation rates deriverd by using spots
of various sizes would not be the same (Howard, 1984; Newton & Nunn, 1951).
Again, sunspots and other magnetic ficld related structures show a rotation
faster than that of the photospheric plasma. Clearly, the photospheric plasina
cannot rotate at the same rate as the spots who reflect the internal rotation

rates; also it is clear that the photospleric plasma cannot rotate at the same

rates shown by all spots of different sizes.

An understanding of the variation in the sun’s rotation rate with latitude
and depth are necessary to evolve the correct picture of the sub-surface flows
which is essential to understand the complicated dynamics of the solar convection
zone. This will lead to a better understanding of the interaction of rotation and

convection and the regeneration of magnetic fields in the interior of the sun and

the stars.
1.3.4 Photospheric magnetic fields as tracers

The pattern of non-spot magnetic fields has been used as a tracer to derive
the rotation by various investigators. The source of data are the full disc inag-
netogramn maps of the longitudinal component of the Zeeman effect rccorded
daily at the Mt. Wilson since 1959 and at the Kitt Peak National Observatory
since 1976. The Mt. Wilson data were used to determine the rotation rate for
latitudes below ~ 50° by Wilcox and Howard (1970), Wilcox et al (1970) and
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Stenflo (1974) where the time series of the daily field measurements was auto
correlated. Subsequently a siinilar analysis of the combined data from the Mt.
Wilson and the Kitt Peak Observatories carried out by Stenflo (1989) for all
latitudes confirmed the earlier results at the lower latitudes, but the rotation
profile became strikingly flatter showing a more rigid-body-like rotation at high
latitudes. A similar flattening of the rotation curves was also found by Shee-
ley, Nash and Wang (1987), from their analysis where they cross - correlated
successive synoptic or Carrington maps of the magnetic field. Whereas, the
rotation values derived by Snodgrass (1983) using the same Mt. Wilson data
by cross-correlating the magnetograms taken 1 - 4 days apart showed that the
sideral rotation vs latitude profile was essentially parallel to the rotation profile
from Mt. Wilson Doppler measurements with a rate ~ 2% faster at all latitudes
with no evidence of a rigid-body-like rotation. Thus there is an anomally that
two cntirely different rotation laws emerge from the two methods of analysis of
the same data: the individual magnetograms were cross-correlated by Snodgrass
(1983) with short time lags (of the order 1 - 4 days) while in the other analysis,
both the auto correlation and the Carrington cross correlation, match features

after time lags of one or more solar rotations (27 days or more).

Thus the two analysis use two different time scales for correlation. This
differcnce in the rotation laws by the two methods of analysis has been explained
(Stenflo 1989) on the hypothesis that the magnetic field is regenerated over a
time scale that is shorter than 27 days and larger than 4 days. Thus the pattern
that recurs at the central meridian after one or more solar rotation is not the
same magnetic fluxes, but are the newly emerged fluxes. Thus the rotation rate
derived from the auto correlation  pattern of one rotation or more would be
characteristic of the pattern of phase velocity of the source region of these new
fluxes and would differ vastly from the phase velocity pattern in the photosphere.
Whereas Snodgrass (1992) explains this difference as a selection effect introduced

by the choice of different time scales for the correlation.
1.4 Possible accuracy levels from tracer measurements

The measurement of solar rotation rate as a function of latitude and depth
w (¢ , h) may sccm as a comparatively casy observational task. After making

corrections for several sources of possible errors listed earlicr. it is possible
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to obtain a unique value for w (@) fromn the spectroscopic as well as from the
tracer measurements, at a 3% accuracy level (Figure I.1). This picture changes
completely when an accuracy level of 1% or better is demanded. There is distinct
divergence among the values of w (¢#) not only between the one derived from
spectroscopic and the one from tracer measurements, but this divergence persists
even within anyone tracer used. It is seen that the w (¢) values depend on the
kind of tracer used, and even within any one tracer, the size, age, amount of
magnetic flux associated with the tracer, etc., seem to significantly influence
the final values of w (¢). Considerable efforts have been spent during the last
three decades to derive the rotation rates and differencial rotation by measuring
sunspot positioins. The values of the coefficients A and B from these studies

are presented in Table 1.1 along with the actual period to which the data used

pertain to.

By tracing solar features like sunspots and using a heliographic coordinate
system, an internal accuracy of better than 20 m/sec (0.14 deg./day) in rotation
rates can be attained. By tracing hundreds of spots, an accuracy of better
than 4 m/sec (0.03 deg./day) can be achicved (Newton and Nunn, 1951; Ward,
1965, 1966). Accurate position of solar features can be determined by noting
the intensity maximum or minimum. This helps to realise a positional accuracy
of < 1 arc sec. Using this method to determine sunspot positions on the disc
passage on 4 consecutive days it is possible to realise an accuracy of < 2 m/scc.
or < 0.1% (Koch et al., 1981) and for features like calciuin fine - mottles, an
accuracy of < 4.5 m/sec. (Schréter and Wohl, 1976; Koch et al., 1981). Tracing
prominences position to the accuracy of 10 arc/sec. on the cast and west limbs

would lead to an accuracy of < 10 m/sec. in rotation determination.
1.5 Helioseismology methods

Helioseismology is a new ficld that has emerged in recent years and can be
very effectively used to study the solar interior. Acoustic oscillations of 5 min.
period have already given valuable results on internal rotation. These oscillations
are the surface manifestation of trapped, standing sound waves inside the sun.
These standing waves are the normal modes of the sun, with different modes
sanpling different regions of the solar interior. The frequencies of the waves are

modified by internal dynamical effects like rotation and magnetism.
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Fig.I.1 Sidereal rotation rates in degrees/day vs latitude from various tracers, Spots and spot
groups results from Howard, Gilman and Gilman (1984) for the period 1921-1082. Doppler
results from Howard et a) (1083)for the period 1067-1982. Magnetic resuits from Siiodgrass
(1983) for the period 1967-1982.
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The oscillation spectrum of the sun is characterised by multiplets labelled
by n and {, the radial order and angular degree of the oscillation. Fine structure
in cach multiplet denoted as m, the azimuthal order, is caused by rotation and
magnetisin. The lower the degree of the oscillation, the deeper it samples inside
the sun. Oscillations of degree ¢ = 1000 or higher are required to study the
region near the solar surface. Recently, the hclioseisinological data have accrued
to a level from which the rotation rates in the solar interior i.e., the rotation
rates of the deep radiative zone upto the bottom of the convection zone and
upto 0.7 to 0.9 of R can be inferred from the frequency splitting corresponding
to modes of degree £ < 600. But, to study the solar interior from the surface, or
1 R to below 0.9 Rg an £ value of around 1000 would be desirable. At these

high values of £ the data is very noisy, and it is difficult to obtain reliable results.

Duvall et al., (1984) found that, near the equatorial plane, the sun rotates
rigidly throughout the convection zone with the outer part of the radiative zone
rotating some what slowly. Also, the results indicate a rapidly rotating core.
Duvall, Harvey and Pomerantz (1986) reported that the whole convection zone
rotates with the surface differential rate (i.e., there is no sizeable radial gradient
in rotation). This has been observationally verified by Rhodes et al., (1987),
Brown and Morrow (1987) and Libbrecht (1989).

The depths to which the sunspots - at least the smaller spots - are an-
chored are so shallow that very high degrees of € in the acoustic oscillations
are needed to study these regions. These are not within reach at least from
measurcment of acoustic oscillations from ground based telescopes. Thus the
only reliable class of tracers which can help to infer the internal rotation rates
at such shallow depths below the surface layers are the sunspots. By using
a large amount of data on sunspot positions and by accurate measurcinent of
thesc positions rotation rates and changes in them can be established with high

accuracy.
1.6 Meridional imotions

Solar differential rotation can be explained by knowing the mechanisms of
angular momentum transport towards the equator. Gilman (1980) points out

that meridional motion towards the equator in photospheric layer and towards
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the pole in a deeper layer may cause equatorial acceleration. The meridional
‘circulations can be maintained either by an anisotropic viscosity or by a latitude
dependent convective energy transpot (Kippenhahn, 1963; Koéhler, 1970; Durney
and Roxburg, 1971; Belvedere and Paterno, 1977; Belvedere, Paterno and Stix
1980; Schmidt, 1982). The theories estimate that meridional motions of a few

m/sec. are enough to maintain the observed differential rotation.

Meridional motions can be determined either by spectroscopic method or
by using sunspots as tracers. Spectroscopially the line - of - sight component of
the meridional motion has been measured and it is seen to be poleward with an
average magnitude of 10 - 20 m/sec. (Duvall, 1979; La Bonte and Howard, 1982;
Snodgrass 1984; Anderson, 1987; Lustig and Wohl, 1990). The uncertainitics in
the measured values are of the same order, namely a few m/sec. These may be
affected by scattered light, mmbrae to - limmb variations of turbulent broadening

and spectral line asymmetry.

Mauny investigators determined meridional motions using sunspots as tracers
(e.g., Tuominen et al, 1983; Richardson and Schwarzschild, 1953; Balthasar
and Wohl, 1980). Most of these studies have used the Greenwich data. The
Greenwicli data refer to spot group positions which are eye estimated only.
Howard, Gilman and Gilman (1984), have determined the meridional motions

using individual area-weighted spot positions.
1.7 Solar radius and its variation

The solar radius is a unit of measure in the astrophysical literature. The
solar radius can be defind in two ways: Sun’s radius is determined in terns of
stellar structure equations using quantities such as luminosity, density, gravi-
tational potential and optical depth at some specified wavelength. The second
one which is the apparent radius, is found by measurements using one or the
other techniques. Usually, in measurements the sun’s apparent diamcter is the
one measured rather than the radius. So, in the discussion here, we refer to
this observed or measured quantity namely the apparent semidiamecter, which
is cquivalent to apparent radius (Rg). The observed solar diameter at certain
wavelength is defined as the angular distance between the centre of the disc and

the inflection point (limb).



Solar radius is considered to be constant on time scales short compared
to nuclear processes. Solar radius variations are important because of their
astrophysical significance and of their possible influence on the carth’s climate.
Past records of solar radius have shown that if at all there are any changes
on time scales of decades to centuries, they could only be of the order of 1%
or less. Evidence for both a cycle - dependence and a long term variation of
the solar diameter have been presented by Gilliland, 1981; Sofia et al., 1983;
Bachurin, 1984; Delache, Laclare, and Sadsaoud, 1985. However the question of

solar radius variation is considered as unresolved yet.

Broadly there are two methods to determine the solar semi- diameter (Rg).
One i1s by measuring the angle subtended by the two opposite limbs. This is
rather difficult as one has to observe two contacts simultancously. The other
s by timing the duration between successive contacts of opposite limbs with
fidu' cial lines in the sky. Here one has to make corrections for the solar limb
blurring due to earth’s atmosphere and also for personal errors in the observed
data. These errors can sometimes be as high as 0.5 arc see. Visual as well as

photoelectric techniques are employed in the solar diameter determinations.

Visual observations are based on noting the timing of transit of the solar
image, using meridian circle or by noting the transit of a planet like Mercury
across the disc. The meridian circles were used to time the passage of the
east limb and the west Hlmb of the sun across the meridian. From the average
of the two passage times the value of the diameter can be calculated. These
observations are usually contaminated with systematic errors due to 1) personal
bias between observers in noting the transit time of the true solar limb, ii)
change of optics in the telescope, discontinuity in the measurement, and i)
the exact timing of the transit duration. These errors can be minimised if
obscrvations are obtained by a single observer using the same telescope over
long periods. Few such long period data that are available, are those of LaHire
(1683 - 1718), covering the period of Maunder Minimum (1645 - 1705), meridian
circle observations at the Royal Greenwich observatory from 1836 to 1953 and
at the U.S.Naval observatory from 1846 to 1944, Mercury transit records from
1723 - 1973 and 7 timings of solar eclipses between 1715 and 1966.

The ancient solar diameter determinations have been publised by deLa-

lande (1771) and Zach (1795). The results obtained during the 17th and 18th
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centruries were 46r 51211‘g0r than the present adopted value for Ry = (959.63 £
0.05.). due to Auwers (1891). Auwers results were based on 2849 single heliometer
measurements. The currently adopted correction for irradiation is 1.55 making
the value for g = 960.18 (Cullen, 1926). Wittmann, Alge and Bianda (1991),
using drift scan technique determined the semi-diameter (in sept. 1990) to be
(960.51 + 0.035 from 472 observations made at Izana and (960.59 + 0.04”) fromn
650 observations made at Locarno. They further analysed 1773 observations
made in May and June 1981 and obtained a value of (960.32 4 ().()25. Com-
paring these two they find a difference in solar semi-diameter of about 0.25in
10 years, but declared that the results were inconclusive. Ribes et al (1991) re-

ported solar mean radius as 959.44 £ 0.08 arc sec. (CERGA data) and 959.321
+ 0.024 arc sec. (HAO data).

Gilliland (1981) by analysing five data sets comprising of meridian cirele
obscrvations of the transit of Mercury and solar eclipse observations derived the
value for Rg = 959:8 £ 01 . Using these data sets, Gilliland (1981) found
the possible presence of a 76 year modulation in the solar radius. According
to him, there was a suggestion of a sccular trend showing a shrinkage in the
solar radius of the order of 0.1 to 0.2 arc scc per century which although 1is
obscrvationally very small, has important implications. Ribes et al (1991) from
a detailed analysis of both modern and historical records found evidence that
the apparent radius is not constant in time. They attribute the short-term
variations detected in the radius measurements to the change at the limb due
to the presence of active regions. Because of this the shape of the solar limmb
shows variations over the solar cycle. The historical long period records show

a semi-anmal periodicity. This might be due to limb shape affected by solar
activity.

1.8 Aiin of the present study

As has been seen from the above, although there are many studies already on
rotation and differential rotation basically most of them have used the Greenwich
data cither in pieces or in whole since that was the only source of such data
available for this study. The next one with sufficient length which has been used
is the Mt. Wilson photoheliograms data (Howard, Gilman and Gilman 1984).
As has been briefly pointed out, the only other data longer than that at Mt.
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Wilson are the ones at Kodaikanal. Thus the present study was undertaken
with the aiin of making measurcments of the Kodaikanal data with an accuracy
far higher than that in the Greenwich studies and of duration longer than of
the Mt. Wilson data. From such measurements, we have been able to arrive at
rotation rates with accuracy in the range of a few meters/scc. The high internal
consistancy in the results and small error bars bear testimony to the fact that

the accuracies achieved are higher than any so far.

Many interesting observations of solar velocity fields revealing flows with
velocities of a few metres per second have been seen in recent years like merid-
ional flows on the sun, torsional oscillations, etc. It is only through more and
more accurate measurcments using a variety of methods and tracers the reality
of such flows which are on the very fringe of sensitivity of the measuring devices
used for detecting them could be established. This would of course need a prior
understanding how these flows would manifest in the behaviour of the tracers

employed to detect the flows themselves.

