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Abstract

Systematic daily mapping of the Sun’s magnetic field by recording the
Zeeman effect polarization across the full solar disk has been carried out
at the Mount Wilson Observatory (operated by the University of Cali-
fornia, Los Angeles) since the 1960s, and at the Kitt Peak Observatory
(National Solar Observatory, Arizona) since the 1970s. These magnetic
maps or “magnetograms” show a highly complex magnetic pattern with
a coexistence of all spatial scales. While the diverse components of this
pattern (including the sunspot contributions) have various, limited life
times, the global pattern itself evolves in a complex and non-random way
with the 22-year magnetic cycle, which is produced by dynamo processes
in the interior of the Sun.

Dynamo theories provide a general framework for the generation of
macroscopic magnetic fields everywhere in the universe, in planets such
as the Earth, in Stars, and galaxies. The oscillating solar dynamo pro-
vides a special case that can be explored in great detail and therefore
serves as foundation for the application of dynamo theories elsewhere.
The underlying notion of the solar dynamo is that the amplification and
build-up of macroscopic magnetic fields is the result of the interaction be-
tween weak magnetic “seed” fields, convective turbulence and differential
rotation. How all this leads to the observed 22-year magnetic cycle of the
Sun cannot be properly modeled yet, and the theoretical understanding
has to be guided by empirical data.

The purpose of this thesis has been to analyze in detail specific as-
pects of the vast information contained in the very extensive data sets of
full-disk magnetograms available from Mount Wilson and Kitt Peak. We
have focused mainly on the temporal evolution of large-scale magnetic
fields to shed light on the properties of the underlying dynamo inside the
Sun. We have found evidence for distinct north-south asymmetries and
regular (quasi-) periodic variations in the magnetic field on time scales
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shorter than the 22-year cycle. In particular, a biennial oscillation of
2.3± 0.2 yr occurred during the activity maxima of solar cycles 20–22
(1965–1997) and likely also during the current cycle 23 (since 1997). It
was strongest for modes that resemble non-linear dynamo waves. Varia-
tions with slightly shorter periods of 1.5–1.8 yr were strong during cycles
21 and 23 and much weaker during cycles 20 and 22. A ∼ 1.3 yr period
occurred during cycles 21–23 and likely also during cycle 20, showing
the opposite behavior: it was definitely stronger during cycle 22 than
during cycles 21 and 23. Butterfly diagrams of the magnetic flux indi-
cate that this 1.3 yr period is likely to be related to large-scale magnetic
surges toward the poles. The 1.3 yr period is of special interest since
recent helioseismic studies indicate a similar periodicity in the solar ro-
tation rate at the bottom of the convection zone, where the dynamo
is assumed to be located. Furthermore, we have detected an entire set
of quasi-periodicities in the range between 100 and 350 days (including
the Rieger period around 155 d) that are in good agreement with pe-
riod estimates for Rossby-like modes (known from geophysics). Finally,
the large-scale photospheric magnetic fields are found to rotate almost
rigidly with often well-defined rotation periods that may differ not only
from cycle to cycle but also between the hemispheres. We assume that
this behavior is related to activity complexes (regions with increased flux
emergence), which persist for several consecutive rotations.

Although the present analysis is far from being complete, we are
confident that it provides a useful overview of the main quasi-periodic
oscillations that have occurred in the large-scale magnetic field of the
Sun over the last four cycles 20–23, and we hope that it may add a few
more missing pieces to the puzzle which our Sun still is.



Zusammenfassung

Systematische tägliche Messungen des Magnetfeldes der Sonne wer-
den mittels des Zeeman-Effekts seit 1966 am Mount Wilson Observa-
torium (UCLA, University of California, Los Angeles) und seit 1974
am Kitt Peak Observatorium (NSO, National Solar Observatory, Ari-
zona) durchgeführt. Die resultierenden Magnetfeldkarten (oder “Magne-
togramme”) zeigen ein sehr komplexes magnetisches Muster, das sich
über alle räumlichen Skalen erstreckt. Während die verschiedenen
Komponenten dieses Musters (einschliesslich der Sonnenflecken) unter-
schiedliche, begrenzte Lebensdauern haben, entwickelt sich das globale
Muster in einer komplexen und nicht zufälligen Art mit dem 22-jähri-
gen magnetischen Zyklus, welcher durch Dynamo-Prozesse im Innern der
Sonne erzeugt wird.

Dynamo-Theorien liefern den allgemeinen Rahmen für die Entste-
hung von makroskopischen Magnetfeldern überall im Universum, sei es
in Planeten wie unserer Erde, in Sternen oder in Galaxien. Der oszil-
lierende Sonnendynamo ist ein Spezialfall, weil er bis in kleinste Details
untersucht werden kann und deshalb als Grundlage für die Anwendung
von Dynamo-Theorien in anderen Bereichen dient. Die zugrundeliegende
Idee des solaren Dynamos ist, dass der Aufbau und die Verstärkung von
makroskopischen Magnetfeldern das Resultat der Wechselwirkung von
ursprünglich schwachen Magnetfeldern mit konvektiver Turbulenz und
differentieller Rotation ist. Wie all dies zum beobachteten 22-jährigen
magnetischen Zyklus der Sonne führt, kann jedoch noch nicht zufrieden-
stellend modelliert werden, und das theoretische Verständnis muss durch
empirische Daten unterstützt werden.

Das Ziel dieser Doktorarbeit ist es, einige Aspekte der Informa-
tionsvielfalt, die in den sehr umfangreichen Magnetogramm-Datensätzen
der Mount Wilson und Kitt Peak Observatorien enthalten ist, genauer
zu analysieren. Das Augenmerk richtete sich dabei hauptsächlich auf
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die zeitliche Entwicklung der grossskaligen Magnetfelder, um die Eigen-
schaften des zugrundeliegenden Dynamos im Innern der Sonne besser zu
verstehen. Dabei haben wir Hinweise auf ausgeprägte Nord-Süd Asym-
metrien sowie gleichmässige (quasi-) periodische Variationen im Magnet-
feld gefunden, die kürzer sind als der 22-jährige Zyklus. Speziell ist eine
etwa zweijährige Oszillation (mit einer Periode von 2.3 ± 0.2 Jahren),
welche während den Aktivitäts-Maxima der Sonnenzyklen 20–22 (1965–
1997) und wahrscheinlich auch während demjenigen des aktuellen Zyk-
lus 23 (seit 1997) auftrat. Sie war am stärksten ausgeprägt für Moden,
die nichtlinearen Dynamo-Wellen gleichen. Variationen mit etwas kürz-
eren Perioden von 1.5–1.8 Jahren waren während den Zyklen 21 und 23
stark ausgeprägt und während den Zyklen 20 und 22 sehr viel schwächer.
Eine ca. 1.3 jährige Periode trat während den Zyklen 21–23 auf und
wahrscheinlich auch während dem Zyklus 20, zeigte aber das entge-
gengesetzte Verhalten: sie war eindeutig stärker während Zyklus 22 als
während den Zyklen 21 und 23. Schmetterlingsdiagramme des Magnet-
feldes zeigen, dass diese 1.3 jährige Periode wahrscheinlich mit grossskali-
gen magnetischen Strömen verknüpft ist, die sich in Richtung der Pole
bewegen. Sie ist von speziellem Interesse, da helioseismische Unter-
suchungen auf eine ähnliche Periode in der solaren Rotationsrate am un-
teren Ende der Konvektionszone, dem vermuteten Sitz des Dynamos, hin-
deuten. Zusätzlich haben wir eine ganze Reihe von Quasi-Periodizitäten
im Bereich von 100 bis 350 Tagen entdeckt (einschliesslich der Rieger Pe-
riode von ∼ 155 Tagen), welche sich in guter Übereinstimmung mit den
geschätzten Perioden von Rossby-ähnlichen Wellen befinden (welche aus
der Geophysik bekannt sind). Was die Rotation der grossskaligen Mag-
netfelder in der Photosphäre anbetrifft, so rotieren diese beinahe starr
mit oft gut definierten Rotationsperioden, welche nicht nur von einem
Zyklus zum anderen unterschiedlich sein können, sondern auch zwischen
der Nord- und der Südhalbkugel. Wir nehmen an, dass dieses Verhal-
ten verknüpft ist mit sogenannten Aktivitäts-Komplexen (Regionen mit
erhöhter magnetischer Aktivität), welche während mehreren aufeinan-
derfolgenden Rotationen existieren können.

Obwohl die hier präsentierte Analyse alles andere als abgeschlossen
sein kann, so sind wir doch zuversichtlich, dass sie einen nützlichen
Überblick über die wichtigsten quasi-periodischen Variationen vermittelt,
die im grossskaligen Magnetfeld der Sonne über die letzten vier Zyklen
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20–23 aufgetreten sind, und wir hoffen, dass sie einige der fehlenden
Teile zur Lösung des Rätsels, welches unsere Sonne noch immer darstellt,
beifügen kann.





Chapter 1

Setting the scene

The Sun has attracted human attention at all times. Since the invention
of the telescope and first detailed drawings of dark spots on the solar
disk by Galileo Galilei in the early 17th century, a particular aspect
has come to the fore for astronomers: solar activity. While the general
interest was initially aimed at the appearance and the varying numbers
of these sunspots, it is now known that they are a direct consequence
of the existence of a magnetic field on the Sun. This field occurs on all
scales, from structures at or below the present limit of resolution up to
entire hemispheres, and it is responsible for a wide variety of activity
related phenomena some of which can affect the Earth and very likely
the climate. It is therefore of general interest to understand how the solar
magnetic field is generated and how it evolves over time. Furthermore,
the Sun is the only star whose surface can be observed in great detail
and thus plays an important role in the understanding of other stars.

A vast amount of information on the magnetic field of the Sun has
become available over the last decades through daily full-disk magnetic
maps recorded at ground-based solar observatories. Some of the results
using these data sets are presented in the following chapters. A brief in-
troduction to observational and theoretical aspects of the solar magnetic
field is given in the sections of this chapter.

1.1 Relevant observations

Daily observations of sunspots were carried out in Zurich from 1749 to
1980. It was first noted by the german astronomer Schwabe (1844) that
the number of sunspots observed on the solar surface shows a pronounced
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Figure 1.1: The yearly averaged sunspot number vs. time. Courtesy: David

Hathaway (http://science.msfc.nasa.gov/ssl/pad/solar/sunspots.htm).

cycle with an average period of about 11 years. In 1848, J. R. Wolf, who
became later the director of the Zurich Observatory, devised a method of
estimating solar activity by introducing the relative sunspot number R
defined as R = k(10g + f), where g is the number of sunspot groups ob-
served, f is the total number of spots within the groups and k is a scaling
factor relating the observer and telescope to a baseline (cf. Fig. 1.1). By
coincidence, R is nearly proportional to the total area on the Sun cov-
ered by spots. Wolf managed to establish the cycle backwards in time by
evaluating the notes of earlier solar observers. An overview of the avail-
able data is given in Fig. 1.1 for the time interval 1610–2000. Besides
the obvious ∼ 11 yr cycle, the sunspot number apparently follows also a
longer cycle with a period of ∼ 80–100 yr that is known as the Gleisberg
cycle (Gleissberg 1939). Note that the large gap between ∼ 1650–1720 is
not due to missing data since a systematic study of solar properties was
undertaken by the French School of Astronomy at the time (Sokoloff &
Nesme-Ribes 1994). The number of sunspots was indeed extremely low
during that period known as the Maunder minimum. We will return to
this point later in the chapter (cf. Sect. 1.4).

Individual sunspots live from a few days to a few weeks. They ap-
pear at relatively high latitudes between 30◦ − 40◦ at the beginning of
a new 11yr cycle (lasting from one minimum to the following and num-
bered beginning with the minimum around 1755). As the cycle advances,
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sunspots occur at lower and lower latitudes. While the last sunspots of
the ending cycle are found within ±10◦ around the equator, the new
sunspots of the following cycle already appear again at high latitudes,
so that cycles overlap each other. This behavior was described by Car-
rington (1858) and subsequently studied by G. Spörer since 1860. It is
thus often called Spörer’s law. The latitudinal migration of sunspots is
best seen in a “butterfly” diagram as introduced by Maunder (1922). A
recent example is shown in Fig. 1.2.

