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ABSTRACT

The Sun’s magnetic cycle manifests itself in an
���

year
periodic variation in the number of sunspots seen on the
solar surface and a periodic reversal in the polarity of
its large-scale magnetic fields. Exploring the origins of
this magnetic cycle can unravel the physical mechanisms
at work in the interior of magnetized stars like the Sun.
Such studies are also important for understanding how
the Sun’s magnetic output shapes the near-Earth Space
environment. Over half a Century of research suggests
that a magnetohydrodynamic dynamo mechanism pro-
duces the magnetic activity that we see in Sun-like stars.
In this review, following a summary of solar observa-
tions and the main aspects of the dynamo mechanism, I
shall go on to discuss recent theoretical and observational
developments, which provide evidence that a meridional
flow of material in the interior of the Sun and the inter-
action of this flow with magnetic fields, is primarily re-
sponsible for controlling the period and perhaps also the
strength of the solar magnetic cycle.
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1. AN INTRODUCTION TO SOLAR MAGNETIC
FIELDS

The Sun – our nearest star – has been a subject of interest
and wonder since the dawn of civilization. More lately,
it has been the subject of intense scrutiny and active re-
search. While its general role in sustaining life has been
appreciated since ancient times, it is only in the recent
past that it has become apparent that the Sun – through
its dynamic activity – modulates near-Earth Space and
influences global climate here on Earth.

The source of solar variability and explosive solar phe-
nomena can be traced back to the presence of magnetic
fields on the Sun. It is also important to realize that the
Sun is not unique in the Universe, nor are the magnetic
phenomena that is observed in the Sun. By virtue of its

physical proximity and being amenable for close scrutiny,
the Sun is then a rosetta stone for astronomy, giving clues
to deciphering the activity of other Sun-like stars and un-
derstanding the role of magnetic fields in other astrophys-
ical systems.

While records of solar observations, including observa-
tions of sunspots, exist from pre-biblical times, “modern”
day studies of the Sun originated with the invention of
the telescope and followed with observations by Fabri-
cius, Galileo, Harriot and Scheiner in the early

���
th Cen-

tury. At about the middle of the
���

th century, Schwabe
(1844) - who at that time was involved in observing the
behavior of sunspots, realized that the number of spots
seen on the solar surface increases and decreases with a
period of about 11 years. Soon afterwards, Carrington
(1858) found out that sunspots seem to appear at lower
and lower latitudes with the progress of the solar cycle.
At that time, of course, there was no evidence to con-
nect sunspots with magnetic fields. That evidence came
almost half a century later, when Hale (1908) made the
monumental discovery of magnetic fields in sunspots (by
observing Zeeman effect in sunspot spectra). Not only
was that the first detection of magnetic field outside of
the Earth, the inferred strength of the sunspot magnetic
field � 3000 G (Gauss), turned out to be orders of mag-
nitude higher than the Earth’s own magnetic field. Hale
and his fellow observers made many more significant dis-
coveries (Hale et al., 1919). They observed that often
two large sunspots with opposite magnetic polarities ap-
pear side by side. Joy, one of Hale’s colleagues, found
out that the line joining the two spots of such a bipolar
sunspot pair has a systematic tilt with respect to the East-
West direction, which increases with increasing latitude
– a result later termed as Joy’s law. It was also noted that
such bipolar sunspot pairs have opposite polarities in the
northern and southern hemispheres (Fig. 1).

Many years of observation have now firmly established
that the sunspot cycle has a mean period of 11 years (with
very minor variations around it). At the beginning of
a new cycle, sunspots start appearing at about �	��
 lati-
tude and with the progress of the cycle more and more
sunspots appear at lower and lower latitudes. At the end
of 11 years, a new cycle starts with bipolar sunspot pairs
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Figure 1. A magnetogram image of the solar surface
showing bipolar sunspot pairs. White denotes positive
polarity while black denoted negative polarity sunspots.
Note how the bipolar sunspot pairs have opposite po-
larity orientation in the two hemispheres – in any given
cycle – with positive polarity sunspots appearing on the
right hand side in the northern and on the left hand side
in the southern hemisphere (this relative orientation re-
verses from cycle to cycle).

which have opposite magnetic polarity to that of the pre-
vious cycle, appearing again at about �	� 
 latitudes. Thus,
if one considers not only the number of sunspots but also
their sign, the full cycle constitutes 22 years.

After the development of the magnetograph by Babcock
and Babcock (1955), it became possible to study the
much weaker magnetic field that is distributed on the so-
lar surface outside of sunspots. This field is of the order
of 10 G and is found to be predominantly concentrated
near the poles (Babcock, 1959). It became clear later that
this weaker field is distributed in large unipolar patches
that migrate poleward with the progress of the solar cycle
(Bumba and Howard, 1965; Howard and LaBonte, 1981;
Wang et al., 1989a). This weak, diffuse field contributes
to the polar field reversal at the time of solar maximum
(the phase when the maximum number of sunspots are
seen on the solar surface) – resulting in a flipping of the
large-scale solar dipole. It turns out that this polarity re-
versal also happens at intervals of 11 years and this shows
that the cycle of the weak, diffuse field, is intimately con-
nected to the sunspot cycle.

Fig. 2 attempts to capture both the sunspot cycle as well
as the cycle of the weak, diffuse field in one unified
picture. The latitude-time evolution of the longitude-
averaged weak, diffuse field is depicted in gray-scale.
Overlaid on this are vertical black lines which show the
latitudinal distribution of sunspots at a given time. The
equatorward propagation of the sunspot formation belt
as well as the poleward propagation of the weak, diffuse
field is clearly discernable. Note also that the weak, dif-
fuse field near the poles reverses its polarity at the time

Figure 2. Latitude versus time plot of the surface distribu-
tion of sunspots as well as the weak, diffuse field. Image
courtesy: Alexander G. Kosovichev.

when the maximum number of sunspots are seen on the
solar surface.

While this is a rather limited overview of the observed
characteristics of the solar cycle, for the time being this
will serve our purpose and would be sufficient to go on to
the next step, where we outline the development of solar
dynamo theory – the subject that attempts to explain the
aforementioned observations.

2. DEVELOPMENT OF IDEAS IN SOLAR DY-
NAMO THEORY

Temperatures in the solar interior are in excess of a mil-
lion degrees. At such high temperatures, matter exists in
the ionized or plasma state. About the same time when
the magnetic nature of the solar cycle was being estab-
lished by various observations, independent efforts were
on to develop a theory which describes the behavior of
magnetic fields in a plasma. This theory, which came to
be known as Magnetohydrodynamics (MHD), was pio-
neered by Hannes Alfvén - a Swedish physicist. Before
we go on to the main issue, i.e. the dynamo generation of
magnetic fields, it would be useful to acquaint ourselves
with some of the basic principles that govern the dynam-
ics of magnetic fields in plasma. Outer envelopes of stars
like the Sun can sustain large and small scale motions due
to the presence of vigorous turbulent rolls. This envelope
– known as the convection zone – is our region of interest
because the kinetic energy of the plasma motion in this
region of the star can be used to generate magnetic en-
ergy or magnetic fields. The governing equation for the
magnetic field in a moving plasma – one of the funda-
mental equations of MHD – is the induction equation���
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