It is with these aims, the present study involving the measurcment of posi-
tions and areas of sunspots from photoheliogram plates covering nearly 8 solar
cycles from 1904 - 1982 was undertaken. In chapter 1I we have discussed at
length the measurement techniques used for measuring the positions and arcas

of the sunspots and discussed the accuracy levels reached in the present study.

In chapter 11l we present the results from these measurements. These con-
sists of the following:

(1) Rotation rates vs latitude from spot groups, and individual spots.

(i1) Next we have divided the individual spots into 3 groups area wise (small,
medium and large size spots) and derived rotation rates for each of these
groups and the asymmetry between the northern and southern hemispheres
on the sun.

(ili) We have then derived the meridional motions from the proper motions of
sunspots.

(iv) Measurcments of solar diameter for this period.

In chapter IV we have presented the dependence of the rotation rates on
the solar cycle. Finally in Chapter V, the results from the present study and

the conclusions from chapters III and IV are summarised.
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CHAPTER II

SOURCE OF DATA AND MEASUREMENT TECHNIQUES

2.1 Introduction

Sunspots, plages, filaments are solar features with vastly differing structures
and dimensions and with different extensions within the solar atmosphere. Also
they are anchored to different depths within the sub-surface layers. Hence the ro-
tation rates derived from these tracers with such dissimilar parameters although

may show agreement amongst themselves in a broad sense, would disagree when

compared with high accuracy levels in mind.

While attempting to measure rotation using tracers, the obvious choice
would be sunspots as these features have many overwhelming advantages over
other tracers. The white light images which are the source of data on sunspots
are the casiest of observations, while other features require spectroheliograms
which are acquired only in few of the solar observatories in the world. All these
solar features have magnetic ficlds associated with them although of different
strengths. The spots are compact and have generally large magnetic ficlds asso-
ciated with them; whereas plages have larger extensions and have weaker fields.
The topology of the two structures are also vastly different although they may
have many other features in common. The difference in magnetic pressure that
exists within a spot and a plage will decide the depths to which the magnetic
tubes of force are anchored below the surface layers. These may in turn would
decide the relative drag the spot and a plage would experience in the plasma
medium during rotation. Even within a single tracer, there are differences like,
size of spot (or area), age which would in turn alter the gecometry of the magnetic
ficlds associated with them. These differences would obviously get reflected in
the rotation values derived from monitoring them. Inspite of these differences,
the rotation values derived using any one tracer say sunspots from similar data
series even though drawn from different observatories should show agrecinent
within 1% level provided the same kind of measuring techniques and subsequent

corrections to the data are done in the sae way.

19



The aim of the present study is to determine the sidereal rotation rate of
the sun at different latitudes. In doing this although only the sunspot will be
uscd as tracer , the differences among the multitude of sunspots on the sun,
would yield different values for the rotational velocity; but these would show

difference much less than the rotation derived from two tracers with different
propertics.

2.2 Kodaikanal White Light Images
2.2.1 The Telescope and Observations

The plate vaults of the Kodaikanal observatory has an excellent collection of
white light images of the sun (also called the photoheliograms) that dates back
to 1904 thus spanning over nearly 8 solar cycles. Direct photography of the sun
commenced at I{odaikanal in August 1903 when the photoheliograph Dallmeyer
No.4 was overhauled and put into operation. This used a 4-inch (10em) aperture,
5-foot (1.5m) focal length objective lens (made by Dallmeyer), modified to give
an 8-inch (20cm) diameter image of the Sun similar to the photoheliographs
operated from Dehra Dun (India), Mauritius and Greenwich. Photography on
a systematice, daily basis started in 1904, using this photohcliograph on Lantern
plates of size 10 x 10-inches (25.4 x 25.4 cin) and continued until 31 July, 1912,
In 1908 the objective lens was replaced by a new one of superior quality. Starting
on 31 July, 1912 the direct photography was carried out with the Lerebours and
Secretan equatorial telescope having an aperture of 6 inches (15cm) and a foeal
length of 8 feet (2.44 ). This, one of the oldest of the Kodaikanal telescopes,
was brought to the site in 1898 from Madras and had been in use since 1901, with
an cnlarged 8-inch diameter 1mage, for visual observations of the solar disc. In
1912 the original objective was replaced by John Evershed with a Cooke photo-
visual objective of the same aperture, and it was installed in its present location
and adapted for direct photograply, using an 8-inch diameter solar image in

addition to the visual observations.

Photography of the sun continued regularly with this setup until June 1915,
when this telescope was dismantled and the objective and auxiliary optical com-
ponents were moved to Kashmir, where John Evershed used themn for solar pho-

tography during 1916. The telescope was reinstalled at Kodaikanal and regular
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observations as before were resumed starting in February 1917. In June 1918,
~ the G-inch photo-visual lens, used until that time, was replaced by a visual achro-
mat of the same diameter and focal lengh, and a green filter was also added to
the telescope. This gave very good quality images of the Sun, and regular pho-
tography was resumed. Since then, the photoheliograms have been obtained

with this telescope using the same procedures upto the present time,

The camera used to photograph the solar immage has a focal plane shutter
which i1s a metal plate in the form of a sector with a filter mount on it for
nmounting a broad-band filter. The shutter is activated by releasing a metal
spring, and the shutter then slides across an aperture, providing an exposure
with a duration of about 0.001 sec. In 1975 the availability of plates (Ilford
special Lantern, 10x10-inch size) became irregular and these were replaced by

high-contrast film of the same size.

Generally, the observations are made in the morning when the seeing is
the best for the day as in all hill stations. Even during the monsoon months
of June, July, August .3 October and November the early mornings may be
clear for a very short duration. On occasions when the mornings are overcast,
thie pliotograph is obtained on some part of the day when it clears or on some
occasions through intermittent gaps in the clouds. Thus the observational data
consist of the daily white light photograph of the full solar disc. The image has

a diameter of 8 inches (20cm).

This continuous data of Kodaikanal from 1904 to the present day form the
largest data next to Greenwich observatory whose data date back to 1874, but
the programme of solar photography at Greenwich was stopped in 1976. Thus
the Kodaikanal data form a valuable treasure for a study of the kind that has
been undertaken here. For the present study white light images for the years
1906 to 1987 were measured. There are intermittant gaps in the data in the
years 1904 and 1905 and hence these were not included for measuments. The
plates/filins containing the images are stored individually in paper envelopes,
and they have been carefully preserved over the years in the plate vanlt at Ko-
daikanal under good conditions for preservation of the materials. The observing

logs for each day of the observations are also well preserved.
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2.3 Measurement Procedure

2.3.1 General

Sunspots generally appear in groups. A group may contain two or several
spots. Individual small spots may last a day or even less, big spots and spot
groups may last for few days to months. Due to solar rotation, the long lived
spots transit the disc two or three times in the course of their lives. It is with
such long lived spots as tracers, that we can study the solar rotation. Spot
arcas range from about 2000 km to as high as 40,000 km or so. The dark centre
of a spot is called the umbra and umbrae have typical diauncters ranging from
10,000 to 20,000 km. The umbral intensity is about 15% of the photosphere.
The penumbra surrounds the umbra like a moat and consists of fibril structures
or filaments that are typically 5000 to 7000 kmn long and 300 to 400 km wide.
Sometimes, in large spots the penumbra is incomplete; pores are small spoﬁs
with no penumbra and have typical diameters ranging from 1to 5ér 700 to 4000
km. Sunspots at the beginning of the solar cycle, appear first at high latitudes
of about 30° - 35° in the north or south and the zone of appearance of sunspots
gradually migrate towards the equator as the solar cycle progresses. The dis-
tribution of sunspots in latitude in the course of a sunspot cycle is described

by the butterfly diagram. Thus measuments on spot positions will yield solar

differential rotation rates.

2.3.2 Digitiser

The positions and areas of sunspots from the photoheliograms were mea-
sured using a Calcomp digitiser. The digitiser consists of a translucent pad of
arca 24-inch x 36-inch, illuminated from below and where digitising can he done.
The digitiser frame contains a network of wires in the horizontal (x) and verti-
cal (y) dircctions and an internal controller which is used to locate and identify
coordinate data pairs, relative to the digitiser origin (point 0.0). This local ori-
gin is located at the lower left hand corner of the pad. The coordinates of any
point on the pad within the illuninated arca (also called as the active area) of
the translucent pad, is measured with reference to the origin using a hand-held
cursor which forms part of the digitising pad. This cursor has etched on it two

very fine hairs at right angles to cach other forming a cross hair. These hairs
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are etched on the bottomn of the lighting lens for accurate point selection. It also
has 16 buttons which act as a “user definable” key board. To measure the coor-
dinates of any point on the pad, the intersection of the cross hair is placed over
that point and one of the buttons (which is assigned this function) is pressed.
Then the cursor gives an output which are x and y representing the position
of that point directly below the intersection of the cross hair with reference to
the local origin. The digitiser has a resolution of 1/1000 inch or 1/50mm. i.e.,
0.001 inch or 0.02 mm. With a solar image of 8-inches in diamecter, this would

correspond to = 0.2 arc sec. on the image.

The calcomp digitiser delivers its output to a personal computer (PC/AT
286). The output from the digitiser are stored in the PC and the data are finally
transferred on to floppy discs. Both the digitiser and the computer were installed
in a room close to the plate vault with adequate protection for stablising the
temperature. The temperature and humidity within this room were monitored

with a thermometer and a hygrometer.

2.3.3 Preliminaries
The measurement of a photoheliogram plate was done as follows.

Every photoheliogram of Kodaikanal has the image of a thin wire across
the solar image. The wire is kept streched within the telescope in the foeal
plane. This image represents the East - West direction on the sky. The centre
of the solar image as well as the position of the solar equator which serve as
the reference for all measurements of the sunspsots, are fixed with the help of
a template. The template is made of a thin cellophane film and has a circle of
nearly 8-inches diameter representing the image of the sun. On this circle are
marked the two orthogonal directions representing the East - West and North -
South directions starting from the North and also every 45° positions along the
circumnference. The template is kept firmly fixed on the translucent pad by a

thin cellophane tape.

The photoheliograms of cach year were cleaned and niumbered. The first

step in the measurement procedure was to feed from the log book of that year

23



information on plate serial number, date, time of the observation, sceing index
and sky condition index. Since the temperature and pressure values at the time
of observation were not available annual mean values of these two parameters for
Kodaikanal were used. A programme calculates the ‘P’ angle for each day and
visually displays the ‘P’ angle value on the terminal screen. ‘P’ is the position
angle of the northern extremity of the axis of rotation, measured eastwards from
the north point of the disc. This value was used in the calculations and also for

aligning the photoheliogram plate with reference to the template on the digitiser

pad.

The diameters along the East - West and the North - South directions on
the template were measured using the cursor. This was done by placing the
cursor successively on the East and West positions and the North and South
positions on the circumference of the circle on the template. These diamecters
designated as § x and 6 y are fed to the computer and used in the programme
to determine the centre of the circle on the template and inturn of the solar
image. With respect to the centre, the positional coordinates of any point on

the image can be calculated further.

To make measurements, the photoheliogram plate was placed on the illu-
minated digitiser pad so that the emulsion faces the person making the mea-
surements. This eliminates the refraction errors in the measurements caused by
the thickness of the glass plate. The plate was now aligned with respect to the
template in such a way that the E- W line on the photoheliogram (represented
by the image of the wire) coincided with the E - W reference line of the temn-
plate. Now the photoheliogram plate was rotated about the centre through the
‘P’ angle with reference to E - W on the template. This was cross checked
with the help of the sunchart (i.c., the chart on which the heliographic coordi-
nate grid is printed) on which the sunspots are sketched. As per the practice
at I{odaikanal the same observer who obtaing the photoheliogram also makes
the sketeh of the sunspots on the sunchart pertaining to that day immediately
after obtaining the photoheliogramn. Thus for every photoheliogram there ex-
ists a corresponding sunchart with sunspots sketch on it in the plate vaults of

Kodaikanal.



2.3.4 Measureiments

Now the plate is ready for making measurements. The measurements con-
sisted of two parts, 1) measurement of solar diameter on the plate and ii) mea-
surements of positions and arcas of sunspots. The hand held cursor was placed
successively at every 45° positions on the solar limb starting from the North
through West. This gave eight, x and y values. These were paired and the
horizontal and vertical diameters and the central meridian were defined. This

procedure also defined the precise position of the solar disc in the coordinates

of the digitising pad.

To measure the position and area of a sunspot, the cursor crosswire was
aligned at two points A and B (Figure I1.1), such that the area included in the
quadrilateral formed by the two orthogonal cross hair positions represented the
area of the umbra of the spot. The cross hair at A and B, was positioned by me
to equal the spot arca as best as I could estimate it. The cursor cross hair was
aligned such that one of the hairs of the cross hair pointed to the centre of the
solar disc. The mean of positions A and B gave the position of the spot iun the
digitiser coordinate system. As shown in Figure IL1 the arca enclosed by the
quadrilatral, gives the arca of the umbra of the spot. The penumbral areas of the
spots were not measured as the boundary of the penumbra cannot be decided
as wmambigously as in the case of umbra. The penumbrae contain much less
maguetic flux than in the mmbrae and the fast changing inclination of the lines of
force makes the penumnbra - photosphere interface uncertain. From the practical
point of view in measurements of this kind the decision of the boundary is
based on the contrast with which the boundary can be recognised. The coutrast
between the penumbral region and the photosphere being far less than that
between the umbra and the penumbra, the boundary of the penumbrae cannot
be fixed unambigously. Even moderate secing conditions can bring down the
contrast further causing more uncertainty in fixing the boundary. Occasionally
spots have been seen with penumbra only on one side. Addition of the penumbral
area in such cases would add to errors. For these rcasons it was decided to

measure the arcas of umbrae only and use them for further analysis.



SOLAR LIMB

TO DISC CENTRE

Fig.IL.1 Schematic representation of the technique of measuring sunspot positions and areas,
A and B are the two successive positions of the cross-hairs of the handheld cursor enclosing the
umbra of the spot. One arm of the cross-hair points to the center of the solar disc, The area of
the spot wmbra is approximately the arca enclosed by the cross-hairs.
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From the log book it is seen that these photoheliograms have been obtained
when the seeing was ~ 1 — 2 arc sec. The 0.02 mm positional accuracy of the
digitiser corresponds to = (0.2 arc sec. on the 200 mm diameter Kodaikanal solar
image. But this accuracy will be limited to 1 - 2 arc sec. by the sceing conditions
at the time of observation. This accuracy further depends on the shape and size
of the spot. For Mt. Wilson white-light images of 170 mm diameter, Howard,
Gilman and Gilman (1984) estimated an error of about 30% in individual small
spot arca measurements. Qur white-light images have a diameter of about 200
mm, and the digitiser has an accuracy nearly five times that used by Howard

and so the random errors in the measured arca of smallest spots may be far less
than 30%.