Using the Zeeman effect (cf. appendix A), G.E. Hale (1908) discov-
ered that sunspots are regions of strong magnetic fields with typical field
strengths of ∼ 3000 Gauss (0.3 Tesla). For comparison, the terrestrial
magnetic field is ∼ 0.5 Gauss. Later, Hale et al. (1919) found that
sunspots often appear in close pairs having the opposite polarity. The
(in the sense of rotation) leading spot usually appears at slightly lower
latitudes than the following spot. This systematic tilt decreases with de-
creasing latitude which is known as Joy’s law (named after a coworker of
Hale). The magnetic configuration of such bipolar active regions is also
opposite between the hemispheres and constant during a given cycle, but
reversed during the following cycle. For instance, the leading spots in the
northern hemisphere have positive and the following spots consequently
negative polarity during a specific cycle, while the leading spots in the
southern hemisphere have negative and the following spots positive po-
larity. The next cycle then shows the opposite configuration, so that the
initial magnetic configuration reoccurs after two complete sunspot cycles.
The complete magnetic cycle is therefore 22 years, which is illustrated
in Fig. 1.3. Shown are two magnetic maps (magnetograms) of the Sun
and the corresponding continuum intensity images, recorded during the
activity maxima in 1990 and 2000, respectively. Clearly visible is that
the magnetic configuration has changed between the two sunspot cycles.

Besides the strong field concentrations in sunspots, the magnetograms
in Fig. 1.3 show that diffuse magnetic fields are distributed over the
entire solar disk. At the poles, this field is of the order of 10 G and
has the same polarity as the leading spots in the respective hemisphere.
However, the polar field reverses its direction already at the time of
sunspot maximum, when sufficient field of opposite polarity (often from
decaying following sunspots) has been brought near the poles. Such
large-scale poleward drifts or surges of one predominant polarity can be
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Figure 1.2: Upper panel: butterfly diagram of sunspots. Shades indicate the area covered by sunspots at a given

latitude (on the y-axis) and time (on the x-axis). Clearly visible is that spots appear at high latitudes at the

beginning of a new cycle and at gradually lower latitudes while the cycle advances. The resulting pattern reminds

one of butterflies. Lower panel: Relative area as percentage of the visible solar surface covered by sunspots. Cycle

numbers are indicated. Courtesy: D. Hathaway (http://science.msfc.nasa.gov/ssl/pad/solar/sunspots.htm).
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Figure 1.3: Continuum intensity images of the Sun and full disk magne-

tograms recorded at the Kitt Peak National Solar Observatory. Upper left: A

rudimentary 4-bit continuum intensity image of the Sun recorded in January,

1990, showing several dark Sunspots. North is on top, west is to the right, rota-

tion is from east to west. Lower left: Line-of-sight component of the magnetic

field, recorded at the same day. Dark and bright shades indicate negative and

positive polarities, respectively. The leading spots in the northern hemisphere

have negative polarity, whereas the leading spots in the southern hemisphere

have positive polarity. Upper/Lower right: Similar images recorded in Febru-

ary, 2000, with a more sophisticated magnetograph. Clearly visible is that

the polarities in the two hemispheres have changed. The leading spots in the

northern hemisphere have now positive polarities, in the southern hemisphere

they have negative polarities.
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Figure 1.4: Synoptic map of the radial magnetic field as function of sine latitude (on the y-axis) and longitude

(on the x-axis). Positive polarities appear white, negative polarities appear black. The map shows Carrington

rotation 1960 (February, 23 – March, 25, 2000).
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readily seen in synoptic (from greek “synopsis”, a ”seeing-together”, brief
overview) maps, which approximate the radial magnetic field density as
a function of heliographic latitude and longitude. These maps are pieced
together from daily magnetograms obtained over one rotation period
(∼ 27 days). See Harvey & Worden (1998) and Worden & Harvey (2000)
for details. An example of such a synoptic map is shown in Fig. 1.4.

Now that we have considered some basic properties of the large-scale
solar magnetic field, we will briefly introduce in the following two sec-
tions the theoretical framework that is commonly used to explain these
properties.

1.2 A brief introduction to MHD

In addition to the three familiar states of matter (solid, liquid, gas),
the solar atmosphere is a plasma, where the atoms have split into ions
and electrons. These charged particles can float around freely, so that the
plasma is electrically conducting and currents can flow. As we know from
electrodynamics, electric currents induct magnetic fields. The interaction
between the solar atmosphere (treated as a continuous medium) and its
magnetic field is described by the equations of magnetohydrodynamics
(MHD), which is partly based on electrodynamics and fluid mechanics
(cf., for example, Jackson 1975; Stix 2002; Choudhuri 2003; Priest 2003).

1.2.1 Basic equations

The Maxwell equations of electromagnetism are (in SI-units):

∇×H = j +
∂D

∂t
, (1.1)

∇×E = −∂B

∂t
, (1.2)

∇ ·B = 0 , (1.3)

∇ ·D = ρc , (1.4)

where for a vacuum or low density plasma B = µ0H and E = ε0D. Here
H is the magnetic field, B the magnetic induction (often loosely referred
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to as magnetic field), E the electric field, D the electric displacement,
j the electric current density, ρc the charge density, µ0 the magnetic
permeability of free space, and ε0 the electric permittivity of free space
(ε0 = 1/µ0c

2, where c is the speed of light in free space).
Equation (1.1) is Ampère’s law, which states that electric currents

and temporally variable electric fields induct a curled magnetic field.
The displacement current ∂D/∂t can be neglected in MHD as long as
processes are considered that have plasma speeds much slower than the
speed of light. Equation (1.2) is Farraday’s induction law, indicating that
temporally variable magnetic fields induct curled electric fields. Equa-
tion (1.3) states that there are no magnetic monopoles (although this
question has not definitively been settled), and Eq. (1.4) is Coulomb’s
law describing the field of electric monopoles/charges. The latter is not
used in MHD since, on average, ρc ≈ 0.

Maxwell’s equations are supplemented by Ohm’s law

j = σ(E + v ×B) , (1.5)

where σ is the electrical conductivity and E + v × B the total electric
field of a plasma moving with speed v (E alone is the field acting on
plasma at rest).

The relevant equations of fluid mechanics are

ρ
dv

dt
= −∇p + j×B + ρg (1.6)

∂ρ

∂t
+∇ · (ρv) = 0 (1.7)

p = RρT (1.8)

where ρ is the plasma density, p the plasma pressure, j×B the Lorentz
force, ρg the gravity force, T the temperature, and R the gas constant.

Equation (1.6) is the Navier-Stokes equation of motion. The term
−∇p is the gas pressure gradient, which accelerates plasma perpendic-
ular to the isobars from regions with high pressure to regions with low
pressure. Note that for the total time derivative in Eq. (1.6) the opera-
tor d

dt
= ∂

∂t
+ v · ∇ needs to be applied. It represents the total temporal

variation of an element of plasma moving with the velocity v, while the
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partial derivative ∂
∂t

represents the temporal variation at a fixed point in
space. Equation (1.7) is the equation of mass continuity, i.e. no plasma is
created or destroyed. Equation (1.8) is the perfect gas law, stating that
the pressure of the plasma is proportional to its density and temperature.

The Lorentz force j × B can be divided into a magnetic pressure
gradient and a magnetic tension. Using Ampère’s law, j = ∇ × B/µ0

(Eq. (1.1)) and an identity for the triple vector product, we obtain

j×B = (∇×B/µ0)×B = (B · ∇)
B

µ0

−∇
(
B2

2µ0

)
. (1.9)

The term −∇(B2/2µ0) is analogue to the pressure gradient −∇p in
Eq. (1.6) and can be seen as a magnetic pressure of magnitude B2/2µ0.
When B2 varies with position, it exerts a force from regions of high
magnetic pressure to low magnetic pressure. To be in equilibrium with
the surrounding plasma, the magnetic pressure must be balanced by the
gas pressure. A typical pressure for the solar atmosphere is 104 Pa, which
may balance a magnetic field up to ∼ 0.15 T. This is indeed the order
of magnitude that is observed on the solar surface. In sunspots, we see
to somewhat deeper levels corresponding to ∼ 2 × 104 Pa so that the
maximum field strength may reach ∼ 0.3 T. The term (B · ∇)B/µ0 has
the effect of a magnetic tension of magnitude B2/µ0 per unit area. It
produces a force when the field lines are curved and tries to shorten the
field lines like elastic bands. Both the magnetic pressure and magnetic
tension act as restoring forces to perturbations.

1.2.2 The induction equation

Starting with Farraday’s induction law, ∂B/∂t = −∇ × E (Eq. (1.2)),
and substituting E with Ohm’s law, E = j/σ − v × B (Eq. (1.5)), and
j with Ampère’s law, j = ∇ × B/µ0 (Eq. (1.1)), we finally obtain the
induction equation:

∂B

∂t
= ∇× (v×B) + η∇2B , (1.10)

where we have used the identity ∇× (∇×B) = −∇2B +∇(∇ ·B) and
∇·B = 0 (Eq. (1.3)). The magnetic diffusity η is defined as η ≡ 1/(µ0σ).
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Once v is known, the induction equation determines the temporal evo-
lution of B.

If v0 and l0 are typical values for the velocity and the length scale
over which the quantities are varying, then the first term in Eq. (1.10)
scales with v0/l0 and the second term with η/l20. The ratio of the first and
second term is, in order of magnitude, the magnetic Reynolds number

Rm =
v0l0
η

. (1.11)

If Rm � 1, the induction equation reduces to a diffusion equation

∂B

∂t
= η∇2B , (1.12)

and the field diffuses away on a typical time scale of τd = l20/η. However,
the conductivity σ in a sunspot is in the range ∼ 1 − 100 A/Vm (Stix
2002), the order of scale height is l0 ≈ 100 km and a typical velocity is
v0 ≈ 1 km/s. Thus we find that Rm in a sunspot is roughly in the range
102 − 104 (but may increase up to ∼ 1010 deep in the convection zone,
Stix 2002). The term η∇2B is therefore negligible, and the induction
equation (1.9) becomes for Rm � 1:

∂B

∂t
= ∇× (v×B) . (1.13)

In this case of large electric conductivity, the magnetic field is “frozen”
in the plasma and transported with the material motion.

1.3 Kinematic dynamos

The two relevant equations that describe the interaction between the
magnetic field and the velocity field are, as we have seen, the Navier-
Stokes equation (1.6) and the induction equation (1.10). Ideally, both
equations should be solved simultaneously, which is extremely challeng-
ing for any non-trivial situation. In order to simplify the problem, one can
assume a velocity field to be given and then solve the induction equation
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(1.10) under the assumption that there is no back-reaction from the mag-
netic field on the velocity field. This approach is known as the kinematic
dynamo problem. Cowling (1934) established that an axisymmetric solu-
tion (e.g. a global dipole field) is not possible for the kinematic dynamo,
and Bullard & Gellman (1954) showed that a magnetic field cannot be
maintained by a purely axisymmetric (i.e. rotational) velocity field, even
if it is non-uniform. Despite these two anti-dynamo theorems, it is possi-
ble to generate an axisymmetric mean solar field in a kinematic dynamo,
even with the Sun’s non-uniform rotation as an essential ingredient. The
solar convection zone and its lower boundary, the tachocline, play an im-
portant role as well and are briefly described in the following section. We
will then introduce mean-field electrodynamics and show its application
to dynamo theory.

1.3.1 Flux tubes in the convection zone and
tachocline

The Sun does not rotate like a solid body. Although the stably stratified
radiative zone of the Sun (extending to 0.7 R�, where R� is the solar
radius) rotates uniformly, the gas in the outer layers (above 0.7 R�) is
dominated by turbulent convection and rotates faster at the equator than
at the poles, which is known as differential rotation. There is a thin
(∼ 0.04 R�, c.f. Charbonneau et al. 1999) transition region between these
two zones, called the tachocline (Spiegel & Zahn 1992), which has been
measured by means of helioseismology (Thompson et al. 1996; Kosovichev
et al. 1997; Schou et al. 1998). It has been found that the radial gradient
of the differential rotation is small in the convection zone but large in
the tachocline. As the radiative zone, the tachocline is stably stratified,
but in addition it is subject to convective overshooting. This means that
convective fluid elements temporarily intrude the tachocline from above.
Gough & McIntyre (1998) have argued that the observed position of the
tachocline inevitably implies the existence of a magnetic field in the solar
radiative interior, with a field strength of about 10−4 Tessla (1 Gauss)
beneath the tachocline. The tachocline itself has become a very likely
location for the storage of magnetic fields with field strengths of one to
several Tesslas, which will be outlined below.

