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Abstract. The solar activity cycle is discussed in the broader context of
solar variability. It is pointed out that the Sun exhibits periodic, cyclic,
chaotic and stochastic phenomena. The origins of solar variability are
mentioned and the importance of secular variations of the solar cycle for
a putative influence of the Sun on the Earth’s climate is briefly discussed.

1. Introduction

The Sun can hardly be classified as an early-type star. As such, the source of
any cycles, cyclicities and periodicities exhibited by the Sun is quite distinct
from the sources of such phenomena in early type stars, which are the main
subject of the current volume. Nevertheless, cyclic solar variability may be of
some interest for studies of hot stars, since the Sun’s behaviour has been studied
very extensively and the possibility of resolving the Sun’s surface allows details
to be resolved that are not accessible on stars. Here we give a brief introduction
to the solar cycle, but also touch upon other properties of the variable Sun, such
as the periodic solar oscillations and secular variations.

2. Solar variability

The Sun varies on all time scales accessible to observations, from a fraction of
a second to centuries (Solanki, 2002), and is expected to change also on longer
time scales right up to its main-sequence life time. The way the variability
manifests itself, its sources and its statistical properties (periodic, cyclic, chaotic,
stochastic) all depend on the time scale of interest. Variability of different types
can also co-exist at a given time scale. For example, on a time scale of minutes
periodic, chaotic and stochastic phenomena are found. Chaotic signals at
this time scale are observed in solar radio bursts (Isliker & Benz, 2001). In
addition, the Sun exhibits a rich spectrum of non-radial oscillations with periods
of around 5 minutes. In Fig. 2. the period of the solar oscillations is plotted
versus horizontal wavelength. Such a representation of these highly non-radial
oscillations is only possible because the Sun’s surface can be resolved. Many
distinct ridges of power are visible, which are in turn composed of myriads of
individual peaks, as indicated by the inset of Fig. 2.. These p-mode oscillations
are thought to be excited by the turbulent motions present in the solar convection
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zone, i.e. by stochastic ‘noise’ (see e.g., Gough & Toomre, 1991; Brown &
Gilliland, 1994; Gough et al., 1996).
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At longer time scales of days to centuries the source of solar variability
is in one way or another the magnetic field. It produces both stochastic and
cyclic variability. The major exception is the period of 27.2573 days due to solar
rotation (the Carrington rotation period; although different latitudes rotate at
different rates). Solar rotation modulation is clearly seen, e.g. in the EUV
radiation of the Sun, as solar active regions, which are prodigious sources of
EUV radiation, rotate in and out of view. The modulation due to rotation is
often distorted, however, because the active regions evolve and decay and are
replaced by new ones at nearly random longitudes relative to the old ones.

The stochastic variability on minutes to months time scales produced by
the magnetic field is, on the one hand, related to the solar dynamo, which leads
to the seemingly random emergence of magnetic flux (which forms active regions
containing sunspots) and on the other hand to the interaction of the magnetic
field with convection, which leads to the evolution and destruction of active
regions and also produces such spectacular and dynamic phenomena as solar
flares or coronal mass ejections.
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3. The solar cycle

"The most prominent solar time-dependent phenomenon is the sunspot cycle or,
more generally, the solar activity cycle with a period of roughly 11 years. Within
this period of time the area covered, for example, by sunspots increases by over
an order of magnitude before dropping again. This area is plotted as a function
of time over an interval containing 11 cycles in the lower frame of Fig. 2.
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Figure2.  Top: The butterfly diagram shows the latitudes of sunspots
as a function of time, in particular exhibiting the evolution of these
latitudes over the solar cycle. Sunspots appear mainly at high solar
latitudes at the beginning of a new cycle but move closer to the Sun’s
equator when the cycle progresses. Bottom: Daily sunspot area record.