The software for data acquisition and reduction procedure were kindly made
available by Dr.R.F.Howard, of the NSO, Tucson, USA for the present study.
The programmnies were modified to the extent necessary to accommnodate the
date, time of observations, the size of the solar image and the latitude of Ko-
daikanal.The programmes after these modifications, were thoroughly tested by
measuring the photoheliograms of four solar maximum years (i.c., nearly 1200
plates or nearly 120,000 positions measurcments, assuming 50 spots on each
plate). The areas of umbre of spots were independently measured with the
grid which is used regularly by all observers for reporting the areas of spots.
The agreement between the digitised areas and the grid values was very good.
In addition few years’ measurements were repeated to check repeatability and

internal consistency in the measurement.

Once these were established the measurements of all the photolhicliograms
of the years 1906-1987 were started. Spots within longitudes 60° E and 60° W
were only measured, to avoid the large sec. 8 correction for the arcas for the
spots beyond these limits. The measurements within a year were made in the
chronological order; but the order in which the years were measured were made
intentionally random to minimize the bias in the measurements. In all, 18,888
photolieliograms covering the 82 year period (1906 - 1987) were measured and
the positions and arcas of 3,32,820 spots and spot groups were measured from

these photoheliograms.
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2.4 Reduction Procedure

The eight limb position measurements were corrected along a vertical circle
for atmospheric refraction, using terms accurate to better than 0.1” (Saasta-
moinen, 1979) down to a few degrees from the horizon. Standard values were
assumed for the temperature and pressure at the time of observations required
for the refraction calculations as these were not recorded in the log book. Using
a least squares solution for the circle, the values of the radius and centre position
of the disc were derived. The same refraction correction procedure was applied
to each one of the spot measurements. From this the spot area in millionths
of the solar hemisphere, spot central meridian distance and solar latitude corre-

sponding to the time of the observations were determined for each spot for each
day.

To find the spot returns on the next day the first step was to group the
measured spots into appropriate spot groups. A spot was included in a group if it
lay within 3° in latitude and 5° in longitude of another spot in the group. These
criteria being arbitrary might have at times, grouped spots which would have
been grouped differently by visual estimates. To verify this method of grouping,
two years’ data (600 observations or nearly 30,000 spots measurements) were
measured and the results were found to be very nearly the same as those from

visual grouping at Kodaikanal.

Having classificd the spots into groups, the return of the group on the fol-
lowing day was recognised if both the area weighted central meridian distance
and latitude were within 3° of the previous day's position. After this identifica-
tion of the returned group, the next step is to calculate the rotation rate. This
rotation rate is simply the central meridian distances expressed in degrees for
the two consecutive days divided by the time elapsed between the two obser-
vations. If the time lapsed between the two consecutive observations was not
exactly one day or twentyfour hours, then these rates were further converted to
degrees/day. From these, the rotation rates of the spot groups were computed

using the synodic rotation rate (Howard, Gilman and Gilman 1984).

w(¢) =13.44 — 3.13 Sin? ¢ deg/day — — — —(3)

where ¢ is the heliographic latitude.

28



Now, to identify the individual spot returns from one day to the next day,
the following criteria was adopted. By using the above eq.(3), the expected
position of the spot for the next day was calculated. At this stage, if the spot
in question fell within three 1° steps in latitude and five 1° steps in longitude,
it was taken as the return of the same spot. To find the number of returned
spots, we adopted to call the spots as returned on the next day if it lay within
1/2° in longitude and latitude. With this method if the group showed maximum
number of spots within the group as returned on two consecutive days, then these
spots were taken as spot returns. From the differences in the central meridian

distances of the spot and time elapsed between the two days, the spot rotation
was calculated.

This procedure allowed us to determine the synodic rotation rate which
is independent of assumed rotation rate. From the daily latitude positions of
each spot, the latitude drift was also calculated. The above criteria adopted for
recognising the spot group and indivudual spots within the group, is arbitrary
and so might have omitted some of the real spot returns. But these numbers

would be insignificant.

The 82 years’ data (1906 to 1987) were contained in a total of 18,888 plates
(taeking on an average 230 plates per year) and this involved 1,96,000 limb po-
sition measurements and nearly 6,65,240 spot position (332,€20 spots x 2 posi-
tions per spot) measurements. From the adopted group identification, a total of
78,498 spot groups were found. 41,537 groups contained returned spots out of
43,603 returned groups. A total of 122,426 spots were found to be returned out
of 332,620 spots. The “spots” means spot measured on a single day. One spot

would be counted more than once as it rotates across the disc.

The synodic rates of spot groups and spots were converted to sidereal rates,
after applying appropriate corrections for the varying speed of the earth in its
orbit during the year and for the varying inclination of the solar rotation axis.
The presentation and the discussion of the results on the rotation rates in the
following chapter refer to the sidercal rotations calculated in the way narrated

above.,



CHAPTER II1

SOLAR ROTATION AND DIFFERENTIAL ROTATION
MEASURED FROM
KODAIKANAL PHOTOHELIOGRAMS

3.1 Introduction

In this chapter, the results of the analysis of the 82 years’ data will be
narrated. The sidereal rotation rates were derived for three different sizes of
spots ( < 5 millionths; 5 - 15 millionths and > 15 millionths of the hemisphere)
and for spot groups, separately and for latitudes fom 30° N to 30° S in 5° bins.
The rotation rates are seen to depend on the size of the spot used as the tracer:
the rotation rates are highest with small spots and lower with larger spots and
still lower with spot groups. Apart from this the meridional motion on the solar
surface has been measured from the proper motions of the spots. Finally, the

solar diameter measurements from the solar images are presented.

3.2 Results
3.2.1 Rotation Rates

The sidereal rotation rates have been derived for the following:

(i) Spot groups
(i1) All spots (spots of all sizes/areas i.e., spots in the three groups: < 5, 5 -
15 and > 15millionths all put together)
(iii)  Spots of areas < 5 millionths of the visible hemisphere
(iv) Spots of areas 5 - 15 millionths of the visible hemisphere

(v) Spots of areas > 15 millionths of the visible hemisphere

For each of the above five classes, the rotation rates in every 5° latitude bins
such as Q — 5°, 5° - 10° and so on up to 25° - 30° (6 bins for each hemisphere)
were computed. All spots that were beyond 30° latitudes were classified into a
7th latitude bin as > 30° N or > 30° S. Thus we have seven latitude bins in the

northern hemisphere and similarly seven in the southern hemisphere.
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3.2.1.1 Spot groups and all spots

Table III . 1 gives the rotation rates in degrees per day in the 14 latitude
zones for the spot groups, all spots and spots in the three area intervals from
the entire measurements covering 82 years. In Figure IIL. 1, are plotted these
rotations rates for spot groups and for all spots. Also shown in the same figure,
is the rotation vs latitude curve from the Mt. Wilson Doppler rotation results
for comparison. It can be seen that the rotation rates in all latitude zones
from all spots are faster by 0.75% than the rotation rates of spot groups and
this difference is most in the equatorial zones. Whereas the rotation rates of
the photospheric plasma (i.e., the rotation from the Doppler measurements) are
much slower than even the rotation rates of spots groups. This difference is
pronounced in latitude ( ~ 2.7% slower) belt 10° N to 10° S and beyond this
limit the rotation rates of spot groups and spots fall steeply and these narrow

down the differences progressively to a value of ~ 1.9% at 30° latitude.

A least squares fit to the standard formula for the siderial rate,

w(¢) = A+ B Sin® ¢

to the spot groups and for all spots were done.

For the spot groups,

w(d) = 14.528 (£0.007) — 3.098 (£0.067) Sin? ¢ deg/day

and for all spots,

w(¢) = 14.601 (£0.003) — 2.872 (£0.030) Sin’ ¢ deg/day
The standard deviation refer to the mean values.
3.2.1.2 Comparison with earlier measurements

As mentioned earlier, the Greenwich photoheliographic data cover a long
period (1874 - 1976) and give the daily positions of the centres of spot groups.
These positions are measured with the help of a grid of heliographic coordinates

placed over the solar image and the position of the centre of a spot group is read
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off from the grid by eye estimates. These positions have an accuracy of only 0.1
deg in heliographic coordinates. Ward (1965) has used these data and derived
sidereal rotation rates. These rotation rates vs latitudes have been plotted along
with the rotation rates for spot groups and all spots from the present study for
easy comparison (Figure III.1). The agreement between Ward’s rotation rates
and ours for spot groups is good. The rotation rates from similar data (all
spots and spot groups) from Mt. Wilson have also been shown for comparison
(Howard, Gilman and Gilman 1984). The Mt. Wilson curves are drawn on a
transparent sheet so that this can be overlaid on Figure III. 1 for comparison.
It is scen that the rotation curve of Mt. Wilson for all spots is very close to
our rotation curve for spot groups, whereas the Mt. Wilson values of rotation
rates from spot groups are slower than ours as well as that of Ward by ~ 0.95% -
and ~ 1.0% respectively. In the case of all spots, our rotation curve is faster
than the rotation curve of Mt. Wilson by 0.35% (or 0.05 deg./day) in the
northern hemisphere and by 0.84% (0.12 deg./day) in the southern hemisphere.
In Table III.2 our results are compared with those of Balthasar, Vazquez and
Wohl (1986) who have derived rotation rates from the same Greenwich data as
Ward (1966) but for the longest period possible (1874 - 1976). Since they have
given only the rotation values averaged over the two hemispheres (Table 1 of
Balthasar, Vazqucz and Wolil 1986) we have also done similar averaging to make
the comparison possible. These are presented in Figure I11.2 along with Ward's
values similarly averaged over the two hemispheres. Our rotation curve for spot
group agrees fairly well with those of Ward’s and Balthasar. The differences
noticed should primarily be due to the different levels of accuracies in fixing the

positions of spot groups by them and in our study.
3.2.1.3 Rotation rates from individual spots

Individual spots appear on the photosphere in a wide spectrum of sizes or
arcas and also in widely varying numbers as a function of the phasc of the solar
cycle. We have already seen that the rotation rates derived from all spots and
spot groups significantly differ from each other. It is logical to presume that
the rotation rates derived from spots of different sizes would not be the same.
With this in mind all the individual spots that were measured were classified
into three area groups, namely spots with areas < 5 millionths, spots with arcas

betwecen 5 and 15 millionths and spots with areas > 15 millionths of the
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visible solar hemisphere. Qualitatively these would correspond to the small,
medium and large spots.In the total of 18,888 photoheliograms measured, there
were 93,917 spots in the first group ( < 5 millionths), 22,834 spots in the group
5-15 millionths and 5675 spots in the group > 15 millionths. The rotation rates
from the three groups and for each 5° latitude bins for the north and south
hemispheres were computed. These rotation rates are presented in Table III.1.
These are plotted in Figure I11.3. It is scen that the rotation rates derived from
the smallest size spots (i.e. < 5 millionths) are the highest and the rotation rates
from the second group (5 - 15 millionths) is lower and those from the biggest
spots (> 15 millionths) are the lowest. These differences are most obvious near
the equatorial zones ( 10° N to 10° S) although in all latitudes, the rotation
rates of the smallest size group are higher than those from the other size groups.
On an average the rotation rates from the spots < 5 millionths are higher by
0.65% than from 5 - 15 millionths group and the latter rotation rates are higher
than from > 15 millionths by 1.0%.

3.2.1.4 Comparison with other results

It would be interesting to compare these results with those of Howard,
Gilman and Gilman (1984) who have rotation rates for three similar size groups
from the Mt. Wilson data. To facilitate this comparison the rotation rates of
Howard, Gilman and Gilman (1984) were drawn on a transparent paper and
this can be placed over Figure I11.3. The rotation rates from Kodaikanal data
are higher by 0.09 degrees/day or by 0.65% than Howard, Gilman and Gilman
(1984) values for the corresponding sizes. This difference is larger in the 10° N
and 10° S zone. Their rotation rates from the > 15 millionths size differ from
ours by 0.75%. This impression is magnified to some extent by the zigzagness in
their rotation curve for this size group; a smoothed curve would have shown less
differences as is the case at higher latitudes. The slopes on either hemispheres
for the three curves are similat showing that the differential rotation is similar
for the 3 size groups. In an earlier investigation (Sivaraman, Gupta and Howard
1993) a comparison of the rotation rates was done using 36 years’ measurements
from Kodaikanal and Mt. Wilson. There too, the rotation rates from Kodaikanal
data were higher than those by Mt. Wilson. This was explained, as possibly

due to the larger number of smaller spots seen in the Kodaikanal data than in

37



‘gostIwdwo) Jo) SI NS [FUETRPON )
1240 payeid 2q Ted Y] “{Iuredsuwdy Ig) vo pattotd I (FRG1 [¥ 12 PrYso]]) wTep uosyigy I
wouj s QY “(IydsTiay AQISIA IY) Jo syruonll G < pue sINOIWL §1-C’ STITOH T §
> ware) sdnoui vare ¢ oot payrmew(s> mods woyj sulg G Ul IPNIUTE K1 STV Loy cardhy

HIHON 3anLiLv HLNQS
gy 0t 0C 0l 0 Qi- 0Z- 0g- 07-

| i I i 1 i ! i |

Gl < v3YV 10dS
§1oL 6 V3YV 10dS
g > v3Yv L0dS

Aea/ z0-0 I

uo|}DIAS(Q PIDPUDIS
(2961 -1261)

DD |DUDYIDPOY

| ! ! | 1 ! ] f !

S-£l

0-71

§:71

Ava /930 NOILviOH Vvid3alsS

38



the Mt. Wilson and since the rotation rate from smaller spots is highest, this

excess number in the Kodaikanal data could have increased the rotation rate

due to higher weightage.

Indeed, the Kodaikanal data has more number of smaller spots. This is
because the size of the solar image in the Kodaikanal photoheliograms is 1.2
times the value in Mt. Wilson photoheliograms and this increses the visibility
and enables easier identification of smaller spots which might be on the threshold
of visibility in the Mt. Wilson plates with an image of smaller size. To verify this
arguement, we computed the rotation rates using the reduction procedures for
four sets of Kodaikanal data: one with the spots for 62 years (1921-'82); sccond
one with spots for 71 years (1917 - 1987); third one with spots for 74 years (1906
- 1979) and the fourth set with spots for all the 82 years (1906 - 1987). The
rotation rates for the three sizes for all the latitudes in 5° bins alongwith the
standard deviation are given in Tables 111.3, I11.4, and II1.5. The total number
of spots in each zone which have gone into the rotation rate determination are
also given in these tables. It can be scen that the rotation rates have high degree
of internal agreement. The addition of even as high as 20% of the spots to the
data does not alter the rotation rate values. Thus the Kodaikanal measurements
done with a larger solar image coupled with the higher ( ~ 5 times) least count
of the digitising equipment would enable more accurate measurements and so

the rotation rates which are higher are intrinsic to the sun.