In the convective layers, the plasma drags the magnetic field lines
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along. Differential rotation thus stretches the poloidal magnetic field
component (aligned in the north-south direction) into the toroidal (east-
west) direction, as sketched in Fig. 1.5. Although there is no direct
information about the magnetic field under the solar surface, it is ex-
pected that the interactions with convection concentrate the magnetic
field in bundles of field lines, called “flux tubes”, throughout the convec-
tion zone. In regions with strong differential rotation these flux tubes
should be aligned in the toroidal direction.

a) b)

Figure 1.5: The Ω effect. An initially poloidal field line (a) is stretched

by the differential rotation into the toroidal direction (b). After Choudhuri

(2003).

Parker (1955b) showed that horizontal flux tubes are buoyant in the
convection zone and tend to rise to the surface. If pin and pout are the
gas pressures inside and outside the flux tube, pressure balance with the
surrounding plasma requires (cf. Eq. (1.9)):

pout = pin +
B2

2µ0
. (1.14)

Under the assumption of thermal equilibrium (Tin = Tout), it follows
from the perfect gas law (Eq. (1.8)) that ρin < ρout since pin < pout.
Thus the flux tube is less dense than its surroundings and rises.

Spruit & van Ballegooijen (1982) showed that horizontal flux tubes
in the convection zone are always unstable to vertical displacements, no
matter what the field strength is. On the other hand, flux tubes are stable
in a stably stratified layer such as the tachocline (where the pressure p
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is of the order of 1013 Pa), but only as long as they have field strengths
below a critical value Bc. Pidatella & Stix (1986) found that stable flux
tubes with field strengths of several Tesla are permitted in such a layer.

Therefore, toroidal magnetic flux tubes are assumed to be stored and
amplified in the tachocline. When the critical field strength Bc is ex-
ceeded, the flux tubes become unstable. The instability bends the tubes
allowing material to flow down from the apex, thereby increasing the
effect of buoyancy owing to the depletion of material at the top (e.g.
Hasan 2003). The flux tubes then rise through the convection zone to
the surface and appear as bipolar sunspot pairs (cf. Fig. 1.6), a process
which takes about one month and has been extensively studied using nu-
merical simulations (see the review by Fisher et al. 2000, and references
therein). Since the toroidal field lines point in opposite directions be-
tween the hemispheres, this also explains why the hemispheric magnetic
configuration of bipolar active regions is opposite.

In the following section, we will consider the cyclic behavior of mag-
netic field generation and how turbulent motions in the convection zone
sustain the magnetic field.

Corona

B

B

Convective Overshoot Layer

Photosphere

After Emergence

Before Emergence

Figure 1.6: Magnetic buoyancy. An unstable toroidal flux tube rises through

the convection zone and appears as bipolar active region in the photosphere

(after Fisher et al. 2000).

.
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1.3.2 Mean-field MHD

We have seen that differential rotation stretches the poloidal field lines
into the toroidal direction. This is known as the Ω-effect, where Ω(r, θ)
denotes the angular velocity of differential rotation, r radius, and θ co-
latitude. In order to maintain a 22 yr magnetic cycle, a physical pro-
cess is needed that converts the toroidal magnetic field back again to
the poloidal field. Parker (1955a) noted that uprising hot and expand-
ing plasma bubbles in the convection zone would rotate (clockwise in
the northern, counterclockwise in the southern hemisphere, if seen from
above) due to the Coriolis force of solar rotation. Since the magnetic
field is nearly frozen in the plasma, the toroidal field would be twisted to
produce magnetic loops in the poloidal plane as shown in Fig. 1.7. This
is known as the α-effect.

Figure 1.7: The α-effect. A rising (and thus expanding) gas bubble in the

convection zone of the northern hemisphere obtains a clockwise rotation due to

the Coriolis forces acting on the flows (indicated by v). The frozen-in magnetic

field is dragged along and twisted. The interaction between the magnetic field

and the material flows is seen from the top (left panel) and from the side (right

panel). After Venkatakrishnan (2003).

The new poloidal component is oppositely directed to the former (ini-
tial) poloidal field. Since the toroidal field has opposite directions in the
two hemispheres and the helical motions of convective turbulence have
also the opposite direction of rotation (in other words, opposite “he-
licities”), the new poloidal loops should have the same sense in both
hemispheres as sketched in Fig. 1.8b. Turbulent mixing is expected to
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produce an effective diffusion and the poloidal loops in Fig. 1.8b should
eventually merge to give the large-scale poloidal field as sketched by the
broken line in Fig. 1.8c. Thus the complete magnetic cycle is expected to
operate as follows: the poloidal magnetic field is stretched by differential
rotation to produce the toroidal field (Ω-effect), while helical turbulence
acting on the toroidal field restores the poloidal field but in the opposite
direction (α-effect).

a) b)

c)

Figure 1.8: The dynamo process. Toroidal field lines (a) are twisted by the

α effect (b) and produce a poloidal field (c) that is oppositely directed to the

initial poloidal field. After Choudhuri (2003).

This heuristic model developed by Parker (1955a) was worked out in
greater detail by Steenbeck et al. (1966) and Steenbeck & Krause (1969),
which is shortly outlined in the following.

Let us split both the magnetic field and the velocity field into average
and fluctuating parts, i.e.

B = B̄ + B′ , v = v̄ + v′ . (1.15)

Here the overline indicates the average and the prime the fluctuating
parts, which obey B̄′ = v̄′ = 0.
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On substituting (1.15) in the induction equation (1.10) and separating
the mean and fluctuating terms yields

∂B̄

∂t
= ∇× (v̄ × B̄) +∇× E + η∇2B̄ , (1.16)

where

E = v′ ×B′ (1.17)

is the mean electric field and the crucial quantity for dynamo action. This
term can be evaluated through a first order smoothing approximation
which neglects second order terms in the fluctuating quantities (see Stix
2002, for a detailed discussion) and one obtains

E = αB̄ + β∇× B̄ , (1.18)

where

α = −1

3
v′ · (∇× v′)τ (1.19)

and

β =
1

3
v′v′τ . (1.20)

Here τ is the correlation time of turbulence (which needs to be much
smaller than variations in B̄). The term ∇ × v′ in (1.19) is called the
vorticity of v′ (in the following denoted as w). Its direction is along the
axis of the plasma’s rotation. If w has a component parallel to v′ (i.e.
v′ ·w 6= 0), then the motion has kinetic helicity.

On substituting (1.18) into (1.16) we get

∂B̄

∂t
= ∇× (v̄ × B̄) +∇× (αB̄) + (η + β)∇2B̄ , (1.21)
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When we compare the mean field induction equation (1.21) with the orig-
inal induction equation (1.10), we see that they differ in two important
points. Firstly, α is a measure of average helical motion in the fluid and
describes the production of the poloidal component from the toroidal
component by helical turbulence. Secondly, β is the turbulent diffusion,
which is much larger than the molecular diffusion η. For small convective
cells (granules) with diameters of l ≈ 106 m, lifetimes of τ ≈ 500 s and
turbulent motions of v′ ≈ 103 m/s we find that

β ' 1

3
v′2τ ' 1

3
v′l ≈ 108 m2

s
(1.22)

while for large convective cells (supergranules) with l ≈ 3 × 107 m, τ ≈
105 s and turbulent motions of v′ ≈ 300 m/s we find β ≈ 109 m2/s. Thus,
the global time scale of diffusive decay, R�/β, is in the range between
10 an 100 years. This time scale is certainly essential for any solution of
(1.21).

A quantitative estimation of α in the solar convection zone is difficult.
By order of magnitude, it is α ' ±lΩ (Stix 2002), where Ω is the mean
angular velocity of the Sun. In the northern hemisphere, α is expected
to be positive in the bulk of the convection zone, but negative at its base
(due to the diverging flow of descending plasma elements). The opposite
occurs in the southern hemisphere, i.e. α is negative in the bulk of the
convection zone but positive at its base. The dependence on colatitude
θ is α ∝ cos θ.

1.3.3 The kinematic αΩ dynamo

In the kinematic dynamo approach, one has to specify a mean velocity
field to solve (1.21), for example (in spherical coordinates r, θ, φ):

v̄ = (0, 0,Ω r sin θ) , (1.23)

where the angular velocity Ω is taken as a symmetric function with re-
spect to equatorial plane,

Ω(r, θ) = Ω(r, π − θ) , (1.24)
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and α as antisymmetric,

α(r, θ) = −α(r, π − θ) . (1.25)

The mean field can be separated into its poloidal and toroidal parts

B̄ = Bp + Bt . (1.26)

Now we can introduce a toroidal vector potential A for the poloidal field,

Bp = ∇×A , (1.27)

since Bp is axisymmetric and hence ∇·Bp = 0. The poloidal and toroidal
components can be written as

Bp = ∇× (0, 0,A(r, θ, t)) , (1.28)

Bt = (0, 0,B(r, θ, t)) . (1.29)

The mean-field can now be separated into its poloidal and toroidal parts:

∂A

∂t
= αBt + ηt∇2A , (1.30)

∂Bt

∂t
= ∇× (v̄ ×Bp) +∇× (αBp) + ηt∇2Bt , (1.31)

where ηt ≡ β + η. Thus we see that the poloidal field in Eq. (1.30)
is generated from the toroidal field by means of the α effect, while the
toroidal field in Eq. (1.31) is generated from the poloidal field by means
of differential rotation and the α effect. In solar models, the latter is
usually neglected for the toroidal field. Interestingly, only the derivatives
of the differential rotation Ω(r, θ) enter Eq. (1.31), and it can be shown
that the generation of the toroidal field component is most effective when
∂Ω/∂r is large (as in the tachocline).

As an example of a kinematic αΩ dynamo, let us now consider a
one-dimensional analytical model first presented by Parker (1955a).
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1.3.4 Dynamo waves

For simplicity, a Cartesian coordinate system (x, y, z) is used which may
be located somewhere in the northern hemisphere, with x pointing south-
wards, y eastwards, and z upwards. The velocity field is set to be
v̄ = (0,Ω0z, 0) where Ω0 = const. and also α = const. The poloidal
and toroidal field components are in this case

Bp =

(
0, 0,

∂A

∂x

)
, (1.32)

Bt = (0, B, 0) , (1.33)

and Eqs. (1.30) and (1.31) become

∂A

∂t
= αB + ηt

∂2A

∂x2
, (1.34)

∂B

∂t
= Ω0

∂A

∂x
+ ηt

∂2B

∂x2
. (1.35)

The solutions are

(A,B) = (A0, B0) exp[i(ωt+ kx)] , (1.36)

with the dispersion relation

(iω + ηtk
2)2 = ikΩ0α . (1.37)

In the transition region between the radiative core and the convection
zone (the tachocline, see above), ∂Ω/∂r is positive at low latitudes, where
sunspots occur, while α is expected to be negative. Thus we have

α
∂Ω

∂r
≤ 0 . (1.38)

The condition that the growth rate for the dynamo must not be negative,
i.e. −Im(ω) ≥ 0, yields together with (1.38) |kαΩ0/2|1/2 = ηtk

2 for the
marginally stable solution and |kαΩ0/2|1/2 > ηtk

2 for exponential growth.
The frequency of the marginally stable solution is Re(ω) = −|kαΩ0/2|1/2,
which is negative and thus corresponds to a mean field wave (1.36) prop-
agating in positive x direction (i.e. towards the equator).
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1.3.5 Alpha-quenching

So far, an explicit assumption in the kinematic dynamo theory has been
that the magnetic field does not back-react on the velocity field. This is
certainly a rather crude assumption given magnetic field strengths of up
to 10 T. One should, therefore, solve the Navier-Stokes equation (1.6)
and the induction equation (1.10) simultaneously instead of proceeding
with kinematic models. However, this is a highly complicated nonlinear
problem that can only be tackled numerically (Gilman 1983; Glatzmaier
1985; Nordlund et al. 1992).