Over the activity cycle many more observables change than just the number
of sunspots or the area covered by them. For example, the latitudes at which the
sunspots are present evolve over the solar cycle, producing the so-called butterfly
diagram shown in the upper panel of Fig. 2. This point is also illustrated in
Fig. 3. There the Mgl core-to-wing ratio (Fig. 3b) describes the disc integrated
brightness (radiative flux) in the core of MgIl at 280 nm, relative to the flux
in the line wing. This index is a measure of the chromospheric response to the
change in solar magnetic flux. The 10.7 cm flux (Fig. 3d), although at the other
end of the spectrum, also reflects the upper solar atmosphere’s response to the
magnetic field. Obviously, emission in a number of spectral bands (including the
total solar irradiance, Fig. 3¢, which is the wavelength integrated flux of the Sun
measured above the Earth’s atmosphere) changes in step with the sunspots, as
do many more indices and features (e.g., the frequencies of solar p-modes).
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Figure 3. Monthly averages of different indicators of solar mag-
netic activity for the last 2.5 cycles. a) Ziirich sunspot number;
b) Mg II core-to-wing ratio (NOAA; Viereck & Puga 1999);: ¢) To-
tal solar irradiance (PMOD/WRC, Davos, Switzerland; Frohlich &
Lean 1998); d) Solar radio flux at 10.7 cm in solar flux units, where
1sfu =10"2Wm™2Hz"! (NRC, Canada).
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Figure 4. Magnetograms of the full solar disc obtained by the MDI
instrument (Scherrer et al., 1995) on SOHO in December 1996 (left)
and May 2001 (right) and averaged over 20-minutes.

From solar activity minimum to maximum the face of the Sun changes
completely if it is observed at the appropriate wavelengths (e.g., cores of strong
lines, radio, EUV and X-rays). Underlying all these changes is the magnetic
field, which itself evolves strongly from activity minimum to maximum. In
Fig. 4 we plot 2 magnetograms one recorded near minimum, the other near
maximum of activity of solar cycle 23. White and black patches denote the
presence of positive and negative polarity flux, respectively. Obviously, many
more active regions, seen here as large bipolar patches of field, are present at
activity maximum. Not so clearly visible in this figure but nonetheless present
is a network of field covering the whole Sun with a salt-and-pepper pattern at
all times during recent cycles. Thus the Sun changes its total magnetic flux only
by a factor of 2 between activity minimum and maximum (Krivova et al., 2002).

Figure 5 provides an illustration that it really is the magnetic field which
produces the observed variability in the solar irradiance measured by the VIRGO
instrument on SOHO (solid line) over roughly half a solar cycle. Over-plotted
on the measurements are the results of model calculations that are based on
the assumption that all the solar irradiance changes are due to the evolution
of the magnetic field on the Sun’s surface (stars). Only a single free parameter
is available to the model, which also simultaneously reproduces a whole set
of further observations. The excellent correspondence between the two time
series suggests that the assumption underlying the model is correct and also
demonstrates that on time scales up to the solar cycle our understanding of the
sources of solar irradiance variations is relatively advanced.
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4. Secular change of the solar cycle and climate

A look at Fig. 2 reveals that in spite of many similarities each cycle is distinct
from the others, most obviously in amplitude, less obviously in the cycle length,
the maximum latitudes at which sunspots are seen, and in other parameters.
The length of the solar cycle during the last roughly 150 years is plotted in
Fig. 6. It changed by approximately 20% in this period of time.
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Figure 5. Reconstruction (asterisks) of total solar irradiance from
MDI magnetograms for about 1500 individual days between 1996 and
2001, i.e. the minimum of cycle 23 and its maximum. The irradi-
ance record measured by VIRGO is represented by the solid line. The
two panels on the top show a zoom-in to two shorter intervals during
low and high activity periods. These periods are indicated by darker
symbols in the lower panel.