3.2.2 Asymmetry in the rotation rates between the northern and

southern hemispheres
3.2.2.1 Spot groups and all spots

From Figure II1.1 it is seen that for the spot groups in the equatorial belt
upto 10° latitude, the southern hemisphere rotates faster than the north by ~
0.3% . Beyond 10° till 35° the rotation rates in the north and the south are
the same. In the case of all spots, upto 10° latitude, the rotation rate is the
same in the two hemispheres but beyond 10° , the rotation rate in the south
is consistently faster than in thc north at all latitudes till about 35° . The
differences in the equatorial belt ( 0 —10° ) between the two hemispheres would

not have been so conspicous if the rotation plots had been smoothed. The
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rotation rate plots of the Mt. Wilson data (Howard, Gilman and Gilman, 1984)
show that for the spot groups, the rotation rate for the south is higher in the
latitude 0 — 10° and beyond 10° the rotation rates are nearly the same in the
north and south showing that there is no N - S asymmetry. This is the same as
our results. Whereas in the case of all spots the rotation rates derived by them
are the same for the N - S hemispheres in the latitude belt 0 — 15° ; but beyond
15° till 35° , the rotation rate for the north is higher than for the south. This is

the opposite to what we have observed.

Hathaway and Wilson (1990) using the Mt. Wilson data for all spots of
Howard, Gilman and Gilman (1984) have shown that the southern hemisphere
rotate significantly faster than the northern hemisphere. In Table II1.6 the A
and B values for the northern and southern hemispheres are presented to show
the faster rotation rates in the south for all spots whereas the rotation rates

from spot groups are the same in both the hemispheres.
3.2.2.2 Individual spots of the three area groups

Figure II1.3 shows the rotation rates for all the latitude bins separately
for the three size groups. In the case of the spots of the first two classes ( < 5
millionths and 5 - 15 millionths) the rotation rates for the southern hemisphere
is faster than the northern hemisphere on an average by ~ 0.3% or by 0.04
deg/day. In the case of large spots (area > 15 millionths) the asymmetry is not
significant. The rotation rate plots of Howard, Gilman and Gilman (1984) show
that for all the three size groups (< 5, 5 - 15 and > 15 millionths ) the rotation
rates are higher in the north compared to the south beyond 10° latitude. This is
again, the opposite of what we find from our data. Recently, Ribes, Ferreira and
Mein (1993) have calculated the rotation rates in 5° latitude bins using sunspots
from the Mcudon (Paris) observatory Ca* 1 spectroheliograms. Although this
study covers only a limited period of solar cycle 21 (1977-84) the accuracy of their
measurements on individual spots would make the results worthy of comparison
with ours. They however do not have the rotation rates for the different sizes
of spots and have not given any tables of the rotation rate values for the 5°
latitudes and their figure showing the rotation rate plot vs latitude (their Figure
2, Ribes, Ferreira and Mein 1993) is drawn on such a small scale, the rotation

rates cannot be read off to the accuracy needed for a direct comparison with our
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results. However, they Lave compared their rotation rates with those of Howard,
Gilman and Gilman (1984) and so we can make a qualitative comparison of
our results with those of Ribes, Ferreira and Mein (1993) via the results of
Howard, Gilman and Gilman (1984). There too, the rotation rates are higher
than those found by Howard, Gilman and Gilman (1984) particularly for the
southern hemisphere and between the two hemispheres, the rotation rates for

the south are higher at least upto latitude ~ 30° , (Ribes, Ferreira and Mein
1993).

3.2.3 Comparison of rotation rates from spots and from Doppler mea-
surements

In Figure III.1 the smoothed values of the rotation rates from the  Mt.
Wilson Doppler measurements (Howard and Gilian, 1984) have also been plot-
ted. These are much lower than those for all spots and spot groups. Considerable
thought has been given to explain this large difference in the rotation rates. One
important point that should be kept in mind while seeking to explain this dif-
ference is that the rotation rates from Doppler measurements of spectral lines
pertain to the rates of flow of the solar plasma in the layers where these spectral
lines originate, whereas the spots which are anchored to different depths in the
subsurface layers through the magnetic lines of force, cannot be imagined to
yield the same values of rotation rates. They in their motion, through the solar
plasma would experience a drag which again would depend on their sizes (ar-
eas), shapes and the topology of the magnetic field lines associated with them.

Clearly, the photospheric plasma cannot have the rotation rate of the spots.

Agan, even within the individual spot class, we have three sub divisions
namely small spots ( < 5 millionths) medium size spots (5 - 15 millionths) and
large size spots (> 15 millionths). We found (Figure II1.3) that the rotation
rates progressively increase as we go from the large size spots to the small size
spots. Gilman and Foukal (1979) have suggested that the spots of different sizes
(areas) arc anchored to different depths inside the sun; the small spots being
anchored to shallower depths and larger ones to deeper depths. If this is so,
then the different spot sizes would yield definitely different rotation values, and

none of these would match with those from the Doppler measurements.
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It would be interesting to verify the hypothesis of Gilman and Foukal (1979).
This has become possible now witlh the availability of the results of the rotation
rates in the solar interior from helioseismology data. The rotation rate at the
equator as a function of depth inside the sun inferred from rotational frequency
splitting measured for degree £ = 5 to 600 has been given by Korzennik (1990),
illustrated in a paper by Gilman (1992). These rotation rates are given in nano
H, and depths in fraction of the radius of the sun. We have plotted our values of
the sidereal rotation rates for the three spot size groups ( < 5,5 - 15 and > 15
millionths) on this rotation profile and estimated the depths to which the spots
of the three sizes are anchored (Figure 111.4). The intersections of the horizontal
lines projected from the rotation values for spots of 5 - 15 and > 15 millionths
(marked as A & @ and B& b respectively) would give the approximate depths
at which these are anchored. The intercepts A and B are the valid ones. These
depths are: for 5 - 15 millionths class: 0.9 RO corresponding to A and for >
15 millionths class: 0.81 Ry corresponding to B; for small spots of area < 5
millionths, our rotation value does not intersect the profile and so the depth
value cannot be estimated.

3.2.4 Meridional Motions
3.2.4.1 Data and reduction procedure

Meriodional motions were calculated from the latitude differences between
consecutive days and the actual time interval between these two positions. The
daily positions of sunspots measured for the period 1906 - 1987 for rotation
calculations were used for the calculation of meridional motions. This consists
of 43,603 returns of spot groups and 122,426 returns of total spots. Of the total
number of spots, 93917spots were of size < 5 millionths, 22,834 spots were of
size 5 to 15 millionths and 5675 spots were of size > 15 millionths. As the
number of spots and spot groups for which positions were measured is much
larger than any of the data measured so far and the positional measurements
are of higler accuracy, we were able to arrive at the meridional motions correct
to a few meters per second. The meridional drifts have heen caleulated for the
three spot sizes, for all spots and for groups in 5° latitude zones from 0° to 30°
in both the hemispheres. Spots within 60° east to 60° west only were included

in the spot position measurement.
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3.2.4.2 Results

For measuring the latitude drifts of either spot groups or individual spots,
the first step was to decide to which latitude zone a particular spot group or
spot belonged to, to start with. One way to do this was to assign a particular
group to a particular latitude zone if the area-weighted centroid of the group fell
within that zone. In this study, the groups were assigned those latitude zones in
which the average of the coordinates of the first and second day of the two days
used for calculating the drift happened to fall. In the case of the spots, all the
spots located in a latitude zone were considered as part of the group which lay
in this latitude zone. These criteria being orbitrary to some extent might have
included a few more spots in a particular group although these spots did not
strictly fall within this group but lay in the immediate neighbourhood. Similarly
a few spots would have been excluded from a group to which they should have
justifiably belonged to. However since the gradient of the latitude drift with
latitude is very 'small, such mistakes in assignments and consequent errors in
latitude determinations would be insignificant.

The latitude motions of all the spots as well as of the spots in the three size
groups were computed in degrees per day. These latitude motions are simply the
difference between the latitude positions on two consecutive days divided by the
actual timme interval between the epochs at which the observations of the spots
were made. If this time interval was not exactly one full day (or 24 hours) the
latitude motions were converted into degrees per 24 hours or degrees per day.
These latitude motions were computed for all the 5° latitude zones. The plots of
latitude motions (or drifts) vs latitudes for the spot groups, for all spots (spots
of area < 5, 5 - 15 and > 15 millionths all put together) and for the three size

groups individually are shown in Figure 111.5.

All spots poleward of 30° have been absorbed in the zone of 30° - 35° in
the Figure I11.5. In northern and southem hcmis‘pheres, positive values denote
poleward motion and negative values denote equatorward motion. For the all
spots class in the northern hemisphere at all latitudes the meridional drift is
towards the pole and in the southern hemisphere the motion is towards the
equator at mid latitudes and away from the equator towards the direction of the

pole at latitudes beyond 20°. The meridional motion curve for spot size
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< 5 millionths, closely resembles the curve for all spots. That is, spots of size
< 5 millionths, which predominate in number decide the pattern of the curve
for meridional motions for all spots. Spots of area 5 to 15 millionths show a
meridional flow which is all poleward in the northern hemisphere, and in the
southern hemisphere it is equatorward near the equator but away from the
equator (representing a poleward flow) at latitudes beyond 10° . In the case of
the large spots (> 15 millionths) the drift is poleward in the northern hemisphere
for all latitudes and in the southern hemisphere, the drift is equatorward till 20°
latitude and poleward at higher latitudes. Meridional motion curve for spot

groups and spots of size 5 to 15 millionths are similar.

We do not find a large positive peak in any of the five classes as was noticed
by Howard and Gilman (1986). From the plots for spots of three sizes, all spots
and spot groups, we find that the maximum value of meridional motion is 0.07
deg/day (or 9.8 m/sec.) and a minimum value of 0.025 deg/day (or 3.5 m/scc.).
These values are in good agreement with the published results. The maximun
value compares well with the mean value of the meridional drift noticed by
Makarov and Sivaraman (1989) from the study of migration of Ha filaments

using Kodaikanal spectroheliograms for almost the same period as in this study.

In order to demonstrate that direction of meridional flow is also poleward in
the southern hemisphere for all the classes in Figure II1.5 , we have made a plot
by symmetrically folding the southern hemisphere values on to the north i.e., for
each latitude drift in the north and south are averaged. In the syminetrically
folded plot (Figure 1I1.6) positive values represent poleward motion. All the
plots except the one for spot size 5 - 15 millionths show a poleward motion at
latitudes higher than 25°

3.2.4.3 Solar cycle variations

In order to verify whether the pattern of the meridional motion with latitude
shows changes between one solar cycle to another, we calculated the mcan of
the annual values of the meridioinal drifts for all spots (i.e., < 5, 5-15 and > 15
millionths put together) over each solar cycle period. These are shown in Figure
I11.7. We find that the general pattern of the flow is maintained from cycle to

cycle. In the northern hemisphere, it is a poleward flow beyond 10° N, and
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in the southern hemisphere, it is equator ward at low latitudes and poleward
thereon.

Meridional motions determined from sunspot data is more reliable than
those derived from spectroscopic results. But while using spots as tracers, one
has the inherent disadvantage that the study will be confined between latitudes
% 35° and not beyond. Also, it should be borne in mind that sunspots proper
motion do not represent the motions in the photosphere. This point was dis-
cussed in chapter 111 while discussing the solar rotation results. Even with these

differences the determination of meridional motions from sunspot is important
in itself.

3.2.5 Solar diameter from photoheliograms

From the literature, it is clear that all these years, solar apparent dinun-
eter has been studied using meridian circle, transit of Mercury, solar eclipse
or micrometer measurements. To study the diameter changes, we nced a long
obscrvational data base. Here, an attewpt is made to look for solar dinmeter

changes using the Kodaikanal photohicliograms which span over ncarly 7 solar
cycles.

Solar apparent diameter on each day’s photoheliogram were measured using
the digitiser following the procedure deseribed in chapter 11 In nll 18,888 pho-
tolicliograun solar images were mcasured. On cach of the photolicliograms, four
mcasurements on East, West (horizontal) and North, South (vertical) points on
the limb were measured. The four individual measured values were then cor-
rected for atmospheric refraction. From these, the values for the horizontal and
vertical solar radii for each day were obtained. From the daily solar radii values,
the mean horizontal and vertical radii (in arc sec.) were obtained for cach year.
The value for Rg of 960.0%as adopted as the zero value and hence the valucs

plotted on the Y - axis in Figure (111.8) are the residuals with respect to this
zero value.

As can be scen from Figure 111.8, the annual mean radii values have a range

in scatter. This scatter in the Rg value may be due to

i) changes in local secing conditions

ii) changes in the photographic emulsion response,
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ili) temperature and pressure at the time of observations which change from
scason to season over the year.

iv) scattered light in the telescope.

From the Figure I11.8, it can be secn that the solar radii (botli horizontal
radius, Ry and the vertical radius , Ry )values for the years 1919 to 1952
(designated as C) and 1973 to 1987 (designated as F) are centered around the
value 960 sec. of arc. During the periods 1906 - 1919 and 1953 - 1972 the values
of the radii from our measuremnents show deviations as much as 5 to 18 arc
scc. from the central value of 960 arc scc. The deviations scen during the years
1906 - 1919 are presumably due to the changes made in the telescope optics
which have been narrated in chapter 1I. The reasons for the deviation seen in
the period 1952 - 1972 are not clear. We have examined the possibility and the
extent to which these deviations in the radius values would be propagated into
the rotation rate deterininations. We have examined the annual values of the
constants A and B of the rotation rate cquation in the years 1919 - 1952. The
maximum deviations in A and B from the mean values for this period are 0.023
and —~0.007 respectively. Similarly the maximun deviations in A and B during
the years 1953 - 1972 from the same mean is 0.008 and ~0.050 respectively. Thus,
eventhough the deviations in radii appear large (which is due to the enlarged
scale used for the Y - axis) in Figure 111.8 they are not of such maguitude as to
cause errors in the rotation rates to any significant level. The stability in the

valucs of A and B over these years bears testimony to this conclusion.