Instead, attempts have been made to include the back-reaction of the
magnetic field within kinematic models. One possibility is to make the
crucial quantity α in Eq. (1.21) decrease with increasing magnetic field,
for instance like

α =
α0

1 +B/B0

. (1.39)

This approach is known as α quenching. Stix (1972) first introduced
this idea. He used the (so far linear) one-dimensional migratory dy-
namo model described in the previous Sect. 1.3.4 and introduced a
cut-off α effect by adding a function f(|B|) to the right hand side of
Eq. (1.34). The absolute magnitude of the magnetic field is given by

|B| =
√
B2 + (∂A/∂x)2. The function f(|B|) is unity for small |B| ≤ Bc

and vanishes for large |B| > Bc, where Bc is a critical field strength.
Instead of α = const, the latitude dependence of α is taken into account
as α = α0 cos(x/R) where x ∈ [0, Rπ] (x = 0 corresponds to the north
pole, x = Rπ to the south pole). Equation (1.34) then becomes

∂A

∂t
= αf(|B|)B + ηt

∂2A

∂x2
. (1.40)

An example of an antisymmetric oscillatory solution of the nonlinear
Eq. (1.40) is shown in Fig. 1.9 for x = 0.3π (corresponding to 36◦ lati-
tude). Clearly visible is that A(x, t) shows a highly anharmonic behavior.
This anharmonic shape is of special interest because we will show in chap-
ter 4 that we indeed find a similar temporal behavior of antisymmetric
modes.
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Figure 1.9: Nonlinear dynamo wave. Shown is the vector potential A(x, t)

as a function of time t for x = 0.3π (cf. Eq. (1.40)). The time unit is the

magnetic diffusion time, R/ηt. (After Stix 1972).

1.4 North-south asymmetries and

quasi-periodic variations in the

magnetic activity

The large-scale solar magnetic field is predominantly axisymmetric and
dipolar, and it shows a pronounced 22 year cycle. As we have seen in
the previous section, these observations can be explained by means of
an αΩ-type dynamo. However, various solar phenomena related to mag-
netic activity, such as flares, filaments, magnetic flux, sunspot areas, and
sunspot numbers, exhibit some form of asymmetry between the northern
and the southern hemisphere, indicating that the magnetic activity in the
two hemispheres may not always be in phase (Waldmeier 1971; Swinson
et al. 1986). Such asymmetries may therefore provide additional impor-
tant information on the solar dynamo.

For example, during the Maunder minimum in the occurrence of
sunspots from∼ 1650–1720 (cf. Sect. 1.1), the few observed sunspots were
concentrated on the southern hemisphere (Sokoloff & Nesme-Ribes 1994).
Records of the cosmogenic Be10 isotope in Greenland ice cores(Beer et al.
1998) indicate that the magnetic cycle persisted throughout the minimum
although with drastically reduced amplitude. The circumstance that the
Maunder minimum coincided with a series of severe terrestrial winters in
a period known as the “Little Ice Age” (which lasted approximately from
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the mid-14th to the mid-19th centuries and resulted in a “modest” cool-
ing of less than 1◦C of the northern hemisphere, cf. Mann et al. 1998;
Jones et al. 1998; Mann et al. 1999) possibly indicates a link between
solar activity and terrestrial climate. In order to verify such a link, at-
tempts have been made to reconstruct the sunspot number over the past
11 400 years by means of dendrochronologically dated radiocarbon con-
centrations (Solanki et al. 2004) and it has been shown that the Sun may
have reached an unusually high activity level during the last 70 years.
These findings underline the importance of understanding solar magnetic
activity.

To achieve this aim, additional important clues may come from quasi-
periodic variations of the magnetic field. Besides the 22 year magnetic
cycle and the sunspot cycle with half this period, there has been in-
creasing observational evidence over the last two decades for the exis-
tence of quasi-periodic oscillations with shorter periodicities. The term
“quasi-periodic” refers to oscillations that have a well defined periodic-
ity but occur only over limited time intervals. The best known of such
quasi-periodicities is the Rieger period of ∼ 155 that was detected in the
occurrence of high-energy flares from 1980 to 1984 (Rieger et al. 1984;
Kiplinger et al. 1984; Bogart & Bai 1985). Bai & Sturrock (1991) showed
that quasi-periodicities of 51, 78, 104, 129 and 154 days intermittently
occurred in flare and sunspot records over the interval 1955–1985 and
noted that these periodicities are close to integer multiples of a “fun-
damental” period around 25.8 days, which is near the (sidereal) solar
rotation rate at the equator. Lou et al. (2003) found similar periodici-
ties in coronal mass ejections, X-ray flares and geomagnetic disturbances
during 1999–2003.

Periodicities in the range of 1–3 years have also been reported. A
1.3 yr period in the rotation rate at the base of the convection zone has
recently been detected by Howe et al. (2000) for the time interval 1995–
1999. Further investigations using extended data sets (Toomre et al.
2003) have shown that this periodicity diminished in amplitude when
the current sunspot cycle 23 attained its maximum. Since the base of
the convection zone is the region where the dynamo is assumed to oper-
ate, such a periodicity might influence the generation of solar magnetic
fields. Indeed, similar periodicities have been found in the interplanetary
magnetic field and in geomagnetic activity (Lockwood 2001, and refer-
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ences therein) and in sunspot areas and sunspot numbers (Krivova &
Solanki 2002). Variations with periods of ∼ 1.5 yr were found in the oc-
currence of Hα flares during 1978–1984 (Ichimoto et al. 1985) and in the
variation of southern coronal hole areas (McIntosh et al. 1992). Evidence
for biennial oscillations in the photospheric magnetic field was provided
by Stenflo & Vogel (1986), Stenflo & Güdel (1988), Erofeev (2001), and
Obridko & Shelting (2001). Finally, periodicities in the range of 3–4 yr
have been found in sunspot activity (Krivova & Solanki 2002; Berdyugina
& Usoskin 2003), in the north-south asymmetry of flare indices (Vizoso
& Ballester 1989; Joshi & Joshi 2004), and in sunspot group indices (Rao
1973).

All these observations support the view that the temporal evolution
of the solar magnetic field may exhibit regular variations on time scales
shorter than the magnetic cycle. In the following chapters of this thesis,
we will provide evidence for north-south asymmetries and quasi-periodic
oscillations in direct observations of the large-scale photospheric magnetic
field, as outlined in the next section.

1.5 Outline of the thesis

The number of research articles that deal with time series analysis of so-
lar activity indices is large. On the one hand, this emphasizes the general
scientific interest in (quasi-) periodic variations due to the valuable clues
they may offer about the underlying physical processes. On the other
hand, many of these publications basically address one or a few period-
icities in one or a few activity indices, and it is often unclear whether the
detected periodicities also occur directly in the magnetic field. Further-
more, the statistical significance of the reported results has sometimes
been difficult to assess since time series analysis easily gets affected by
numerical artefacts. This has led to a rather incoherent picture of the
temporal evolution of the solar magnetic field on time scales shorter than
the 22 year magnetic cycle.

The main aim of this thesis has been to search for periodic variations
in direct observations of the large-scale photospheric magnetic field. For
this purpose, we have used the very large datasets of magnetic maps of
the solar surface that have become available over the last four sunspot
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cycles 20–23. Examples from these data sets are shown in Figs. 1.3 and
1.4.

In chapter 2, we show that the hemispheric magnetic flux shows
pronounced north-south asymmetries and distinct quasi-periodicities of
1.5 yr, 1.8 yr and 3.6 yr. The former two periods are apparently related to
a process which leads to a gradual shift in the excess magnetic flux from
north to south or vice versa. These results are verified using monthly
averaged sunspot areas, which show additional periodicities of ∼ 320 d
and ∼ 44 yr (twice the magnetic cycle, half the Gleisberg cycle).

In chapter 3, we locate the sources of the 1.5 yr, 1.8 yr and 3.6 yr
periodicities by applying the Fast Fourier Transform (FFT) to butterfly
diagrams of the magnetic flux. We show that a multitude of additional
periodicities can be detected using this method, for instance a 1.3 yr pe-
riod that is related to large-scale magnetic surges toward the poles, or
a biennial oscillation that occurred predominantly in the southern hemi-
sphere. We also provide evidence for an entire set of quasi-periodicities in
the range between 100 d and 350 d (including the Rieger period) and com-
pare them with period estimates for r-modes and equatorially trapped
Rossby waves (which also play an important in geophysics). Finally, we
investigate the rotation of large-scale magnetic fields and demonstrate
that they often rotate almost rigidly, with discrete periods that are dif-
ferent for the two hemispheres.

In chapter 4, we continue the earlier work of Stenflo & Vogel (1986)
and Stenflo & Güdel (1988) and decompose two full sets of daily mag-
netograms (cf. Fig. 1.3) recorded at the Mt. Wilson and Kitt Peak ob-
servatories, respectively. We show that a biennial oscillation occurred
during cycles 20–22 and likely also during cycle 23. We provide evidence
that the 1.5– 1.8 yr period occurred during all four cycles 20–23 but was
stronger during the odd numbered cycles 21 and 23, while the 1.3 yr pe-
riod was apparently stronger during the evenly numbered cycles 20 and
22. Besides, we demonstrate that several modes resemble the non-linear
dynamo waves derived by Stix (1972, cf. Fig. 1.9) and point out that
some of these modes show a rather unexpected behavior of their phases.
We again find evidence for quasi-periodicities in the range of 100–350 d
and for discrete rotation periods as in chapter 3.

In chapter 5, we present some concluding remarks. Additional infor-
mation about numerical methods are given in the appendices.
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Chapter 2

Periodic oscillations in the
north-south asymmetry of the solar
magnetic field†

R. Knaack1, J. O. Stenflo1,2, S. V. Berdyugina1 ,3

2.1 Abstract

We report on significant periodic variations of the magnetic activity be-
tween the north and south hemisphere of the Sun. For this purpose,
we have investigated the north-south asymmetry of two solar data sets,
namely the Kitt Peak synoptic Carrington rotation maps of the photo-
spheric magnetic field (1975–2003) and monthly averaged sunspot areas
(1874–2003). Using Fourier and wavelet analysis, we have found a reg-
ular pattern of pronounced oscillations with periods of 1.50 ± 0.04 yr,
1.79± 0.06 yr and 3.6± 0.3 yr in the magnetic flux asymmetry. The for-
mer two periods are related to a process which leads to a gradual shift in
the excess magnetic flux from north to south or vice versa. Additional
periods of 43.4 ± 7.1 yr (twice the magnetic cycle) and 320 − 329 days
were detected in the sunspot asymmetry.

† This chapter has been published in Astronomy & Astrophysics 418, L17 (2004)
1 Institute of Astronomy, ETH Zentrum, CH-8092 Zurich, Switzerland
2 Faculty of Mathematics & Science, University of Zurich, CH-8057 Zürich
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2.2 Introduction

The magnetic field of the Sun and its related activity phenomena exhibit
periodic variations on various time scales. Proving the existence of real
periods has long been of interest, for the insights this may provide into
the mechanisms of the formation of magnetic fields. Great efforts have
therefore been put into the time series analysis of solar data sets, which
are often averaged over the whole visible solar surface. However, a variety
of solar activity indices such as flares, filaments, magnetic flux, relative
sunspot numbers or sunspot areas show some form of asymmetry between
the northern and the southern hemisphere (Reid 1968; Howard 1974;
Hansen & Hansen 1975; Roy 1977; Swinson et al. 1986; Verma 1987;
Garcia 1990; Verma 1993; 2000; Temmer et al. 2002).

In this analysis, we employ a new and promising approach to investi-
gate the temporal behavior of solar magnetic fields. Instead of applying
time series analysis to the data itself, our approach is based on the time
series analysis of the north-south asymmetry of the data. For this pur-
pose, the absolute values of the data are separately averaged over the
northern and southern hemisphere, the asymmetry between the hemi-
spheres is calculated as a function of time and finally Fourier and wavelet
analysis is applied to deduce its temporal variations.