A much more drastic change than shown in Figs. 2 or 6 happened in the
17th century, when hardly any sunspots were seen during more than 50 years.
This period is called the Maunder minimum. The coincidence of the Maunder
minimum with the little ice age, as well as the excellent correlation of solar cycle
length with Northern hemisphere air temperature over land masses (Fig. 6),
suggests that solar variations have an effect on the Earth’s climate, although
chance correlations cannot be ruled out. This is particularly strong caveat since
a priori neither the number of sunspots nor the cycle length are expected to
directly influence climate.

Since the signature in the climate record of the solar cycle is extremely weak,
even undetectable, it is the secular variation of the cycle and associated slow
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Figure 6.  1l-year running mean of the annual average northern hemi-
sphere land-air temperature relative to the average temperature 1951
1980 and the filtered length of the sunspot cycle (from Friis-Christensen
& Lassen, 1994).

changes of other quantities which are the most important possible contributors.

Of more direct potential relevance for the climate are the Sun’s irradi-
ance and the quantity underlying all solar activity, the magnetic field. Unfortu-
nately, regular and detailed measurements of the Sun’s surface magnetic field are
only available for a few decades, not long enough for comparison with climate.
Records of the solar irradiance are available for an even shorter length of time.
However, much longer records exist for proxies of the Sun’s open magnetic flux
such as the geomagnetic aa index (Lockwood et al., 1999) and the concentration
of the cosmogenic isotope Be in ice cores (Beer et al., 1990). At the same time
the sunspot number record, which goes back to 1610, provides a measure of the
magnetic flux emerging from the solar interior to the surface. Using it Solanki
et al. (2000, 2002) were able to reconstruct the Sun’s open and total magnetic
flux. The open flux reconstructed in this manner is plotted in Fig. 7 (thick solid
curve) and compared with the open flux reconstructed by Lockwood et al. (1999;
light shaded curve starting in 1860) and the °Be record in Greenland ice (dotted
curve). Obviously, the 3 curves agree very well with each other. It is noticed
that the open magnetic flux, although following the cycle, stays at a high level
even at recent activity minima. Also, it exhibits a strong secular trend, being
almost zero at the end of the Maunder minimum and increasing to high levels at
current times. This secular variation depends on both the maximum rate of flux
emergence (the sunspot cycle amplitude) and the length of the cycle. The latter
dependence is of particular interest given the excellent correlation between cycle
length and a climate indicator found by Friis-Christensen & Lassen (1991; see
Fig. 6).

Finally, knowledge of the magnetic flux allows the solar irradiance to be
reconstructed. This has not been done as yet employing the models of Solanki
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Figure 7.  Evolution of the open magnetic flux at the solar surface
since the end of the Maunder minimum in 1700. Model predictions by
Solanki et al. (2000) are represented by the thick solid curve, recon-
structions by Lockwood et al. (1999) based on geomagnetic indices by
the light shaded curve beginning around 1860 and the °Be concentra-
tion in ice cores (corresponding to the inverted scale on the left y-axis,
Beer et al., 1990) by the dotted curve.

et al. (2002). However, other, more indirect indicators also point to a strong
secular change in solar irradiance (e.g., Baliunas & Jastrow, 1990; White et al.,
1992). Using the various indications models have already previously been con-
structed (e.g., Hoyt & Schatten, 1993; Lean et al., 1995; Solanki & Fligge, 1998,
1999).

In Fig. 8 the irradiance reconstructions of Solanki & Fligge (1999), com-
bined with direct measurements wherever available, are compared with records
of the Earth’s temperature. All curves have been subjected to an 11-year run-
ning mean. Clearly, prior to 1980 the irradiance reconstruction runs parallel to
or ahead of the climate curves. This is consistent with a solar cause of a consid-
erable fraction of the temperature variations prior to that date. This does not
mean, however, that other sources, e.g. the natural variability of the Earth’s
atmosphere, did not contribute (see Bengtsson, this volume). It is highly likely,
however, that after 1980 the Sun has not contributed in any significant way to
global warming.