It should be mentioned at this stage that solar diameter determinntions
employ different parameters like, optical depth or limb intensity and using dif-
ferent techniques. Although these different techniques aim to determine the solar
diameter changes, the results from one method are not directly comparable to
another. A comparison between solar diamecter values derived by using the snme
technique and by employing any one parameter on the sun for measurciments
above would be justifiable in sceking for secular changes in solar dinmeter. To
do this, we need a longer period data. With this in view, photolicliogratns data
spanning over solar cycles taken with a single telescope, have been used for the
solar diameter study. This is the first time that such an attempt is made to use
Kodnikanal photoheliograms data (1906 - 1987). From the Figure 111.8 we find

that the solar diameter does not show any variation.
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CHAPTER IV

VARIATIONS IN SIDEREAL ROTATION WITH THE
SUNSPOT CYCLE

4.1 Sidereal Rotation in Maximum and Minitnum epochs

4.1.1 Method of Analysis

The annual mean sidereal rotation rates in degrees/day were calculated for
the three classes of spot sizes and for every 5° latitude bins from 0° to 30° N
and 0° to 30° S for the ycars 1906 to 1987. These annual rotation rates are

the most suitable indices for the study of the variation in solar rotation in each
latitude belt with the sunspot cycle. The long data base line would provide the

necessary reliability and the thiree arca classes would help to look for any size

dependence which have not been attempted by anyone so far.

The dependence of the rotation rates on the size of spots has been illustrated
well in Figure 111.3 as well as from the investigations of Howard, Gilman and
Gilman (1984). With this in mind, it is logical to ask the question whether a
similar belhaviour is present even in the solar cycle variations in rotation rates; or
in other words, whether the solar cycle variations in rotation rates are different

for the three size classes? If there are real differences, it should be possible to
detect them from these data.

In this analysis north and south hemisphere results have been maintained
separately throughout with the intention of bringing out the north - south asym-
metry also at all stages. These raw rotation rate vs years plots are however very
noisy and also have a number of gaps in them. These plots are shown in Appen-
dix I. These gaps are mainly in the minimum years when no hig spots appear

and in some years even the small spots are absent.

The number of sunspots of areas < 5 millionths are always far higher than
the other two sizes (5-15 and > 15 millionths) in all latitudes. Spots of all the
three sizes occur in sufficient numbers in latitudes between 5° - 25° so that there
would be fewer gaps if these are spatinlly avernged. This is understandnble ns

these nre the most crowded regions in the sunspot butterfly dingram. Generally
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during solar minimum, there are no big spots at all and the small numbers that
appear in any latitude are the small spots. The numibers of the larger sizes (5-15
to > 15 millionths) become appreciable only when the maximum picks up and
also during the peak of activity. Again two or three years after the maximum,
i.e., in the descending phase of the cycle, the small size spots are scen in far
greater numbers than the large spots. Thus during the minimum years, the
count of the large sunspots were zero and in some of the minimum years like
1914 and 1954, even the small spots were absent in the core of the minimum

and this led to the gaps in the rotation vs years plots. These gaps became more

numerous in the plots for large spots.

The noise and the gaps in the plots of the raw rotation rate vs years (Shown
in Appendix I) can be reduced by substantial spatial averaging (averaging over
the latitudes) and also by combining the spots of the 3 size groups into one group.
Once reasonably stable plots are obtained free from noise, one can look for the
real peaks (indicating enhanced rotation rates) in the rotation vs years plots.
Accordingly the residual rotation rates were spatially averaged for the three
arca clnsses and separately for the northern and southern hemispheres. For each
latitude belt the residuals in rotation rates were derived. These residual rotation
rates are the differences between the annual values and the mean rotation rate
for the respective latitude. This mean rotation rate is the one corresponding to
the mean latitude value for each belt. For example, for the latitude belt () — 5°
the mean rotation rate is the one for 2.5° ; for the 5 — 10° , the rotation rate is

for 7.5° and so on. These mean rotation rates for each 5° belts were calculated
using

w=A+ DB Sin? ¢
for ¢ = 2.5°, 7.5°, 12.5°, 17.5°, 22.5° and 27.5°

Finally the rotation rate at 30° latitude was taken as the mean rotation rate for
the latitude belt > 30°.

The values of A and B used and the mean rotation rates corresponding to
each of the above ¢ values are given in Table 1V.1. We have then combined
the annual average residuals for the 7 latitude bins and derived the grand mean

residuals averaged over all the 7 latitude bins for the three area classes sep-

arately for the northern and southern hemispheres. This gave three plots for
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the north hemisphere corresponding to the three area sizes (¢ 5, 5 - 15 and
> 15 millionths) and three similar plots for the south hemisphere. These plots
(Figures IV.1 and 1V.2) have substantially less noise than the raw rotation plots

and hence show the relative contribution by the three arca sizes better.

4.1.2 Results

The plot for spots of arcas < 5 millionths, in the north hemisphere shows
strong positive peaks in all the minitnum years 1914, 1923, 1944, 1954, 1964 and
1976 except in 1933. These peaks are marked by A, B, D, E, F and G in Figure
IV.1. In order to maintain the continuity the position where a peak would be
expected in 1933 is marked as C although there is no peak there. In the southern
hemisphere (Figure 1V.2) the peaks are better defined, the ouly exception being
in the year 1976. Here also the peaks for the same mininnun years have been
marked by A, B, C, D, E, F and G. Also in both these plots there are secondary
penks 2 - 3 years after the maximum years which illustrate the fact that small
spots appear in large numbers at this phase of the spot cycle who show higher

rotation rates. These secondary peaks arc marked as a, b, ¢, d, e, fand g.

The plot for the spots of area 5 - 15 millionths for the north hemisphere
has peaks in the minimum years as well as 2 - 3 years following the maximun
years, but with smallar ampilitudes than in the plot for <5 millionths, In the
plot (Figure 1V.2) for the south hemisphere the peaks in the mininnnn years
as well as in the post maximum years are better defined than in the northern
hemisphere (Figure 1V.1). Here too the peaks in the minimuu years are marked
B, C, D, E, F and G and the peaks in the post maximum years are marked a,

b, ¢, d, ¢, f, and g. There is no peak corresponding to A.

The rotation plots from the > 15 millionths spots for the north and south
hemispheres (Figures IV.1 and 1V.2) do not show the positive penks during the
minimum years nor in the post maximum years. But their expected loeations
arc marked as A, B, C, D, E, F and G and a, b, ¢, d, e, f and g with the help of
the peaks in the plots of the smaller spots. Thus, it is clear that the smnll spots
of area < 5 millionths and to a certain extent spots of aren 5 - 15 millionths
act as tracers during the minhmnn years for determining the rotation, while the

. < nee the tracer ing thie post maxinnun
Intge spots nul also the smaller ones ar the tracers during Lthe |
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MEAN RESIDUAL ROTATION (DEG / DAY)

N-HEMISPHERE

$+0-8 |—
+0-6 |-
+0-4 b

14

$0.2
i VY

m

>

[

I

20

BEER

F4l

G

A2

-0.2
-0h
-0.6 }—
~08 - 4

-~

MILLIONTHS

< §

+08 {—
$0-6 |-
+0-4 |-
+02
0-0

~3

L. -
>Ql
>-

PR I

~0.4 }-
~0:6 }-
~0-8 |-

MILLIONTHS

5 TolS

d?‘
+0-8 |-
+0-6 |
+0-4 |
+0.2 |-

0-0

-0.2
-0:4 }—
—-0.5 -—
-0-8 }- 1

\V‘V

I

L

10!

c

e/

A

i

P4

LA " S 4

|

Ll

MILLIONTHS

> 15

1902

1810

1918

1926

}

1934 1942 1950

YEARS

1958

1966

1974 1982

1990

Fig.IV.1 Residual rotation rates (annual means) averaged over the seven, §° latitudes bins (0
- 30° and > 30° ) in the northern hemisphere for the spots of the 3 size groups. Vertical lines
denote the years of sunspot minimum and the numbers in the vertical boxes (14 through 21)
stand for the number of the spot cycle. The double arrow indicalors shown along the horizontal
axis mark the epochs of solar maximun.

The number of spots of the 3 size groups in each year is shown in 8 transparcncy. This
transparency can be placed over Fig.1V.1 and the number of spots in any year can be related to
the amplitude of the residual rotation rates.
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MEAN RESIDUAL ROTATION (DEG/ DAY)
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Fig.IV.2 Residual rotation rates (annual means) averaged over the seven, §* latitudes bina (1
- 30° and > 30° ) in the southern hemisphere for the spots of the 3 size groups. Vertical linea
denote the years of sunspot minimum and the numbers in the vertical boxes (14 through 21)
stand for the number of the spot cycle. The double arrow indicators shown along the borizontal
axis mark the epochs of solar maximum,

The number of spots of the 3 size groups in each year is shown in a tranparency. Thia
transparency can be placed over Fig.1V.2 and the number of spots in any year can be related to
the amplitude of the residual rotation rates,
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years. Between the north and south, the southern hemisphere data are less noisy
and hence show the peaks better. The numnbers of spots in a year counted for
calculating the rotation rates in each size group are shown in the transparent

sheetls. These transparent sheets can be placed over Figures IV.1 and IV.2 and

the numbers of spots for any year can be read off.

In the next step, the mean of the three plots for the north hemisphere was
derived, thus averaging the behaviour of all the 3 area sizes and similarly for
the south hemispshere. Figure IV.3.(1) is the plot which is the average of the
3 sizes for the north hemisphere and Figure IV.3.(ii) is a similar mean plot for
the south hemisphere. Those peaks for the minimwn which were very tall in
the < 5 millionths plot are still conspicous, whereas others have been nveraged
out by the troughs in the plot of the spots > 15 millionths, Thus it is clear that
in these plots as well as in the plot for the whole sun (Figure IV.3.iii) whatever
peaks are seen in the minimum years are those contributed mostly by the spots

< 5 millionths and to a lesser extent by the spots § - 15 millionths in area,

Finally, one grand mean plot of the residual of rotation velocities vs yonrs
was derived combining the north and south hemisphere plots. These plots con-
tain minimum number of gaps as all the spots have been taken into account
while averaging. There is a substantial decrease in the noise and these plots can
be used as a sort of guide to identity the real peaks in the plots of Figures IV.1
and 1V.2. There is very good agreement between the plots averaged over all
Intitudes and the individual plots for the 6 latitude bins. The peaks or incrense
in rotation within £ 1 year of the minimumn is striking; the decrease in rotation
rate nround the maximum is also striking, but not the secondary maximum, in
the post maxinmum years as reported by Gilman and Howard (1984). The grand
tean residual plot (Figure 1V.3.iii) which is the average over all the 3 aren sizes
and latitude belts and north and south combined was derived with the sole pur-
pose of comparing it with a similar plot of Gilman and Howard (1984). Whereas
our conclusions are based on the Figures IV.1, 1V.2; and Figure IV.3 boxes (1)
and (ii). A comparison of the peaks from the two studics has been given in
Table 1V.2. There is good agrecment between the two studics except for the
disngreement at two places; there is strong negative peak in their curve in 1923
(minimum) and a strong negative peak in 1954 (minimum) in the present study.

These should hnve been both positive peaks.
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4.1.3 Relative roles of large and small size spots in the solar cycle
variation of the rotation

The variation in spot rotation during the solar cycle has already been illus-
trated from Figures I1V.1, 1V.2, and IV.3. Such systematic variation in sidereal
rotation rate of the sun was scen earlier by Gilman and Howard (1984). Hath-
away and Wilson (1990) using the same Mt. Wilson data as Giliman and Howard,
found variations over the phase of the spot cycle with rapid rotation occurring
at minimum. Similar result was also noticed by several other workers: Balthasar
and Wohl (1980), Arevalo et al (1982); aud Lustig (1983). Also Hathaway and
Wilson (1990) found systematic variations from cycle to cycle: the most rapid ro-
tation taking place during the weakest cycles. They hypothesise that, a possible
cause of these variations is due to spot magnetic ficlds arising from more slowly
rotating layers below the convection zone. The spot magnetic fields would then
slow the rotation rate in the convection zone while increasing the rotation rate
of the mnagnetic fields to match the convection zone rate. These cycle variations
may also imply periodic angular momentum exchange between the photosphere

and the deeper layers of the convection zone.
I y

We offer an alternative explanation for the variation in rotation rate with
the spot cycle in the following. Although this may not be the sole cause of the
variation, but certainly would provide, a significant fraction of the solar cycle
variation noticed. In Figure 1113 (of Chapter 1) it has been shown that the
sidereal rotation rates derived from spots of areas < 5 millionths are faster than
those derived from spots of nrens 5 - 15 millionths. Similatly the rotation rates
from spots of areas 5 - 15 millionths are faster than those using spots of arens
> 15 millionths. If the same trend continues even within anyone area group one
should expect n monotonic inerease in rotation rate as one goes from the bigger
to smaller and smaller sizes i.e. from 15 to 5 and from 5 to 1 millionths, The
only impediment in verifying this trend would be that the munber of spots in
cach 1 millionths arca bin available for such a study would he so sinall, that
statistically stable values for the rotation rates may not he possible. Now, the
commonly accepted explanation for the dependence of the rotation rates on the
spot size is the one offered by Gihnan and Foukal (1979). According to themn
these differences are due to the different rotation rates at different depths within

the sun at which the spots of different sizes are nuchored. Since smnll spots nre
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anchored to shallower depths and bigger spots are anchored to decper layers
within the sun, the rotations derived from small and bigger spots reflect the

rotation rates of the respective layers to which these spots are anchored.

Now, the gaps in the rotation plots during the minimun years are due to
the absence of spots. The number of spots of the 3 categories of sizes are plotted
year wise on the transparent sheets. The numbers of spots in any year can be
read off by over laying the transparent shect over Figures 1V.1 and 1V.2. It is
clear from these plots that during minimum, bigger spots never appear and if
at all only the small ones and even among the two categories (5 - 15 and <
5 millionths) spots of arcas < § milliouths are more common than the bigger
ones; while during solar maximum bigger spots appear in larger nmunbers. Thus
the rotation rates during the minimum years are those derived from the smatler
spots, while during the maximum years both the large ns well as the smaller
spots participate in the rotation measurements. Since these measurements are
arca weighted, during the maximum the spots with large area will have higher
weightage and so the rotation rates appropriate to them will predominate during

these epochs of the cycle.

Two to three years after the maxinnun, it is known that spots of smaller
sizes 0 - 5 millionths and 5 - 15 millionths occur in larger munbers than the
big spots. Thus in this epoch of the cycle, the rotation detived will show the
substantial contribution by these small size spots i.e., a higher 1otation tate than
that appropriate to the large size spots. Thus the conclusion is that the samples
available for rotation determination during minimum and maximumn epoechs nie
not the same; during minimum the rotation rates determinations nse the spots of
small areas (spots of size < 5 millionths ) while the rotation rate determinations
during maximumn use bhoth big and small spots with higher weightage for the
former. Since the big spots are anchored to greater depths within the sun than
the smaller spots, we are thus looking at the rotation rates at different depths
within the sun during the maxinnun and minimum epochs. The steep positive
peaks seen in some of the minimum years in the rotation plot for any single
size spots (Figures IV.1 and 1V.2) are most probably becanse at these times,
the rotation derived are from the sample that contains more of the still smaller
spots like 1, 2 millionths nnd so on. Such peaks during mininmm yenrs are not

prominent in the size group 5 - 15 millionths in any of the latitnde helts, whereas
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the systematic variation in the rotation with cycle becomes obvious only in the

average plot i.e., in the plot where all the sizes and latitudes are averaged.