Two standard solar data sets have been analyzed accordingly, namely
the synoptic Carrington rotation maps of the solar photospheric mag-
netic fields (1975–2003) from the National Solar Observatory at Kitt
Peak (NSO/KP) and the monthly averaged sunspot areas from the Royal
Greenwich Observatory (RGO) from 1874 to 1976, combined with data
from the Solar Optical Observing Network (SOON) and the National
Oceanic and Atmospheric Administration (NOAA) from 1976 to 2003.
Both data sets are available online.

We have revealed a surprisingly regular pattern of pronounced os-
cillations in the magnetic flux asymmetry with (synodic) periods of
1.50± 0.04 yr in the interval 1978–1984, 3.6± 0.3 yr (most dominant in
the interval 1984–1995, but already present since 1978) and 1.79±0.06 yr
(1995–2001). The sign of the asymmetry changed from predominantly
positive to predominantly negative during the first interval (which cor-
responds to a gradual shift in the excess of magnetic flux from north to
south) and vice versa during the third interval, while it remained mostly
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negative during the second interval. The asymmetry calculated from
sunspot areas exhibits some additional periods, such as 43± 7 yr (twice
the magnetic cycle of 22 yr) and 320 − 330 days. The latter occurred
during several solar activity minima. We will discuss the relevance of the
detected periods and compare them to previously found results.

2.3 Data and data analysis

The NSO/Kitt Peak data set consists of 377 synoptic maps and cov-
ers Carrington rotations 1625–2007 (February 1975 – August 2003). An
example of such a map is shown in Fig. 1.4. Data gaps are rotations
1640–1644 and 1854. Each map approximates the magnetic flux density
Φ(ϕ, sinϑ) in the photosphere as a function of heliographic longitude ϕ
and sine latitude ϑ, under the assumption that the magnetic fields are
vertical (cf. Worden & Harvey 2000, and references therein). A Carring-
ton rotation corresponds to 27.2753 days.

For each map, we averaged the absolute values |Φ(ϕ, sinϑ)| over lon-
gitude and sine latitude, separately for the north (0 < sin ϑ < 1) and
south (−1 < sinϑ < 0). The resulting averaged flux densities |Φ|n and
|Φ|s are shown in Fig. 2.1a & b as a function of time t. Finally, we cal-
culated for each Carrington rotation the magnetic flux asymmetry ΓΦ

(shown in Fig. 2.1c):

ΓΦ ≡
|Φ|n − |Φ|s
|Φ|n + |Φ|s

. (2.1)

The analogous quantity was calculated for the combined
RGO/SOON/NOAA sunspot areas (1874–2003). The monthly av-
eraged spot areas for the northern and the southern hemisphere, An(t)
and As(t) respectively, are plotted in Fig. 2.3a & b. The corresponding
asymmetry ΓA(t) ≡ [An(t)− As(t)]/[An(t) + As(t)] is shown in Fig. 2.3 c.
Please note that no correction factors were applied to An(t) and As(t)
when pooling the data sets (cf. Fligge & Solanki 1997). They would
cancel out in ΓA and can therefore be neglected.

We additionally averaged An(t) and As(t) over each solar cycle (cf.
Verma 2000) and thus calculated the asymmetry for cycles 12–23, yield-
ing Γcycle shown in Fig. 2.3 d. Two sign reversals occurred during cycles
14 and 21 respectively, and a third could be proceeding in the ongoing
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cycle 23.
The (scaled) yearly moving averages of the magnetic flux asymmetry

ΓΦ and the spot asymmetry ΓA are plotted in Fig.2.1 d over the interval
1975–2003. In general, the qualitative agreement is good, except for the
distinctive peak in ΓA around 1987. This was the minimum between cy-
cles 21 and 22, when only very few sunspots were visible on the southern
hemisphere. The oscillatory behavior of both quantities is obvious.

We finally used Fourier and wavelet analysis (cf. Torrence & Compo
1998) to deduce the temporal variations of ΓΦ(t) and ΓA(t). When stating
frequencies or periods, we usually refer to the results derived from the
Fourier analysis and they are always synodic. The error in frequency is
half the frequency resolution.

Figure 2.1: a) Averaged magnetic flux density |Φ|n (in Gauss) for the north-

ern hemisphere vs. time. b) Same as a) but for the southern hemisphere

(|Φ|s). c) The north-south asymmetry ΓΦ (dashed). The solid line is a mov-

ing average calculated with a window of 13 Carrington rotations (≈ 1 yr). d)

Comparison of the moving averages of ΓΦ (solid line) and ΓA (dashed). The

moving average of ΓA was multiplied by 1/2.
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2.4 Results and Discussion

2.4.1 The magnetic flux asymmetry ΓΦ

The wavelet (WPS) and the Fourier power spectrum (FPS) of ΓΦ are
displayed in Fig. 2.2. Frequencies where the power in the FPS surpasses
the 99.9% significance level against white noise are listed in Tab.2.1 and
labeled ’A’ to ’E’.

Peak ’E’ at 21.1±0.6 nHz (corresponding to a period of 1.50±0.04 yr)
appears in the WPS over the time interval 1978–1984. This is close to the
∼ 520 d (1.42 yr) period found by Ichimoto et al. (1985) in their analysis
of Hα flares for solar cycle 21 (1976–1984).

Peak ’D’ at 17.7±0.6 nHz (1.79±0.06 yr) is a dominant feature in the
WPS during 1995–2001. Increasing the frequency resolution of the FPS
splits ’D’, the additional peak (not shown) is at 19.2 ± 0.6 nHz (1.65 ±
0.05 yr). Although not discernible in Fig. 2.2, there is some indication
from further wavelet analysis that this additional period blends with the
1.5 yr period in the 1978–1984 interval, lasts over the intervening years
1984–1995, and finally merges into the 1.8 yr period in the 1995–2001
interval. Similar periods of ∼600 days (1.64 yr) were detected in the
variation of coronal hole areas on the southern hemisphere from 1977 to
1989 (McIntosh et al. 1992) and in cosmic ray intensity data from 1947
to 1990 (Valdes-Galicia et al. 1996).

Peak ’C’ at the approximately halved frequency of 8.9 ± 0.6 nHz
(3.6 ± 0.3 yr) is most dominant in the WPS during the interval 1984–
1995 (although it actually extends back to 1978). It may be related
to the 3.65 yr period reported by Berdyugina & Usoskin (2003) for the
southern hemisphere in their analysis of active longitudes of sunspots.
Peak ’B’ at 3.3±0.6 nHz (9.6±1.7 yr) is probably caused by the sunspot
cycle and is present in the WPS over the entire period. Peak ’A’ at
1.1 nHz (29 yr) indicates the existence of a low-frequency oscillation. It
cannot be reliably resolved due to the limited length of the time series.

Additional Fourier and wavelet analysis of |Φ|n and |Φ|s has yielded
that both time series exhibit the 1.5 yr period during the interval 1978–
1984 (although it is definitely more pronounced for |Φ|n). The 3.6 yr
period is present in |Φ|n until ∼1990, then disappears in |Φ|n but reap-
pears in |Φ|s. Only |Φ|s shows an oscillation with a 1.8 yr period during
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Figure 2.2: Upper panel: wavelet power spectrum (WPS) of ΓΦ. Regions

with increased power (see color bar) indicate the period of an oscillation (on

the y-axis) as well as the time interval over which the oscillation was present

(on the x-axis). White contours indicate the 99.9% significance level, black

lines the so-called “cone of influence” (Torrence & Compo 1998). Lower panel:

Fourier power spectrum (FPS) of ΓΦ. Horizontal lines indicate the 99.9%,

99.0% and 90% significance level (from top to bottom). Labeled peaks are

listed in Tab.2.1.
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Table 2.1: Frequencies ν and corresponding periods T = 1/ν where the power

in the Fourier power spectrum of ΓΦ exceeds the 99.9% level (cf. Fig. 2.2).

The error is half the frequency resolution, i.e. ∆ν = 0.55 nHz. Values in

brackets were computed with a three times higher frequency resolution (peak

’D’ appeared then as split).

Freq (nHz) Period (yr)

A 1.1 29
B 3.3 9.6
C 8.9 (8.5) 3.6 (3.7)
D 17.7 (17.7/19.2) 1.79 (1.79/1.65)
E 21.1 1.50

the interval 1995–2001.
Active regions strongly tend to emerge near or within already ex-

isting active regions, forming so-called “complexes of activity”. These
are maintained by injection of new magnetic flux and may persist from
3–6 up to roughly 20–40 consecutive solar rotations (Gaizauskas et al.
1983; 2001). Therefore, the 1.5 yr and 1.8 yr (and possibly also the 3.6 yr)
periods may be related to characteristic lifetimes of such complexes of
activity and their independent evolution in one or both hemispheres.

2.4.2 The sunspot area asymmetry ΓA

The wavelet and the Fourier power spectrum of ΓA are displayed in
Fig. 2.4. Frequencies where the power in the Fourier power spectrum sur-
passes the 99% significance level against white noise are listed in Tab. 2.2
and labeled ’A’ to ’K’.

In good agreement with ΓΦ, the power spectra of ΓA confirm periods
of 1.44± 0.01 yr over the interval 1980–1985 (peak ’I’) and 1.73± 0.01 yr
during 1995–2000 (peak ’H’). Increased power can also be seen in the
WPS at the period of 3.9 yr during 1982–1992, but only at a low signifi-
cance level. More power is concentrated around 2.2 yr during the interval
1985–1988 (peak ’G’), which is due to the pronounced (and somewhat
questionable) peak of ΓA in 1987 (cf. Fig. 2.1 d).
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Figure 2.3: a) Monthly sunspot area An of the northern hemisphere (in

millionths) vs. time. b) Monthly sunspot area As of the southern hemisphere

vs. time. c) The north-south asymmetry ΓA vs. time (dots). The solid

line is a moving average calculated with a window of 1 yr. d) The asymmetry

calculated after the sunspot areas were averaged over each cycle (cycle numbers

are indicated, cycle 23 is not yet complete).
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Figure 2.4: Same as Fig. 2.2 but for ΓA. The upper panel displays the wavelet

power spectrum of ΓA (white contours indicate the 99.0% significance level),

the lower panel the Fourier power spectrum (together with the 99.9%, 99.0%

and 90% significance levels). Peaks which surpass the 99.0% significance level

are labeled ’A’ to ’K’ and listed in Tab. 2.2.
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Table 2.2: Frequencies ν and corresponding periods T = 1/ν where the power

in the Fourier power spectrum of ΓA exceeds the 99% level (cf. Fig. 2.4). The

error is ∆ν = 0.12 nHz.

Freq (nHz) Period (yr) Freq (nHz) Period (yr)

A 0.24 132 F 3.42-3.67 9.3-8.6
B 0.73 43.4 G 14.4 2.20
C 1.47 21.6 H 18.3 1.73
D 2.20 14.4 I 22.0 1.44
E 2.69 11.8 J,K 35.2-36.2 329-320 d

Interestingly, a period of about 1.7 yr occurs in the WPS of ΓA during
the intervals 1995–2000, 1950–1955 and 1910–1915, which are all 40–45
years apart. A period of roughly 4−5 yr is present (only in the WPS, not
in the FPS) during the intervals 1985–1995, 1935–1945 and 1885–1895,
which are 50 years apart. This may be a hint that some periodicities may
appear regularly after an intermission of several decades, possibly after
twice the magnetic cycle (which has a period of 22 years). In any case,
the period of 43±7 yr (peak ’B’ in the FPS) is a dominant feature in the
WPS of ΓA and it can also be seen in Fig. 2.3 d where the two maxima
(and the following minima) are separated by ∼ 45 years.

Moreover, the sunspot cycle with an average period of 11 yr is most
likely responsible for peak ’E’ at 2.69 ± 0.12 nHz (11.8 ± 0.5 yr), which
shows up in the WPS over the interval ∼1875–1915. Over the inter-
val 1915–1940, the frequency increased to 3.43 − 3.67 nHz (9.3 − 8.6 yr,
peak ’F’) and eventually decreased again during the interval 1960–1985.
The wavelet transform for this latter interval yields a period of ∼13 yr,
whereas the Fourier transform gives 14.4± 0.8 yr (peak ’D’).