5. Conclusions

Like most stars, the Sun is variable, with variations being observed on a wide
range of time scales and by many observables. The main cause of these vari-
ations, apart from solar evolution, rotation and eigen oscillations, is the time-
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Figure 8.  Total solar irradiance and terrestrial temperature vs. time
for irradiance reconstructions with an increase in the 11-year averaged
irradiance between 1700 and 1980 of 4 Wm™?2 (Solanki & Fligge, 1999;
Fligge & Solanki, 2000). The solid curves prior to 1985 represent ir-
radiance reconstructions (thick curve: cycle-length based, thin: cycle-
amplitude based). From 1985 onwards they represent total irradiance
measurements (solid: composite of Frohlich & Lean 1998; dot-dashed:
composite following Willson 1997). The dashed curves represent global
(thick) and northern hemisphere (thin) temperatures. All curves have
been smoothed by an 11-year running mean. After the epoch marked

by the vertical dotted line the averaging period has been successively
reduced.

dependent magnetic field of the Sun. The most prominent example of this
variability is the 11-year cycle seen in many proxies of solar activity. Such cyclic
activity turns to be typical among late-type stars, but the possibility to resolve
the Sun’s surface makes it by far the best studied example. Studies of other
stars and their evolution in turn furnish insights into the mechanisms of solar
variability on longer time scales, which is of great importance for understanding
the causes of changes of the Earth’s climate.

References

Baliunas S., Jastrow R. 1990, Nature 348, 520

Beer J., Blinov A., Bonani G. et al. 1990, Nature 347, 164
Brown T.M., Gilliland R.L. 1994, ARA&A 32, 37

Fligge M., Solanki S.K. 2000, GRL 27, 2157

Frohlich C., Lean J. 1998, in IAU Symp. 185: New Eyes to See Inside the Sun
and Stars, ed. F.L. Deubner (Dortrecht: Kluwer), 89

Friis-Christensen E., Lassen K. 1991, Science 254, 698



432 Solanki & Krivova

Friis-Christensen E., Lassen K. 1994, in The Sun as a Variable Star: Solar and
Stellar Irradiance Variations, ed. J.M. Pap, C.Fréhlich, H.S. Hudson, & S.K.
Solanki (Cambridge: Cambridge Univ. Press), 339

Gough D., Toomre J. 1991, ARA&A 29, 627

Gough D.O., Kosovichev A.G., Toomre J. et al. 1996, Science 272, 1296
Hoyt D.V., Schatten K.H. 1993, JGR 98, 18895

Isliker H., Benz A.O. 2001, A&A 375, 1040

Krivova N.A., Solanki S.K., Fligge M. 2002, ESA-SP 508, 155

Lean J., Beer J., Bradley R. 1995, GRL22, 3195

Lockwood M., Stamper R., Wild M.N. 1999, Nature 399, 437
Scherrer P.H., Bogart R.S., Bush R.I. et al. 1995, Sol.Phys. 162, 129
Solanki S.K. 2002, Sp. Sci. Rev., in press

Solanki S.K., Fligge M. 1998, GRL 25, 341

Solanki S.K. 1999, GRL 26, 2465

Solanki S.K., Schiissler M., Fligge M. 2000, Nature 408, 445
Solanki S.K., Schiissler M., Fligge M. 2002, A&A 383, 706

Viereck R.A., Puga L.C. 1999, JGR 104, 9995

White O.R., Skumanich A., Lean J., et al, 1992, PASP 104, 1139
Willson R.C. 1997, Science 277, 1963

Discussion

Andronov: Besides the solar cycle of 11 years (and longer) and the rotation pe-
riod (and shorter scales), are there any preferred time scales of solar variability?
Does the spectrum obey a power law, resembling a fractal variability?

Solanki: The spectrum basically obeys a power law, with some strong local
peaks (e.g. around 5 minutes due to p-mode oscillations) and some broader,
gentle bumps whose origin is not yet clear. According to the textbooks the
variations on time scales of minutes to days are caused by the evolution of
different types of convection cells, but this needs to be checked and understood.
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