To illustrate the reality of the —— positive peaks in the solar minimum
year, we divided the data into 7 blocks, each block beginning 4 years before the
minimum, through the minimum and 4 years after the minimum. The seven
blocks are 1909-1917, 1919-1927, 1929-1937, 1940-1948, 1950-1958, 1961-1969
and 1972-1980. We proceeded as follows: taking the sunspot minimum years as
the central reference epoch, the annual residuals of rotation rates for four years
before and four years after the minimum were superposed cycle by cycle, for the
three spot size groups. These residuals were the averaged over the 7 latitude bins
in the northern hemisphere and in the southern hemisphere. The menns of the
plots for the three size groups were derived for the north and south sepniately
(Figurcs 1V.4 and 1V.5). At the next stage the three spot sizes were combined to
give two plots - one for the northern and the other for the southern hemisphere
(Figure 1V.6 boxes (i) and (ii)). Finally these were also averaged to get one plot

for the whole sun for all the three size groups put together,

It can be scen from Figure IV.4 that the plot for the size group (< 5 mil-
lionths) shows a tall peak at the mintmum year which extends to 2 years before
and 2 years after the minimum. The plots for the other two sizes (5 - 15 nnd
< 15 millionths) have negative residuals at the minimum yenrs, but the see-
ondary peaks 2 - 3 years in the post maximum and pre maxinnun periods me
scen. In the southern hemisphere too similar features are seen (Figure 1V.5).
Figure 1V.6 shows the mean residuals from the three size groups for the north
and south hemispheres and illustrates well the pattern of rotation rates around

tlie minimum year.
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(i) Same as for Fig.IV.4 with the rotation rates for the 3 size groups averaged for the northern
hemisphere.

(ii) Same as for Fig.IV.5 with the rotation rates for the 3 size groups averaged for the southern
hemisphere.

(iii) Mean of the northern and southern hemispheres.
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CHAPTER V
SUMMARY OF THE RESULTS AND CONCLUSIONS

In this thesis we have presented the results of the analysis of 82 years’
photoheliograms of the Kodaikanal observatory covering the period 1906-1987.
Although the programme of obtaining photoheliograms continues even to-day at
Kodaikanal, the target set for the present work was for the years 1904-1987 and
of these the data for the years 1904 and 1905 had to be abandoned as there were
many gaps in the data. The entire work involving measurement of the positions
and areas of 332, 620spots was done by me over a period of 3 years and I was
very enger to sce the final results rather than taking up the measurements of the
data subsequent to 1987, This is the longest data so far analysed for rotation

studies with the accuracies described in Chapter 1L

The summary of results of the analysis of these measurements are given
below:

The siderial rotation rates of the sun and the variation of this rate over the
sunspot zone latitudes have been derived, using the sunspot as tracers. In this
processes, we have derived solar rotation rates for spot groups, individual spots
of three size groups and all spots where the three size groups are combined or
size avernged. The rotation rates from spot groups and all spots were derived
with the intention of comparing our results with the results already available in

the literature from the analysis of the classical Greenwich observatory sunspsot
records.

The agreement shows the stability of onr measurements. But our mensure-
ments doue with higher accuracy could not bring out any differences as these
arc smaller compared to uncertainities in fixing group affilintions in the case of
spot groups. In the case of sunspots these differences get averaged out over the
years. But when the individual spots are broken into groups according to the

sizes (<875 - 15 and > 15 millionths) many results come to light.

(1) The rotation rate from spots of area <5 millionths is faster by 2% than the

rate derived from the bigger spots (> 15 millionths).
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(2) The rotation rates from the three size groups of the Kodaikanal data are

(3)

(4)

higher than the corresponding rates from Mt. Wilson data by 0.09 deg./day
or ~ 13 metres/sec. This is not an insignificant difference, considering the
statistical stability of the data. This increase is reflected not only at the
equator but also at higher latitudes.

Combining the rotation rates from our measurements with the published
rotation curve for the solar interior (from helioseismological data) we have
derived the possible depths to which the spots of the 2 groups (5 - 15 and >
15 millionths) are anchored. If this is valid, then the rotation rates we have
dctermined reflect the rotation of the subsurface layers at tlhese depths.
"The meridional motions determined from the proper motions of the sunapots
for the 3 size categories show that the motion is polewnard in the northern
hemisphere at all latitudes and is equatorward in the southern hemisphere
in the mid latitudes and away from the equator at higher latitudes.

We find no evidence for any secular changes in solar diameter.

The variation in sidereal rotation with the sunspot cycle is brought out
clearly from our analysis. During the sunspot minimum of the solar cycle,
the rotation rates are higher than in the sunspot maximumm years. The
avernge amplitude of enhancement in the minimum is of the same order as
the incrcase in rotation rate exhibited by the small spots (< 5 millionths)
over that from the bigger spots (> 15 millionths). We have demonstrated
that during the minimum periods, the rotation ratrs are those derived from
the small size spots which alone appear on the sun whereas during the solar
maximum the rotation rates are those derived from a smunple that has more
of the larger spots than the small spots. Thus the samuples available for
rotation determination during solar maximum and mininnun epochs are
not the same. This difference would at least partly explain the variation of

the rotaion rate with the sunspot cycle.

Future prospects

There are other observatories like Greenwich, Mt. Wilson, Meudon, where

one has similar long data base of photoheliograms over 6 to 7 cycles. In all these

places generally single observation is done on cach day of the year, weather per-

mitting. To continue the important results presented here, it would be worth-

while to combine the Kodaikanal data set, with those from Mt. Wilson, to
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increase the precision in the results. As the Mt. Wilson obscrvations are done
12 hours later to Kodaikanal observations, it would help to study the contribu-
tions from small spots better as some of the sinall spots which have lifetimes of
less than a day can still be captured with the combined data series which would
have been missing in the data from any one station. Also the weather patterns at
the two sites (IKodaikanal and Mt.Wilson) are complementary: during the mon-
soon months at Kodaikanal, Mt. Wilson has the best observing season and the
bad winter months of Mt.Wilson coincide with the best season at Kodaikanal.
Thus combining the data would considerably increase the overall accuracy of

the final results. Efforts in this direction have already been started.

Another aspect to which the future study should be dirccted is to exanine
whether the rotation rates would monotonically increase if the present small
spots class (< 5 millionths) is subdivided into smaller sizes. This can be done
only with the combined data from the two stations as such simall spots last only
a fraction of a day. Also, it would be worthwhile to study the rotation rates from
the smaller spots at close latitude intervals, say 0 to 2, 2 to 5 and so on. This
should reveal the subtle differences in the differential rotation and meridional

motions better.
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AND MOUNT WILSON OBSERVATIONS

ROBERT F. HOWARD

National Solar Observatory

National Optical Astronormy Obscrvatories t
Tucson, Arizona §5726, US4

K. R. SIVARAMAN

S.S. GUPTA

Indian Institute of Aslrophysics
Bangalore 560 034, India

PAMELA 1. GILMAN

Mount Wilson Observatory

And Dcpartment of Astronomy
University of California, Los Angcles
Los Angeles, California 9002{, USA

ABSTRACT. A study of the daily motions of individual sunspots and of sunspot groups has been
undertaken using Kodaikanal and Mount Wilson white-light observations. The Mount Wilson
measurements were completed several years ago, and the Kodaikanal measurernents have recently
been started, using a technique identical to that used for the Mount Wilson data. Both data scts
started early in this century, and both have continued to the present time. Preliminary results
ol a comparison of the two data sets are presented which show a good agreement between them
in spot areas and motions. Analysis of the combined data set for the years that are available so
far indicates that many more spots are available in such a reduction because the 12-hour time
difference between the two sites allows for a more certain identification of individual spots from
one observation 1o the next than in the case when data from only one site are used. This greatly
increases the number of sunspots available for motion studies, particularly the smaller sunspots.

Preliminary rotation and latitude drift reduction from the combined data set confirm earlier results
from the Mount Wilson data alone.

1. Introduction

The important processes that produce the solar activity cycle take place beneath the solar
surface. One method to advance our knowledge of the cycle mechanism is to study the
motions at the surface of tracers that are rooted below. Considerable effort has gone into
this activity in recent years (e.g. Schroter, 1985).

1 Operated by the Association of Universities for Research in Astronomy, Inc., under Contract
with the National Science Foundation.
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Several years ago the Mount Wilson white-light photoheliogram data set was measured
for positions and areas of individual sunspots. This program resulted in 2 number of studies
of properties of spots and spot groups (Howard, Gilman, and Gilman, 1984; Gilman and
Howard, 1984a; 1984b; Gilman and Howard, 1985; 1986: Moward and Gilman, 1986;
Bogdan, et al., 1988). A similar data set has been accumulated at the Kodaikanal site
of the Indian Institute of Astrophysics. This set of plates extends back to 1905 and is in
excellent condition.

Recently a digitizing instrument similar to that used for the Mount Wilson data was
installed at Kodaikanal, and measurements of sunspots were begun. It is planned to
measure every one of the plates at Kodaikanal from 1905 to the present. The technigue
being used is as nearly identical as possible to that used for the Mount Wilson plates and
described in the first of the series of papers that came from this work (Howard, Gilmaa,
and Gilman, 1984).

The measurement of the Kodaikanal white-light plates will soon give us a valuable data
set with which to study the motions of sunspots at the solar surface and the radius of the
sun during this century. This will be the largest collection of individual sunspot position
measures in existence. The Greenwich data set, which has been much used in studies
of sunspot motions, is an invaluable set of excellent data covering spot group areas and
positions, but it does not have a complete set of individual spot area results. It has,
however, been used to study the motions of single-spot groups (e.g. WaGhl, 1988).

The work is now in progress and so far several years of data have been measured. In
this paper we discuss the measurements and present some of the first results from the
Kodaikanal measures and from the combined Kodaikanal-Mount Wilson data set.

2. Observations, Measurements, and Reduction

Daily white-light photographs of the full-disk sun have been taken at Kodaikanal since
1905. These observations have been made with the same instrument and using the same
observing procedures during the entire interval. The image size is approximately 20 cm,
which is slightly larger than the Mount Wilson images.

The measuring technique for the KodaikaFal plates is quite similar to that used for the
Mount Wilson plates. This is done in order to provide a uniform data set for comparison
of the Kodaikanal results with the Mount Wilson results and for ease of combining the two
data sets. A digitizing pad which is operated by a cursor containing a crosshair is used,
as has been described for the Mount Wilson measurements (Howard, Gilman and Gilman,
1984). The accuracy of the digitizer is several times better than that of the best seeing of
any of the solar images, and is therefore not a factor in the reduction process.

The measurement of a plate for a day consists of making 8 evenly spaced dclerminatio{ls
of the limb position and then two position measures for each sunspot on the disk within
60 deg of the central meridian.

Fach year is reduced separately as a whole. Accurate corrections to the positions of
the limb points and the spot measures are made for atmospheric refraction using the
time and date of the observation. The radius and central positicn of the solar disk are
derived in digitizing board coordinates. Then solar coordinates are derived for each spot

measurement point. Areas and positions of the spots are derived. Areas are corrected for
projection effects.
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Wwith the data for each day tabulated, a search for consecutive day's observations is

e In the case of the combined data set from both observatories, the next available

ation is used. The major..y of the time differences in the combined data set cluster

pd 1/2 day. In practice, an upper limit of 1.5 days is used for the determination of
dadly’ motions. . .

For each consecutive pair of observations, differences in latitude and CMD are cal-
calated for each spot group and for each spot. In the case of groups the positions are
m*‘-dgbted. The technique for determining the identification of individual sunspots is
described (Howard, Gilman, and Gilman, 1984).
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Figure 1. Sidercal rotation rate as a function of latitude for sunspots for the first 9
months of 1968. Circles are Kodaikanal data measured by Gilman; crosses are Kodaikanal
data measured by Gupta; solid circles are Mount Wilson data; and squares are combined
Kodaikanal-Mount Wilson data (Kodaikanal data measured by Gupta). Typical error bars
are shown for low and intermediate latitudes. The errors at high latitudes are similar in
magnitude to those at low latitudes.

3. Resulis

Figure 1 shows a comparison of solar rotation results for various data and various mea-
surements for the first 9 months of 1968. Only part of the year was used because only
that part of the year was available for the measurements of Kodaikanal data by PG. The

Eo



110

Kodaikanal data are represented by open circles and crosses. The agreement between the
measurements made by the two measurers is seen to be well wi{_in the limits of the error,
Error bars (% one standard deviation) are shown for the Mount Wilson measures for low
latitudes at D to —5 deg (typical also for high latitudes) and for intermediate latitudes
at —10 to —15 deg, where there are more spots. The low latitude error bars refer to ag
average over 11 sunspots, and the intermediate latitude error bars refer to an average over
264 sunspots. These errors are of similar magnitude for Kodaikanal measures and slightly
lower for the combined data set.

The differential rotation curvein Figure 1 representing the combined data set is indicated
by squares. For the combined data set we used the Kodaikanal measures of SSG. The
combined results for any latitude do not always fall between the results from the two
separate measurements because it is not a simple average of the two sets. With many
1/2-day determinations in the combined result, this means that there are many individual
determinations in this result that are not in the individual observatory results.

We determined the value of A, the sidereal equatorial rotation velocity in the represen-
tation w = A + Bsin?4, where ¢ is the solar latitude. For the full disk data averaged over
the 9-month interval, this value is 14.39 deg/day for the Mount Wilson data, 14.52 for the
Kodaikanal data measured by PG, 14.62 for the Kodaikanal data measured by SSG, and
14.64 for the combined data set (Kodaikanal data measured by SSG). For the full 1921
through 1982 interval of the Mount Wilson data published earlier (Howard, Gilman, and
Gilman, 1984) A is 14.522, although there were significant variations from year to year.

The results of the Kodaikanal measurements so far are encouraging, and we anticipate

that we will have an opportunity soon to add significantly to our knowledge of solar
dynamics.
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mscuSSlON

. (i) Whatdo you believe is the cause for small spots to rotate faster than large
mes? Is it because the small ones are affected more by the photospheric plasma?
& A there imghcanons for the validity or otherwise of Piddington's tree-trunk model of
o subphotospheric structure?