Peaks ’J’ & ’K’ (329±1 d, 320±1 d) are significant in the WPS of ΓA
during the solar activity minima in 1888–1890, 1921–1923, 1933–1935,
1975–1977 and less distinct in 1952–1954. They are in good agreement
with a period of ∼ 320 days found by Lean & Brueckner (1989) in the
sunspot blocking function, 10.7 cm radio flux, sunspot number and plage
index during solar cycle 21 (1976–1986), in the solar diameter record
from 1975 to 1984 (Delache et al. 1985) and in the sunspot number from
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1749 to 1979 (Wolff 1983).

2.5 Summary and conclusions

Both time series under investigation, the magnetic flux (1975–2003) and
the monthly sunspot areas (1874–2003), show distinct periodic oscilla-
tions between the northern and the southern hemisphere. A list of sig-
nificant frequencies (in the Fourier domain) can be found in Tab. 2.1 and
Tab. 2.2.

Of particular interest are the periods of 1.50±0.04 yr, 3.6±0.3 yr and
1.79± 0.06 yr detected in the magnetic flux asymmetry. The first period
was present during the time interval 1978–1984, the second during 1978–
1995 and the third during 1995-2001. The asymmetry changed from
predominantly positive to predominantly negative during the first inter-
val (indicating a gradual shift in the excess of magnetic flux from north
to south) and back again during the third interval, while it remained
mostly negative from 1984 to 1995 (cf. Fig. 2.1 c). The physical cause
for these oscillations is unknown but possibly related to the evolution of
complexes of activity and their characteristic lifetimes. Whether or not
the period of 3.6 yr is by chance twice as large as 1.79 yr is another open
question. It may be related to the 3.65 yr period reported by Berdyugina
& Usoskin (2003) for the southern hemisphere in their analysis of active
longitudes in sunspot activity. For the 1978–1984 interval, periods of
∼1.6 yr and ∼1.4 yr were found in the variation of southern coronal holes
areas (McIntosh et al. 1992) and in the occurrence of Hα flares (Ichimoto
et al. 1985) respectively. Thus we assume that the 1.79 yr period could
be corroborated using analogous data for the interval 1995–2001.

The asymmetry calculated from sunspot areas confirms periods of
1.44 ± 0.01 yr and 1.73 ± 0.01 yr for the time intervals 1980–1985 and
1995–2000 respectively. Moreover, two additional significant periodici-
ties of 43.4± 7.1 yr (twice the magnetic cycle) and 320 − 330 days have
been found. The former is due to two maxima (and the following min-
ima) in the northern excess of sunspot areas during cycles 15 and 19 (cf.
Fig. 2.3 d). The latter was detected in several intervals of low solar activ-
ity (i.e. around 1889, 1922, 1934, 1976, and less distinct around 1953).
Therefore, this period is most likely of real solar origin and is connected
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to solar minima. Finally, there is some indication that some oscillations
(e.g. with periods of 4–5 yr and 1.7 yr) may occur every 45–50 years in
the sunspot asymmetry.
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Chapter 3

Evolution and rotation of large-scale
photospheric magnetic fields of the
Sun during cycles 21–23†

R. Knaack1, J. O. Stenflo1,2, S. V. Berdyugina1 ,3

3.1 Abstract

In this chapter, we present the results of an extensive time series analysis
of longitudinally averaged synoptic maps, recorded at the National Solar
Observatory (Kitt Peak) from 1975 to 2003, and provide evidence for
a multitude of quasi-periodic oscillations in the photospheric magnetic
field of the Sun. In the low frequency range, we have located the sources
of the 3.6 yr, 1.8 yr, and 1.5 yr periodicities that were previously detected
in the north-south asymmetry of the unsigned photospheric flux (Knaack
et al. 2004, cf. chapter 2). In addition, quasi-periodicities around 2.6 yr
and 1.3 yr have been found. The latter is most likely related to large-scale
magnetic surges toward the poles and appeared in both hemispheres at
intermediate latitudes ∼ 30◦–55◦ during the maxima of all three cycles
21–23, being particularly pronounced during cycle 22. Periods around
1.3 yr have recently been reported in the rotation rate at the base of the
convection zone (Howe et al. 2000), in the interplanetary magnetic field

† A shortened version of this chapter has been accepted for publication in
Astronomy & Astrophysics.
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and geomagnetic activity (Lockwood 2001) and in sunspot data (Krivova
& Solanki 2002). In the intermediate frequency range, we have found
a whole series of quasi-periodicities at 349–307 d, 282± 4 d, 249–232 d,
222–209 d, 177± 2 d, 158–151 d, 129–124 d, and 103–100 d. Interestingly,
most of them occurred predominantly in the southern hemisphere. We
provide evidence that the best known of these periodicities, the Rieger
period around 155 d (Rieger et al. 1984), occurred in the magnetic flux
not only during cycle 21 but also during cycle 22, possibly even during cy-
cle 23. The high frequency range, which covers the solar rotation periods,
shows a dominant (synodic) 28.1±0.1 d periodicity in the southern hemi-
sphere during cycles 21 and 22. A periodicity around 25.0–25.5 d occurred
in the south during all three cycles. The large-scale magnetic field of the
northern hemisphere showed dominant rotation periods at 26.9 ± 0.1 d
during cycle 21, at 28.3–29.0 d during cycle 22, and at 26.4±0.1 d during
cycle 23. We discuss the detected frequencies in the magnetic flux in
terms of r-modes and equatorially trapped Rossby waves (Lou 2000).

3.2 Introduction

The Sun’s magnetic activity appears to exhibit both periodic and quasi-
periodic variations on different time scales. The explanation of the basic
mechanisms underlying the well known Hale magnetic cycle with an aver-
age period of 22 years and the sunspot cycle with half this period remains
one of the fundamental challenges in solar physics. Since the discovery
of the Rieger period around 155 days in the occurrence of high-energetic
flares (Rieger et al. 1984; Kiplinger et al. 1984; Bogart & Bai 1985), ex-
tensive investigations have been carried out to search for intermediate
periodicities in the range between 27 days and 11 years in various solar
activity indices (cf. Bai 2003, and references therein).

Recently, we have analyzed the north-south asymmetry of the pho-
tospheric magnetic flux from 1975 to 2003 and found three pronounced
quasi-periodicities (Knaack et al. 2004, henceforth referred to as Paper
I). The first periodicity of 1.50± 0.04 yr occurred during 1978–1984 and
was accompanied by a gradual shift in the excess of magnetic flux from
the northern to the southern hemisphere. The south remained dominant
during the following interval 1984–1995, and the southern flux excess var-
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ied with a 3.6± 0.3 yr periodicity. Finally, the flux excess shifted back to
the north during 1995–2001, modulated with a period of 1.79± 0.06 yr.
It is not clear whether this shift back to the north will be persistent or
soon be reversed again in favor of the southern hemisphere.

Although the large-scale solar magnetic field is predominantly ax-
isymmetric and dipolar, which can be readily explained in terms of αΩ-
type dynamo action (see, for example, the recent review by Ossendrijver
2003), asymmetries between the northern the southern hemisphere have
been found in various solar indices, for instance in the distribution of
flares (Reid 1968; Roy 1977; Ichimoto et al. 1985; Verma 1987; Bai 1990;
Garcia 1990; Atac & Ozguc 1996; Li et al. 1998; Temmer et al. 2001; Bai
2003; Joshi & Joshi 2004) and filaments (Hansen & Hansen 1975; Vi-
zoso & Ballester 1987; Duchlev & Dermendjiev 1996; Duchlev 2001), in
the photospheric magnetic flux (Howard 1974; Mouradian & Soru-Escaut
1991; Knaack et al. 2004), in the rotation velocities of photospheric mag-
netic fields (Antonucci et al. 1990; Javaraiah & Gokhale 1997), in the
relative sunspot numbers and sunspot areas (Newton & Milsom 1955;
Waldmeier 1971; Chapman et al. 1983; Swinson et al. 1986; Vizoso &
Ballester 1989; 1990; Carbonell et al. 1993; Oliver & Ballester 1994;
Verma 2000; Li et al. 2002; Temmer et al. 2002; Vernova et al. 2002;
Knaack et al. 2004). North-south asymmetries may be due to phase dif-
ferences between the magnetic activity in both hemispheres (Waldmeier
1971; Swinson et al. 1986). The interference between the dominant dipo-
lar mode and modes with quadrupolar symmetry with respect to the
equator (which can be excited through nonlinear or stochastic effects)
may strongly enhance the north-south asymmetry between the hemi-
spheres (Ossendrijver 2003). For instance, the few observed sunspots
during the Maunder minimum (∼1660–1720, cf. Fig. 1.1) were mainly
concentrated in the southern hemisphere (Sokoloff & Nesme-Ribes 1994).

One aim of the present analysis has been to locate the sources of the
1.5, 1.8 and 3.6 yr periods detected in the north-south asymmetry of the
(unsigned) magnetic flux. However, we have found a multitude of addi-
tional periods, some of which have been reported before by other authors.
Several of the detected periodicities occurred predominantly in the south-
ern hemisphere, which may possibly be related to the circumstance that
the southern hemisphere dominated during cycle 22, while the two hemi-
spheres were approximately balanced during cycles 21 and 23 (cf. Paper
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I). We have used the same data set as in Paper I, namely the synoptic
Carrington rotation maps of the photospheric magnetic field recorded
at the National Solar Observatory at Kitt Peak (NSO/KP) from 1975
to 2003, and applied a technique introduced by Hoeksema & Scherrer
(1987) and Antonucci et al. (1990). The notion is to compile a latitude-
time diagram of the magnetic flux, also known as “butterfly” diagram
(cf. Fig. 3.1), and to compute the power spectra of the time series in each
latitude zone. The spectral power is then plotted in latitude-frequency
contour maps, which readily allow the identification of the latitude and
the frequency of (quasi-) periodic signals. In this manner, Antonucci
et al. (1990) analyzed the rotation of the (signed) photospheric magnetic
field in the frequency range 300 nHz–600 nHz (corresponding to periods
between 39 d and 19 d), using synoptic charts recorded at the Wilcox
Solar Observatory at Stanford during 1976–1986 (cycle 21).

We have extended the technique by applying wavelet analysis, which
additionally allows to identify the time interval over which an oscilla-
tion occurred. The following frequency intervals in the net (signed)
as well as the total (unsigned) flux have accordingly been examined
for cycles 21–23: “low” frequencies in the range 1.1 nHz–30 nHz (cor-
responding to periods of 29 yr–1 yr), “intermediate” frequencies in the
range 30 nHz–120 nHz (386 d–96 d), and “high” frequencies in the range
390 nHz–470 nHz (29.7 d–24.6 d) and 780 nHz–940 nHz (14.8 d–12.3 d).
Data and methods are described in more detail in Sect. 3.3.

In Sect. 3.4, the results for the low frequency range are presented.
We have found evidence in the unsigned flux that the ∼ 3.6 yr and the
∼ 1.5 yr periods were present in both hemispheres, while the ∼ 1.8 yr
period occurred only in the south. In addition, a quasi-biennial oscillation
(Obridko & Shelting 2001) around 2.6 yr was detected in the south while
an intermittent 1.30±0.03 yr periodicity occurred in the unsigned flux at
intermediate latitudes in both hemispheres during the maxima of all three
cycles. The corresponding periodicities in the signed flux are slightly
larger, 1.50 ± 0.04 yr in the north and 1.36 ± 0.04 yr in the south. A
1.3 yr period in the rotation rate at the base of the convection zone has
recently been reported by Howe et al. (2000). Oscillations at 1.3 yr have
also been observed in the heliosphere (Lockwood 2001, and references
therein) and in sunspot areas and sunspot numbers (Krivova & Solanki
2002), but not yet directly in the large-scale photospheric magnetic field.



3.2. Introduction 49

We propose that the ∼ 1.3 yr period in the photosphere is possibly caused
by large-scale magnetic surges towards the poles (cf. Wang et al. 1989),
which are nicely seen in Fig. 3.1a, particularly during the interval 1989–
1993. We will discuss this point in more detail in Sect. 3.4.1.

In Sect. 3.5, the results for the intermediate frequency range are
shown. We have found a whole series of significant peaks, most of them
confined to the narrow latitude band ∼ 10◦ S–20◦ S. In the unsigned flux,
the peaks occur at 33.2–37.7 nHz (349–307 d), 41.0± 0.6 nHz (282± 4 d),
46.5–49.9 nHz (249–232 d), 52.1–55.4 nHz (222–209 d), 65.4± 0.6 nHz
(177± 2 d), 73.1–76.5 nHz (158–151 d) and 89.7–93.1 nHz (129–124 d).
The results for the signed flux are similar but certain discrepancies exist.
For instance, an additional double peak at 111.9–115.2 nHz (103–100 d)
occurs only in the signed flux. Although most of these periodicities were
reported earlier in several solar activity indicators (e.g. Wolff 1983; Rieger
et al. 1984; Delache et al. 1985; Lean & Brueckner 1989; Pap et al. 1990;
Bai & Sturrock 1991; Bai 2003; Lou et al. 2003), it is the first time that
they have collectively been detected in direct observations of the pho-
tospheric magnetic field. The Rieger period around 155 d is of special
interest. Oliver et al. (1998) and Ballester et al. (2002) have argued that
it disappeared after cycle 21, which is supported by a recent analysis of
solar flare occurrences (Bai 2003). However, Krivova & Solanki (2002)
have found evidence that the Rieger period persisted during cycle 22. In
favor of their conclusions, we will show that the Rieger period can be
detected in the unsigned flux during cycles 21 and 22, again primarily in
the southern hemisphere. Furthermore, there are preliminary indications
that the Rieger period has occurred again during the current cycle 23.

Bai & Sturrock (1991) showed that periodicities of 51, 78, 104, 129
and 154 days intermittently occurred in flare and sunspot records over
the interval 1955–1985 and noted that these periods are close to multiples
of a fundamental period around 25.8 days, which is near the (sidereal)
solar rotation period at the equator. In subsequent papers, Sturrock &
Bai (1992) and Bai & Sturrock (1993) proposed an obliquely rotating
structure or wave pattern as a possible mechanism for this fundamen-
tal period. However, Goode & Thompson (1992), Gough & Kosovichev
(1992) and Gough et al. (1995) showed that such a model would be
seriously constrained by helioseismological data. Recently, there have
been suggestions (Sturrock et al. 1999; Lou 2000; Sturrock 2004) that
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the Rieger and similar “Rieger-type” periodicities (periods longer than
∼ 25 days and shorter than half a year) are related to physical proper-
ties of r-modes (Papaloizou & Pringle 1978; Provost et al. 1981; Smeyers
et al. 1981; Saio 1982; Chapman et al. 1983; Wolff & Blizard 1986; Wolff
1998; 2000; Lou 2000; Dzhalilov et al. 2002; Dzhalilov & Staude 2004).
We have compared the detected intermediate quasi-periodicities in the
photospheric magnetic flux with the predicted periods of r-modes and
found that they are generally in good agreement (cf. Sect. 3.7).

In Sect. 3.6, the results for the high frequency range are discussed.
We have analyzed the time series as a whole and also for the separate
cycles 21 (1976.5–1986.8), 22 (1986.8–1996.7) and 23 (data available from
1996.7 to 2003.7). The results for cycle 21 are in good agreement with the
conclusions of Antonucci et al. (1990) that the large-scale field rotated
more rapidly in the northern than in the southern hemisphere. The
dominant synodic rotation frequency in the south was 412 ± 1.5 nHz
(28.1± 0.1 d) and in the north 431± 1.5 nHz (26.9± 0.1 d). Significant
power at these two frequencies extended over a large latitudinal range.
During cycle 22, the 28.1 d period became even more distinct in the
south. In the north, there was significant power around 27.3± 0.1 d but
most power occurred around periods of 28.3–28.6 d in the signed flux and
around 29.0±0.1 d in the unsigned flux, respectively. During the current
cycle 23, the period around 28.1 d has almost vanished in the south.
Instead, most power appears in the range 27.3 d–26.7 d. In the north, a
dominant peak is seen around 26.4±0.1 d. Surprisingly, a synodic period
around 24.9 d–25.5 d appeared in the unsigned magnetic flux at latitudes
∼ 12◦ S–19◦ S during all three cycles, which is possibly related to the
“fundamental period” proposed by Bai & Sturrock (1991).

In Sect. 3.7, we briefly introduce r-modes and give a list of period
estimates. The agreement of the detected quasi-periodicities with these
period estimates supports the view that r-modes may be a viable expla-
nation for quasi-periodic oscillations in the photospheric magnetic flux.
Finally, the conclusions are presented in Sect. 3.8.
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3.3 Data and reduction procedure

The NSO/Kitt Peak Synoptic maps of the photospheric magnetic field
were constructed from daily full-disk magnetograms spanning a full Car-
rington rotation (1 CR = 27.2753 d). These maps approximate the mag-
netic flux density B(ϕ, sinϑ) in the photosphere as a function of helio-
graphic longitude ϕ (0◦ ≤ ϕ < 360◦) and sine latitude ϑ (−1 < sinϑ <
+1) under the assumption that the magnetic fields are vertical (e.g. Wor-
den & Harvey 2000, and references therein). The entire data set consists
of 377 synoptic maps and covers Carrington rotations 1625–2007 (Febru-
ary 1975 – August 2003). An example of such a map is shown in Fig. 1.4.
Data gaps are rotations 1640–1644 and 1854. The resolution of each map
is 360× 180 pixels, i.e. 1◦ in longitude and 0.011 in sine latitude.

3.3.1 Butterfly diagrams

Butterfly (or latitude-time) diagrams of the net (signed) and the to-
tal (unsigned) magnetic flux are shown in Figs. 3.1a and 3.1b, respec-
tively.2 They were calculated by averaging either the signed or the un-
signed flux values of each synoptic map over all longitudes 1◦ − 360◦.
Missing data were replaced by zero. Thus, each row of the two but-
terfly diagrams shows the time variation of the net or total magnetic
flux at a specific (sine) latitude. Each time series has 383 data points,
the time step is ∆t = 1 CR. This time step can be varied depending
on the choice of the longitude bins over which the averaging is done.
Averaging B(ϕ, sinϑ) (or its absolute value) over the 10 longitude bins
1◦−36◦, 37◦−72◦, . . . , 325◦−360◦ (instead of 1◦−360◦ as in Fig. 3.1) in-
creases the number of data points of each time series by a factor of 10 and
reduces the time step to ∆t = 1

10
CR = 2.72753 d. Thus we used these

finer sampled time series to investigate not only long-term variations but
also rotational effects of the magnetic flux.

2 For convenience, numerical values are given in average flux density units of Gauss
(10−4 Vsm−2). To convert to Weber (1 Vs), multiply by 3.42× 1012.
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Figure 3.1: a) Butterfly diagram of the net (signed) magnetic flux density, averaged over longitude for each

Carrington rotation. Sine latitude ranges from -1 (south pole) to +1 (north pole). Positive polarities appear

white, negative polarities black, as defined by the color bar. For better contrast, the upper and lower cut offs have

been set to ±10 Gauss. The actual maximum is 41 G, the minimum −29 G. b) The same for the total (unsigned)

magnetic flux density (i.e. the average of the absolute values). The maximum is 82 G.
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3.3.2 Time series analysis

Fourier power spectra (FPS) were calculated for each time series of the
180 latitude zones of the butterfly diagrams using the Fast Fourier Trans-
form (FFT). The spectral power was then plotted in latitude-frequency
diagrams (Hoeksema & Scherrer 1987; Antonucci et al. 1990). Periodic
signals in the time series hence show up as regions of increased power
in these diagrams and the latitudes and frequencies of the power peaks
can be readily determined. However, the lifetime of an oscillation may
be limited and no information is obtained about when the quasi-periodic
signal occurred in the time interval 1975–2004.

This problem can be dealt with in two ways. Firstly, the time inter-
val can be divided into subintervals, for example into the separate solar
cycles 21, 22 and 23. Latitude-frequency diagrams of the subintervals
then provide information about the continuity of a signal. However, the
frequency resolution decreases and low-frequency signals are poorly de-
termined. Still, valuable information can be gained about high-frequency
signals such as those caused by the differential rotation of the Sun. Sec-
ondly, one can use the continuous wavelet transform. The advantage
of the wavelet transform is that it allows the analysis of localized vari-
ations of power by decomposing a one-dimensional time series into the
two-dimensional time-frequency space. Thus, it is possible to determine
not only the periodicities of the dominant modes of variability but also
how these modes vary in time (Torrence & Compo 1998). The resolu-
tion in time and frequency has to be chosen carefully. A good temporal
resolution is required to localize the power maxima in time, whereas a
good frequency resolution is necessary to determine the corresponding
frequencies.

Both techniques were used for this analysis. The latitude-frequency
power diagrams allowed us to determine the latitudes at which periodic
signals occurred and the respective frequencies. By further analyzing the
time series of the respective latitude with wavelets, we determined the
time intervals over which the periodic signals were present. These two
complementary methods thus provided three pieces of information: the
latitude, at which an oscillation occurred, its frequency (or period) and
the time interval, over which the oscillation was present.

Significance levels for the FPS were calculated assuming a Gaussian
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distribution for each point of the time series. Then each point of the
FPS should have a χ2 distribution with two degrees of freedom (DOF).
Provided that the FPS has the correct normalization, i.e. the integrated
power spectrum should equal the variance of the time series (Parseval’s
theorem), the power P in the FPS which corresponds to a given signifi-
cance level p (0 < p < 1) is

P =
σ2χ2(1− p,DOF)

0.5 N DOF
, (3.1)

where σ2 is the variance and N the number of points of the time series
(Torrence & Compo 1998). In our case, we have N = 3830 data points in
the whole time series. Therefore, we would expect 4 of them to randomly
have power in the FPS greater than the 99.9% significance level, but none
should exceed the 99.99% significance level by chance.

The significance levels for the wavelet power spectra (WPS) were cal-
culated according to Torrence & Compo (1998), assuming a mean back-
ground spectrum modeled with a univariate lag-1 autoregressive process.
Empirically, a signal which has 99.99% significance in the FPS usually
has 99.0–99.9% significance in the WPS. However, if a signal is relatively
weak and intermittent, it may be that it occurs only in the WPS but
not in the FPS. Thus, the latitude-frequency diagrams calculated with
the FFT provide a good and efficient overview while the wavelet analy-
sis is more time-consuming but in principal better suited to detect weak
signals.

The time interval over which a specific signal occurred (i.e. its life-
time) was determined as follows: Firstly, the latitudes were identified
where the power peak in the latitude-frequency diagram exceeded a
given significance level according to Eq. (3.1) (usually 99.99% for the
low and high frequency ranges, and 99.0–99.9% for intermediate frequen-
cies). Secondly, for each of these latitudes the WPS of the time series was
calculated using Morlet wavelets with a preferably small nondimensional
frequency. A Morlet wavelet is a plane wave modulated by a Gaussian
and the nondimensional frequency ω0 (often taken to be 6, cf. Torrence
& Compo 1998) defines the number of oscillations within the wavelet
itself. Increasing the nondimensional frequency increases the frequency
resolution but decreases the time resolution. We used the nondimen-
sional frequencies ω0 = 6 or 9 for the low, ω0 = 12 for the intermediate
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and ω0 = 18 for the high frequency range. Thirdly, the wavelet power
spectrum that showed the strongest power for the considered periodicity
was chosen and the boundaries of the 99% or 99.9% significance contour
were used for the upper and lower limit of the lifetime of the periodicity.
Please note that edge effects (i.e. the “cone of influence”, cf. Torrence
& Compo 1998) were not taken into account. The general advantage of
this technique is that the periodicities obtained with the Fourier analy-
sis can be cross-checked. However, it is quite extensive and not always
completely unambiguous. The tabulated time intervals should therefore
be seen as informative estimates and not as exact lifetimes.