'ARD: (i) 1believe that the important factor is probably the age of the spot. This is
oot really an answer to this question, but one can imagine a weakening of the connection
<en the lower and surface layers as the spot ages and grows. Thus the spot would
weod to rotate closer © the surface plasma rate as it aged.
i) It was this model that led me to assume that each spot group rotated as a whole i.e.
-d no differential rotation. The fact that this is not the case implies either that the trec
nunk model is not valid or that the connection of the spots to the subsurface layer is weak.
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MEASUREMENT OF KODAIKANAL WHITE-LIGHT IMAGES

I. A Comparison of 35 Years of Kodaikanal and
Mount Wilson Sunspot Data
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Indian Institute of Astrophysics, Bangalore 560034, India

and

ROBERT . HOWARD
National Solar Observatory, National Optical Astronomy Observatories®, Tucson, AZ 85726, U.S. A.
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Abstracl. A program of digitization of the daily whitc-light solar images from the Kodaikanal station
of the Indian Institute of Astrophysics is in progress. A similar set of white-light data from the Mount
Wilson Obscrvatory was digitized some years ago. In both cases. arcas and positions of individual
sunspol umbrac are mecasured. In this preliminary report, comparisons of these measurements from the
twao sites are made. It s shown that both grea and position measurements are in quite good agreement.
The ngreement is sufficiently good that it is possible to measure motions and area changes of sunspots
from one site to the next, involving time differences from about 12 hours to about 36 hours. This
cnables us (o trace the motions of many more simall sunspots than could be done from one site afone.
Very small systematle differences in rotation rate between the two sites of about 0.4% are found. A
portion of this discrepancy is apparently duc to the difference in plate scaies between the two siles.
Another contributing factor in the difference is the latitude visibility of sunspots. In addition it is
suggested that a small, systematic difference in the measured radii at the two sites may contribute
a small amount to this discrepancy, but it has not been possible to confirm this hypothesis, It is

concluded that in gencral, when dealing with high precision rotation results of this sort, onc must he
extremely carcful about subtle systematic effects.

1. Introduction

A program to measure the area and position of each sunspot umbra from the duily
photoheliograms of the Kodaikanal station of the Indian Institute of Astrophysics
was initiated recently, These photographic data extend back to 1904 in an obser-
vational series that continues to the present day. The measurements follow the
procedure adopted for the measurement of a similar data set in the interval 1917-
1985, done at Mount Wilson several years ago. The instrument, the data set, the
method of digitizing, and the first results of the Mount Wilson measurements were
discussed in an earlier paper (Howard, Gilman, and Gilian, 1984; herafter 11GG).

We intend to compare the results from the two data sets and also to combine
the data to obtain 2 more comprehensive data set of sunspot areas and positions,
covering most of this century. We expect several advantages in these combined
data. Of course, the Kodaikanal data extend about one activity cycle further back

Operated by the Assoclation of Universities for Rescarch in Astronomy, Inc., under Cooperative
Agrcement with the National Science Foundation.

Solar Phyvsics 146: 27-47, 1993,
© 1993 Kluwer Academic Publishers, Printed in Belgium,
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than does the Mount Wilson data set. Also the 12-hour time difference between
the two sites should make it possible to follow (from one observation to the next at
the other site) more small spots than would be possible from dny one site because
of the short lifetimes of these features. Furthermore, the climate patterns of the
two sites are complementary: the winter is the best observing season, in terms of
number of clear days, at Kodaikanal and the summer is the worst, while at Mount
Wilson the summer is the best season, and the winter is the worst. This factor
should significantly increase the total coverage when the data from both sites are
combined.

An earlier paper (Howard et al., 1989) discussed the measurements and pre-
sented some very preliminary comparisons of the two data sets. Now a substantial
fraction of the Kodaikanal measurements have been complcted, and in this paper

we present the results of some detailed comparisons of measurements at the two
sites.

2. The Telescope and the Camera

Direct photography of the Sun commenced at Kodaikanal in August 1903 when
the photoheliograph Dallmeyer No. 4 was overhauled and put into operation. This
used a 4-inch (10 cm) aperture, 5-foot (1.5 m) focal length objective lens (made
by Dallmeyer), modified to give an 8-inch (20 cm) diameter image of the Sun
similar to the photoheliographs operated from Dchra Dun (India), Mauritius, and
Greenwich. Photography on a systematic, daily basis started in 1904, using this
photoheliograph on Lantern plates of size 10 » 10-inches (25.4 x 25.4 cm) and
continucd until 31 July, 1912, In 1908 the objecctive lens was replaced by a new one
of superior quality. Starting on 31 July, 1912 the direct photography was carried
out with the Lerebour and Secretan equatorial telescope having an aperture of
6 inches (15 cm) and a focal length of 8 feet (2.44 m). This, one of the oldest of the
Kodaikanal telescopes, was brought to the site in 1898 from Madras and had been
used since 1901, with an enlarged 8-inch diameter image, for visual observations
of the solar disk. In 1912 the original objective was replaced by John Evershed
with a Cooke photo-visual objective of the same aperture, and it was instatled in its
present location and adapted for direct photography, using an 8-inch diameter solar
image in addition to the visual obscrvations. Photography of the Sun continued
regularly with this setup until June 1915, when this telescope was dismantled and
the objective and auxiliary optical components were moved to Kashmir, where
John Evershed used them for solar photography during 1916. The tclescope was
rcinstalled at Kodaikanal and regular observations as before were resumed starting
in February 1917. In June 1918, the G-inch photo-visual lens, used until that time,
was replaced by a visual achromat of the same diameter and focal length, and a
green filter was also added to the telescope. This gave very good quality images
of the Sun, and regular photography was resumed. Since then the photoheliograms
have been obtained with this telescope using the same procedures up to the present
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time.

The camera used to photograph the solur image has a focal plane shutter which
is a metal plate in the form of a sector with a tilter mount on it for mounting a broad-
.band filter. The shutter is activated by releasing a metal spring. and the shutter then
slides.across an aperture. providing an exposure with a duration of about 0.001 s.
In 1975 the availability of plates (liford special Lantem, 10 x 10-inch size) became
irregular and these were replaced by high-contrast film of the same size.

The plates/films comtaining the images are stored individually in paper en-’
velopes, and they have been carefully preserved over the years in the plate vaultat
Kodaikanal under good conditions for preservation of the materials. The observing
logs for each day of the observations are also well preserved.

3. Dala

For each site. the observational data consist of daily, white-light gnotographs of the
full solar disk. The Kodaikanal images are about 20 cm in diameter. as described
above, whereas the Mount Wilson images have a diameter of about 16.5 cm, so the
image size (arca) of the Kodaikanal observations is larger than that of the Mount
Wilson images by nearly 50%. Exposure tygnes are comparable and other features
of the observations, notably the average photographic densities, appear to be about
the same. Observations at both sites were generally made in the early moming,
although in recent decades at Mount Wilson other observations h:&vc interfered, and
the result has been that many of thé daily plates were taken laterin the moming, or
even in the afternoon. An effect of this change in observing time will be discussed
below:

The Kodaikanal data set was started early in 1904, and continues to this date.
The Mount Wilson data set started early an 1917, and measurements have been
made through the data of 1983, although the observations continue.

The program for measuring the Kodaikanal data is similar to that carried out
for the Mount Wilson data: measurements are made in full-year intervals, and the
order of the years is random — a different random selection of years than that used
for the Mount Wilson data. In a later table in this paper we listed the 35 years for
which the Kodaikanal measurements have been completed so far (as of September
1992) and thus for which (after 1916 and before 1986) there are data to compare
from the two sites. There are actually a total of 46 years that have been measured
to date from this data set, and of these 35 overlap with available Mount Wilson
data.

Altogether there are 16568 days of data and 13838 consecutive day pairs in
the full (69-year) Mount Wilson duta set. and 9712 days of Kodaikanal data with
7924 consecutive day pairs in the full (46-year) data set measured so far. In the
overlupping 35 years there were 8057 days and 6689 consecutive day pairs in
the Mount Wilson data set and 8046 days with 6635 consecutive day pairs in the
Kodaikanal data. In the combined data set for the 35 years of overlapping data
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there are 16178 "days’ of observation and 15563 *consecutive day pairs

4. Measurement Technique

The technique of measurement of the umbra! areas used in this study was discussed
in detail in the earlier paper (HGG). An identical technique is used at Kodaikanal.
Each plate is oriented with the axis of rotation along the Y -axis of a digitizing
pad. Positions are recorded in the two coordinates of the pad by use of a hand-held
cursor. The Mount Wilson plates have pole markers on them, which were exposed
using a small mask at the time the image was exposed. The Kodaikanal images
have a straight line exposed across them. near disk center, denoting the east-west
direction in the sky. This line is formed by a thin wire stretched across the focal
plane of the telescope. The Kodaikanal plates are adjusted in orientation angle at
the time of the measurement, using the ephemeris P-angle to orient the rotation
pole along the Y-pxis.

The measurement of each day's plate begins with the digitization of-8 limb
points, equally spaced apart. This is done to determine the precise position of
the solar disk in the coordinates of the digitizing pad. Then each umbra on the
plate is measured with two positions, as described in the earlier paper (HGG). The
positional accuracy of the measurements ateach site is limited by the seeing, which
is generally 1-2 arc sec. The accuracy of the umbral areas varies with the size and
shape of the spot, of course. In the earlier work this accuracy for individual spot
measurements was estimated to lead to individual random errors of about 30% for
small spots, and it is likely that for the more recent measurements approximately
the same estimate would apply. The larger plate scale for the Kodaikanal plates

should lead 10 smaller mndom measurement errors. Possible systematic errors are
discussed below.

5. Reduction Technlque

The reduction technique is described in the earlier work (HGG). Corrections are
made for atmospheric refraction in both the limb solution and the individual umbral
area and position determinations. All areas are corrected to disk center.

In practice, the same computer programs are uscd for the data of both sites for
all phases of the reduction, with only some necessary differences between the sites
included (such as the site latitude, which is needed in the determination ol the
altitude of each measurement, which in tum is needed for the calculation of the
atmospheric refraction correction).

The result of this first phase of the analvsis is a list of umbral areas. positions.
dates, and times of observation. The second step is to combine data from adjacent
days. In the case of observations from one site only. we can simply use the date to
determine whether an observation is from the next day or not. When we combine
the data from two sites. we use the date and time, and detine the ‘next day’ to
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Fig. 1. Distribution of time differences (in days) between the data at the two sites. The 35-ycar,
wo-sitc duta sct was used to compute these differences.

be the next observation (from either site) which falls within some time interval.
This interval has been chosen arbitrarily to be 1.8 days (43.2 hours) from the first
observation. This interval was chosen to include ali the | %-day differences, judging
from Figure 1. If there is no observation at either site that falls within this time
interval, then, by definition, we do not have two ‘consecutive days’.

Figure | shows a plot of time differences between ‘consecutive days’ for the
combined data set from the two sites (35 years of data). This is shown to illustrate
the relatively large number of 12-hour ‘returns’ that are found in the combined
data set. Clearly the biggest peak falls near 12 hours. The second biggest peak is
centered on 24 hours, and this represents pairs of observations from the same site.
Much smaller peaks may be seen at 12-hour intervals for several days. The rather
broad width of the 12- and 36-hour peaks is due to the fact that there is a wide
range of times of observations at the two sites. This is particularly true at Mount
Wilson, where, as mentioned above, recently other observations have interfered
with the cadence of the white-light photographs. If one plots individual years in
the same way as Figure | is plotted, one sees for the early years a rather narrow
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peak at 12 and even 36 hours. In later years, in plots similar to Figure 1, there is a
tendency to see a double peak centered near these two times, one corresponding to
Mount Wilson observations made early in the day and one corresponding to Mount
Wilson observations made late in the day.

Rotation rates are determined, as in the earlier work (HGG), by dividing the
longitude difference of the group or of each individual sunspot within the group
by the time difference between the two observations. One would expect therefore
that random measurement errors would lead to somewhat larger random errors in
rotation determinations for the combined data set than for the data sct from either
sile, because the time differences are shorter on average for the combined set. Note,
however, that errors in longitude measurement of this sort do not result in random,
independent errors in the average rotation rates. This is because an error in one
longitude in a string of such measurements will increase the derived rotation rate
on one side and decrease it on the other side, so that the average will be relatively
unaffected (Howard, 1992). This means that we may expect that to some extent
the errors derived for the rotation rates from these data will be overestimated.
In addition, of course, for the combined data set, the larger number of days of
observation will lower the errors below those derived from the individual sites.

6. Arca Comparisons

Table I gives daily, full-disk sunspot umbral areas, in phemisphere, averaged over
T‘i of a year and full years for both sites for the 35 years for which there is
overlapping data. One would not expect perfect agreement between these results
from the two sites because the coverage is rarely exactly the same, i.e., rarely in a
month (and never in a year) is exactly the same set of days covered in both data
sels. Nevertheless, the agreement is encouragingly good. Generally active months
are seen as such at both sites. (Note that these results for Mount Wilson are not
identical to a similar table given in the earlier paper (HGG). The reason for this
is that over the years a number of small improvements have been made to the
software, which has resulted in identifying generally a somewhat greater number
of sunspots from these observations than was done before.)

It can be seen in Table I, however, that generally, although not for all months or
years, the Kodaikanal daily spot areas are larger than those from the Mount Wilson
plates. This result will be discussed in more detail in what follows.

In the full (69-year) Mount Wilson data set there were a total of 366680 sunspots
measured on 13838 day pairs, and of these 111070 were identified as the same spot
(a ‘return’) on the next day. Using just the overlapping 35 years, the Mount Wilson
spot measurements on 6689 consecutive day pairs numbered 180667, and of this
total, 55357 spots were measured as returns. In the same set of Kodaikanal years
188408 spots were measured on 6635 consceutive day pairs, and of this total, 70178
spots returned. For the full 46 years measured so far at Kodaikanal, the numbers
are 77527 retums out of 209006 spots. In the 35-year combined data set, there were
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a total of 421678 spots, out of which 74372 spots returned in 15563 ‘day pairs’.
(Note here that ‘spots’ means spots measured on a single day. One spot may be
counted more than once as it rotates across the sotar disk.)

From these numbers, several conclusions may be drawn. To begin with, there
are about S% more spots measured per day on the Kodaikanal plates than on the
Mount Wilson plates. This, we believe, is due to the larger image scale for the
Kodaikanal observations. We are seeing a greater number of smaller spots in this
data sct. It is possible also that systematic secing differences between the two sites
may play a role in this comparison, but it is impossible to quantify this etfcct. It
is known that both sites are quite good sceing sites, but beyond that we cannot
determine quantitatively any differences without experiments that are beyond the
scope of this study.

Another conclusion from the results cited above is that there is a greater fraction
of retumns scen on the Kodaikanal plates (= (0.37) than on the Mount Wilson plates
(= 0.31). This is most likely due firstly to the fact that, as mentioned above,
more small spots are seen at Kodaikanal, and thus it is more likely that spots
can be followed longer as they decay to a smaller size, and, secondly, that more
spots measured means that better group positions are determined, and thus, since
individual spot retums are determined from the relative positions of spots within
groups on two consecutive days (HGG), better identifications of individual spot
returns can be made. Note that the fraction of returns for the combined data set
(=0.41) is greater than that for either site reduced scparately. This undoubtedly
results from the fact that with a shorter time base more short-lived spots can be
traced from one observation to the next.

As one means of testing this explanation for the presence of more spols at
Kodaikanal than at Mount Wilson, we have examined the distribution of spot sizes
at the two sites. Table II gives the distributions and relative distributions of sunspot
counts in various size categories at the two sites.

These data come from the 35-year overlapping data set for the two sites, and they
represent the total number of spots measured, not the number that were identitied
as returns or even the number seen on consccutive days. Thus the number of spots
is larger than that discussed elsewhere in this paper. It may be seen that the largest
differences and the largest percentage differences are seen at the smallest spot
sizes, which is what one would expect because of the difference in image scales.
It should be remembered that at both sites, for the smallest spots, comparable to
the size of the cross-hair, the measurer did not attempt to measure the size of the
spol in the usual manner, but instead placed the cross-hair centered on the spot and
entered two identical positions into the computer. Such small spots were arbitrarily
assigned an area of 0.05 jthemisphere (HGG).

We consider that Table 11 represents a very satisfactory agrecment hetween
the area measurements at the two sites, considering the image-scale dilferences
mentioned above. Except for the smallest spots, the distributions agree within a few
tenths of a percent. These area distributions compare well with a recent detailed
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TABLEH
Sunspat area distributions
Aren Mount Wilson Kodaikanal
rthemisphere Number “ Numther o
0-1 106146 s1.0 108287 49.1
1-2 28503 13.7 32044 4.5
2-3 16842 81 19692 89
i 11508 5.5 13533 6.1
4-5 8296 40 9463 41
50 6208 REY) 0914 3.1
G-7 48R8 2.4 SOR3 2.3
7-8 399s 1.9 1952 1.8
8-9 sy 1.5 085S 1.4
9-10 2588 1.2 2164 1.1
10-11 021 1.0 1908 0.9
11-12 1688 0.8 1557 0.7
12-13 1416 0.7 1152 0.6
13-14 1210 0.6 1182 0.5
l1-15 988 0.5 956 04
15-16 582 0.4 869 04
16-17 {12 0.4 745 0.3
17-1R 651 0.3 594 0.3
18~19 599 0.3 538 0.2
19-20 506 0.2 500 0.2
20-21 465 0.2 461 0.2
2t-22 423 0.2 389 02
22-213 RIB 0.2 349 0.2
23-24 325 0.2 32 0.1
2.4-25 274 0.1 KDA} 0.2
>25 K7 1.6 1994 IR
Total 207942 100.0 220346 100.0

study, using the Mount Wilson data (Bogdan er al., 1988). Figure 2 shows the
distribution of the arcas for the data from each site. Note that in these comparisons,
we are not in all cases comparing images from the same days. Scasonal differences
in coverage undoubtedly affect the spot size differences, both in this tigure and in
the tables in this paper, especially for the largest spots, which are few in number,
and perhaps also to some extent for the rotation rate comparisons discussed below,

In order to test this proposed explanation (sampling differences) for the spot
size differences, we chose seven years near five different activity maxima and
examined in detail the numbers of spots with arcas greater than 40 prhemisphere,
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Fig. 2. Histograms of the distribution of sunspots hy arca (in prhemisphere). The two identical
A5-year data scts are used for this plot. The lower, hatched curve represents the Mount Wilson data,
and the upper curve is the Kodaikanal data.

These seven years represent a substantial fraction of the large spots seen in this data
sct. In these years there were 744 such spots measured on the Kodaikanal plates
and 463 such spots measured on the Mount Wilson plates. Altogether 188 of these
large spots were observed at both sites on the same days. Five-hundred forty of
the spots were measured at Kodaikanal on days when there were no observations
at Mount Wilson, and 259 of the spots were measured on the Mount Witson plates
on days when there were no observations at Kodaikanal. Only a few percent of the
large spots were missed at either site in the measurement process, judging from a
comparison with the sunspot drawings in Solar Geophysical Data, and many of
these are likely to be spots which developed between when the photographs were
taken and when the drawings were made. Thus statistical fluctuations account for
the diffcrences in the numbers of large sunspots measured at the two sites.
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7. Rotation Comparisons
Table 11 shows average rot

ation rates in deg day~" sidere

‘ : al for individual suns ols
in 5-deg latitude zones Tor the over] o

‘ apping 35-year data sets for Kodaikanal, Mount
Wilson, and the combined data set. For each latitude zone the standard deviation of

the mean is listed from the determination of the mean rate in thatzone, as well as the
number of spots that were measured in cach zone. Also given here is the sam;: set
of results for the full 46-year data set that is available for the Kodaikanal data, We
have also determined the coefticients and Biin the expressionw = A+ B sin? p
deg day~!, where & is the latitude, These solutions were determined for alf the
individual spots, not using the average latitude zones. For the 35-year Kodaikanal
data, A = 14.591 2 0.004 and B = —2.92 +(.042. For the same years, the Mount
Wilson result is A = 14.533 + 0.006 and 3 = —2.87 £ 0.071. For the combined
data set, A = 14.610 + 0.007 and I3 = —2.448 % 0.070. For the 46-year data set,
the Kodaikanal results are: A = 14.589 + 0.004 and B = -2.90%0.04.

It is clear that the average sunspot rotation rate is greater by about 0.4% (=
8 n s~' at the equator) for the Kodaikanal data than for the Mount Wilson data.
This is obtained from the equatorial rates listed above. This is a small dilference,
of course, nevertheless it is a significant difference, as may be judged from the
errors — which as noted above are likely to he overestimated ~ and from Figure 3,
which compares the latitude dependence of the rotation rate at the two sites, using
the 35-year data sets. This difference could be due to the fact that, as discussed
above, more smaller spots are measured in the Kodaikanal data set, and, as has
been determined previously, smaller spots rotate faster than larger spots (HGG).

In order to investigate this possibility further, and also in order to examine the
possibility that there are small systematic differences in the measuring technique
between the two measurers that might ead to systematic differences in the measured
arcus of some or all sunspots at the two sites, we have examined the rotation rate
of spots as a function of spot size from the two data sets. Figure 4 slzows a plot of
averape rotation rates for sunspots averaged over arca binsof | /.1!1cm|spl|.crc. It can
be scen in Figure 4 that the Kodaikanal rotation rates are significantly faster lhf\'n
the Mount Wilson rates in the interval 2-8 yrhemisphere by roughty 0.05 deg day ™,
or about (.3%. Curiously, the rotation rates of the smallest (1 jthemisphere) spots
are quite close. 3 o

Judging from the relative area distributions of lnbl’c [ and the rotation mt:
distributions of Figure 4, one can estimate that the rate differences secn i [ftgl;rc .
will alfect the average rotation rates at the twa sites h?' Fnough to nccmn]l or a
rotation rate difference of 0. 18% betweenthe two sites. 1 l.ns was d.onc by Wc'ﬁh“[’g
the rotmtion rates at each area bin by the number ofspolf in that bin u.l'lh'c (l)l‘ht.r'ﬁ‘!:c
and deriving an average rate for each site from these weighted quu.r;l‘ltlcs.' ' -1:.;:(;3
still leave about half the rotation rate difference between the two snu:‘ unqls:; clu .
for. This appears to be well within the errors of measurement, although, as discus:
above, these errors are overestimates.

o3
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Pig. 3 Rotation rate in deg day ™ averaged over S-deg hins of latitude for Mount Wilson (sotid
linesy mind Kodaikanal (dashed Hines) data, The identical 35-y car data sets are used for this plot Tull
crror hins tor this and the remaining figores are two standard errors, (For many of the points hese the
crror hare are smaller than the points)

Another possible cause for systematic rotation rate differences between the two
sites 18 a svstematic difference in the radius detevminations, This results from the
projection from the plane of the photographic plate to coordinates on the solin
surface. Such anerror in the measoed radivs coubd be caused by slightly ditferent
technigques used by the two measuters, for example. But this scems o bit unlikely.
In order to account for the full measured difference in rotation rate, the systenutic
difference in radius would have to be 2 are see. This is farger than the average
secing effect at cither site, and cortesponds to about 0.2 mm on the plates, Ttis
possible, however, that systematic differences in this quantity do exist and aflect
the totation results at some Jevel,

It is possible to estimate the cffect of radius crror on the rotation rate by
cxamining the rotation rate derived at various central weridian distances (CND<),
Because of projection clfects, the effects of radius errors on measured totation
ttes will be greater at greater distances from the central meridian. Figuae 5 shows
mverage totation rates for vattous CND values, This was done for umbial weas
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Fig. 4. Average mlali(zn rates for spots in arca hins of | jihemisphere. Circles and solid nes represent
the 3.?-) car Mount Wilson data set, and the x’s and dashed lines represent the same years in the
Kodaikanal data.

<1 pihemisphere only in order to avoid the effects of varying visibility of sunspots at
different CMD values combined with the faster rotation shown by smatfer sunspots.
Clearly there is little or no significant effect here. Lincar least-squares solutions for
the points that go into Figure 5 give identical slopes for the two data sets (+0.00003),
but the errors in each case are nearly the same as the slopes. Shown for reference
arc two modelled results (from a simple geometrical model of the projection of
coordinates on a sphere) for a (1. 1% and 0.2% error in radius — a radius imeasured
10 be too large by those amounts. The results for either site are probably within
that possible error, although the noise in this determination is somewhat higher
than the difference we are looking for. The very low value for the Mount Wilson
data nearest the limb also has a relatively large error bar. It should be noted that
the model results indicate that the error in the rotation rate should not change very
rapidly with CMD, nor does it depend significantly on latitude within the sunspot
belt nor on By. Furthermore, the percentage error in the derived rotation rate is
nearly equal to that in the radius for small values of CMD, so, for example, in the
0.1 modelled result shown in Figure 5, the ‘true’ rotation rate is 14.436 deg day ™',
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Fig. 8. Average rotation rates averaged over S-deg intervals of CMD, Circles and solid lines represent
the 35-ycar Mount Wilson data scf, and the x's and dashed lines represent the same years in the
Kodaikanal data. Also shown are the results of model calculations of rotation rates for the cases where
the measured radius is too large by 0.1% (upper dot-dgshed curve) and by 0.2% (lower dot-dashed
curve). Only spots with arcas less than 1 pthemisphere and CMDs greater than —45 deg (1o avoid
rotating beyond the 60-deg limit for measurements) were uscd here. There arc 29557 Kodaikanal
spots and 18919 Mount Wilson spots included in this calculation.

although the low-CMD value is 14.2 — and averaging all values would lcad to a
lower average than that.

Yet another potential source of error in rotation determinations is the image
distortion that results from the projection from the celestial sphere to the planc of
the photographic plate ina telescope system with a finite focal length (Smart, 1977).
The difference in these effects between two systems with different focal lengths
can, in principle, lead to systematic positional errors. However, the magnitude of
these crrors for the focal lengths of the instruments used for these observations
(== 0.003%) lics more than an order of magnitude lower than the smuatll dilferences
we find.

We should point out that a factor that will tend to muke the rotation rate from
the combined data set faster is the fact that the combined data sct will include more
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small spots than will the data set from cither site, because the smaller spots have
shorter lifetimes, and with only a 12-hour time difference between observations,
more of these small spots will be observed to ‘return’.

Furthermore, differential (with latitude) rotation results may be expected to be
affected by the rotation rate-spot size relationship because of possible differences
in spot size or in the visibility of smalter spots with latitude. This may be the cause
of the difference in the coefficient B between the Mount Wilson and Kodaikanal
results given above. The larger (absolute) value for Kodaikanal data suggests that
there is a greater fallofT of visibility of small spots with latitude in these data. This
hypothesis is supported by the finding that there is a much greater discrepancy in
average spot areas between the two sites at high latitudes than at low latitudes.

As atest of this hypothesis, Figure 6 shows residual rotation velocities of spots
from both sites. The residual rotational velocity is the rotational velocity of a spot
minus the average ratational velocity of all spots for that latitude. This climinates
the latitude effect in the rotation analysis. In this plot, which is similar to Figure 4,
there is no difference between the size dependence of the rotation rates for the two
sites, except for the smallest spots.

In addition, when differential rotation for the two sites is calculated only for
spots with areas greater than 5 pgrhemisphere, it is found that the values of I3 are
not significantly different. They arc —~2.58 £ (.04 for 10603 Mount Wilson spots
and —2.65 % 0.05 for 13079 Kodaikanal spots. The value of A derived in this
experiment is significantly reduced (about 14.4). The rather low valuc of /3 found
in this study for the combined data set is puzzling, and cannot be explained easily
by discrepancies in spot sizes. This effect will be examined in more detail in a later
study.

Altogether, this distribution of possible rotation rate errors should be a caution
to those who are tempted to trust any rotation rate determinations (tracer, Doppler,
or helioseismic) to one or two tenths of a percent. At this level of precision the
results are sensitive to a large array of possible systematic errors.

8. Summary and Conclusions

We may draw the following conclusions from this study:

(1) The agreement between the measured sunspot positions and rotation rates
derived from measurements of Kodaikanat and Mount Wilson white-light pho-
tographs is generally quite satisfactory.

(2) Combining the two data scts gives significantly more sunspot next-day
‘retums” than are derived from any one site.

(3) The differences in overall relative area distributions may be explained partly
by the fact that the Kodaikanal image scale is larger than that of the Mount Wilson
plates and partly by random sclection differences because of different weather
patlerns at the two sites.

(4) Small (= 0.4%) deviations in the average measured rotation rates of
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Fig. 6. Similar to Figure 4 except the ordinate is the residual rotation velocity Tor cach site (solid =
Mount Wilson: dashed = Kodaikanal). The residual rotation velocity of a spot is the rotation rate of
the spot minus the rotation rate of all spots for that latitude.

sunspots from the two sites are detected and are demonstrated to be due in part to
differences in the numbers of small spots measured at the two sites.

{5) Erors in the determination of the radius of the Sun can also affect the
derived rotation rates, but this effect does not appear to have a large influence on
these results.

(6) The latitude dependence of the derived rotation rate is shown to be sensilive
to the presence of small sunspots, which rotate faster than larger spots, and whose
distribution with latitude is visibility sensitive.

(7) In general, there are a number of subtle systematic differences that can
affcct rotation results at the level of 0.1 %.

Onc purpose in measuring the Kodaikanal data set is to compare various pa-
rameters with previous results from the Mount Wilson data. Another purpose is to
combine the two data sets to obtain a larger and more complete data set. For both
these purposes it is necessary to have data from the two sites that arc sufficicntly
similar to be comparable and compatible. This study demonstrates that we have
achieved that goal for spot areas and for spot rotation rates, at least to the level of
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a few tenths of a percent.

The spot rotation comparisons suggest that for high precision measurements,
one should be very careful about subtle, systematic effects. A similar conclusion
was reached in the earlier work (HGG) resulting from the discovery of the cffects
of small, systematic errors in image orientation on derived meridional flow rates.
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