3.4 The low frequency range

1 nHz ≤ ν ≤ 30 nHz

The latitude-frequency diagrams of the net and the total magnetic flux
are displayed in Figs. 3.2a and 3.2b, respectively. The frequency range
is 1 nHz ≤ ν ≤ 30 nHz (corresponding to periods 32 yr ≥ ν−1 ≥ 1 yr).
The color table of each diagram is normalized to the maximum power
in the range 10 ≤ ν ≤ 30 nHz, which accentuates the faint features
above 10 nHz. Dotted contour lines indicate the 99.99% significance level.
Regions of special interest are labeled A–D for the net magnetic flux
and A′–D′ for the total magnetic flux. The corresponding frequencies,
periods, latitudes, and time intervals are listed in Table 3.1. We first
discuss the results for the total magnetic flux in Sect. 3.4.1, since they
are directly comparable with the results of Paper I. Special emphasis
is given to the 1.3 yr periodicity in Sect. 3.4.1. The results for the net
magnetic flux are then briefly discussed in Sect. 3.4.2.

3.4.1 The total magnetic flux

The total magnetic flux in Fig. 3.2b shows maximum power at
ν = 3.3± 0.6 nHz (9.6± 1.7 yr), followed by the first harmonic around
ν = 6.6± 0.6 nHz (4.8± 0.4 yr). The frequency resolution can be artifi-
cially increased by zero padding the time series. Power then peaks around
ν = 3.1 nHz (10.2 yr) and ν = 6.2 nHz (5.1 yr). The former corresponds
to the 11 yr sunspot cycle, the latter is most likely due to the derivation
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Figure 3.2: a) FFT power density (in arbitrary but constant units) of the net (signed) magnetic flux vs. sine

latitude and frequency. The frequency range is 1.1–29.9 nHz (corresponding to periods 29–1 yr, indicated in white).

Dotted contour lines represent the 99.99% significance level, the labeled regions A–D are listed in Table 3.1. The

color table has been normalized to the maximum power in the range 10–30 nHz (see the color bar). b) The same

for the total (unsigned) magnetic flux.
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Table 3.1: Frequencies ν, periods ν−1, significance levels and latitudes ϑ

(where the power exceeds the given significance level) for the labeled regions in

Figs. 3.2a and 3.2b, respectively. The error ∆ν = 0.6 nHz is half the frequency

resolution. The time intervals (last column) were determined using the 99.9%

significance contours of Morlet wavelets with nondimensional frequency 6 or

9 (cf. Sect. 3.3.2). A time interval in an otherwise empty row belongs to the

periodicity above. Rows in brackets indicate periodicities that are evident

in the wavelet power spectra (with 99.9% significance) but not in Figs. 3.2a

and 3.2b. The frequencies for A′ and B′0 were computed with a five times

higher frequency resolution. The original values calculated with the standard

frequency resolution are 8.9 nHz (A′) and 10.0 nHz (B′0).

ν (nHz) ν−1 (yr) sig (%) ϑ time

A 7.8 4.1 99.99 21◦N–24◦N 85.3–02.5
B1 12.2 2.6 99.99 26◦S–28◦S 79.0–82.0

87.6–00.9
13.3 2.4 99.99 17◦S–18◦S 86.0–93.6

(2.0 99.90 17◦S–18◦S 99.4–03.6)
B2 17.7 1.79 99.99 ∼ 18◦S 79.5–84.4

85.9–92.0
B3 21.1 1.50 99.00 ∼ 18◦S 88.6–91.6
C 21.1 1.50 99.99 36◦S–47◦S 79.0–84.0

87.3–92.1
98.3–01.6

D 23.3 1.36 99.99 39◦N–45◦N 76.6–81.5
89.0–92.5

A′ 9.1 3.5 99.99 16◦N–25◦N 76.0–91.5
B′0 9.3 3.4 99.99 18◦S–25◦S 86.7–03.5
B′1 12.2 2.6 99.99 14◦S–17◦S 86.5–95.0

97.7–03.5
B′2 17.7 1.79 99.99 21◦S–25◦S 96.5–02.8

18.8 1.69 99.99 ∼ 16◦S 96.8–03.1
B′3 22.2 1.43 99.90 12◦S–16◦S 79.3–84.7

(1.57 99.90 9◦N–16◦N 78.5–85.1)
C′ 24.4 1.30 99.99 42◦S–54◦S 86.6–94.4

98.2–02.4
(1.32 99.90 30◦S–42◦S 88.4–93.8)

D′ 24.4 1.30 99.99 30◦N–36◦N 77.0–80.2
87.0–93.0
98.5–01.0

(1.32 99.90 36◦N–52◦N 75.8–80.9)
(1.32 99.90 36◦N–52◦N 89.1–93.4)
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of the 11 yr cycle from a purely sinusoidal shape. Mursula et al. (1997)
have shown that a periodicity around 5.5 years may arise from the asym-
metry of the cycle shape (i.e. the rise time of a typical solar cycle is
shorter than the decline time).

Significant power is also seen at higher frequencies, for instance in
the regions A′ in the north and B′0 in the south. The correspond-
ing frequencies (and periods) are ν = 8.9 ± 0.6 nHz (3.6 ± 0.2 yr) and
ν = 10.0 ± 0.6 nHz (3.2 ± 0.2 yr), respectively. Increased frequency res-
olution yields ν = 9.1 nHz (3.5 yr) for A′ and ν = 9.3 nHz (3.4 yr) for
B′0. We cannot exclude the possibility that also these frequencies may
be harmonics of the sunspot cycle. On the other hand, wavelet analysis
showed that the oscillation associated with A′ occurred in the total flux
approximately during 1976–1992, while that associated with B′0 occurred
during 1987–2003. In Paper I we have shown that a 3.6±0.3 yr periodic-
ity was present in the N-S asymmetry of the total flux from 1984 to 1995,
so we now have reason to believe that this periodicity is due to A′ and
B′0. Moreover, Berdyugina & Usoskin (2003) have analyzed active longi-
tudes in sunspot activity over the last 120 years and found a persistent
3.8 yr periodicity in the north and a 3.65 yr periodicity in the south. A
3.7 yr periodicity has been reported by Joshi & Joshi (2004) in the N-S
asymmetry of the soft X-ray flare index during cycles 21–23, periodicities
around 3.1–3.2 yr were detected by Vizoso & Ballester (1989) in the N-S
asymmetry of flare indices, and periodicities of 3.5–3.9 yr were found by
Rao (1973) in spot groups indices. These studies support the view that
periodicities in the range of 3–4 yr are of solar origin.

The regions B′1, B′2 and B′3 correspond to oscillations which are of-
ten referred to as “quasi-biennial” (Benevolenskaya 1998; Bazilevskaya
et al. 2000; Obridko & Shelting 2001; Dzhalilov et al. 2002). The dom-
inant peak in B′1 has the frequency ν = 12.2± 0.6 nHz (2.6± 0.1 yr)
and the associated oscillation occurred approximately during 1987–
1995 and 1998–2003. The region B′2 contains significant power at the
frequencies ν = 17.7± 0.6 nHz (1.79± 0.06 yr) and ν = 18.8± 0.6 nHz
(1.68± 0.05 yr). Both oscillations were present during 1997–2003. This
is in good agreement with the 1.79 yr and 1.65 yr periodicities reported
in Paper I for the same time interval. Finally, the oscillation associated
with the region B′3 at ν = 22.3± 0.6 nHz (1.43± 0.04 yr) occurred in the
latitude zone 12◦ S− 16◦ S from 1979 to 1985. Although not clearly vis-
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ible in Fig. 3.2b, additional wavelet analysis showed significant power at
a period of 1.57 yr in the latitude band 9◦N− 16◦N over the same time
interval (cf. Table 3.1). These two periodicities are therefore likely to be
the source of the 1.50 yr period in the N-S asymmetry of the total flux
described in Paper I. The circumstance that two oscillations with similar
periods around 1.5 yr (but with different phases) occurred in both hemi-
spheres during cycle 21 was also noted by Ichimoto et al. (1985) in their
analysis of Hα flares.

The 1.3-year periodicity

Interestingly, regions C′ and D′ in Fig. 3.2b show significant power
at ν = 24.4± 0.6 nHz (1.30 ± 0.03 yr) in both hemispheres. The lati-
tude bands where the power exceeds the 99.99% significance level are
42◦ − 54◦ S and 30◦ − 36◦N. Figure 3.3 shows the total magnetic flux
averaged over these two latitude bands as a function of time and the
corresponding wavelet power spectra. It can be clearly seen that there
is significant power around the 1.3 yr periodicity during the maxima of
cycles 21–23. During cycle 21, the 1.3 yr oscillation was present in the
northern hemisphere over the interval 1977–1980. During cycle 22, it was
prominent in both hemispheres from 1987 to 1994, although the periods
were slightly shorter (1.22 yr in the north, 1.26 yr in the south). It reap-
peared during cycle 23, in the north from 1998 to 2002 and in the south
from 1999 to 2002. Additional wavelet analysis showed that the 1.3 yr
period was present over the latitude zones ∼ 30◦ − 55◦ in both hemi-
spheres. We note that the 1.3 yr period cannot be detected if the total
magnetic flux is averaged over all latitudes, since the signal is relatively
weak.

Howe et al. (2000) have reported a 1.3 yr period in the variation of the
rotation rate near the base of the convection zone, being most pronounced
at low and intermediate latitudes. At high latitudes the period was close
to 1.0 yr. The data sets covered the time interval from May 1995 to
November 1999. Further investigations using extended data sets (Toomre
et al. 2003) have shown that the variations near the equator diminished
in amplitude when solar cycle 23 attained its maximum, while those at
higher latitudes persisted.

It is not clear whether the 1.3 yr periodicity in the rotation rate at
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Figure 3.3: a) The raw time series of the total magnetic flux density averaged

over latitudes 30◦ − 36◦N. b) The smoothed time series calculated with an

averaging window of 6 months. c) The wavelet power spectrum of the raw

time series, calculated with Morlet wavelets and nondimensional frequency 9

(cf. Sect. 3.3.2). It clearly shows enhanced power at the 99% significance

level (white contour lines) around a periodicity of 1.3 yr (represented by the

horizontal white line at 475 days) during all three cycles 21–23. The hatched

areas indicate the “cone of influence”, where edge effects become important.

d)–f) The same for latitudes 42◦ − 54◦ S. The wavelet power spectrum shows

significant power around 1.3 yr for cycles 22 and 23.
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the base of the convection zone is related to the 1.3 yr periodicity in
the photospheric magnetic flux. If there is such a relationship, then the
disappearance of the 1.3 yr oscillation in the photosphere after 2002 (as
seen in Fig. 3.3) may possibly be linked to the damping of the 1.3 yr
oscillation near the tachocline.

Periodicities at 1.3 yr have previously been reported in the photo-
sphere and the heliosphere by various authors. Krivova & Solanki (2002)
found variations with this period in the sunspot areas and sunspot num-
bers. These variations were particularly dominant during the interval
1920–1965 and appeared again, although considerably weaker, in the 21st
and subsequent cycles. Figure 3.2b shows that during cycles 21–23, sig-
nificant power at the 1.3 yr period appeared in both hemispheres mainly
at latitudes above 30◦. Since sunspots are usually confined to lower lat-
itudes, this might explain why sunspot indices have revealed only low
spectral power at 1.3 yr during the last three cycles. It then seems to
follow that the 1.3 yr periodicity should have appeared at lower latitudes
during the years 1920–1965, since it has clearly been seen in the sunspot
data from that time.

Lockwood (2001) found the 1.3 yr period in the interplanetary mag-
netic field (IMF) and geomagnetic activity. He noted that it has been
present mainly since 1940, with the largest amplitudes near the maxima
of even-numbered sunspot cycles. This is in good agreement with Fig. 3.3
which shows that the 1.3 yr periodicity was most dominant during cycle
22. In addition, Richardson et al. (1994) and Gazis et al. (1995) detected
a 1.3 yr period in the solar wind speed during 1987–1994, while Szabo
et al. (1995) found it in the southward component of the IMF. Besides,
the 1.3 yr period has also been seen in geomagnetic (Paularena et al.
1995) and auroral phenomena (Silverman & Shapiro 1983).

The 1.3 yr period in the unsigned (and signed) magnetic flux occurs
at latitudes where large-scale magnetic surges towards the poles (Howard
& Labonte 1981; Wang et al. 1989) seem to emanate. This can be nicely
seen in the butterfly diagram of the signed flux in Fig. 3.1a (the peri-
odicities for the signed flux are slightly larger, around 1.4–1.5 yr). We
therefore propose that the ∼ 1.3 yr periodicity in the photospheric mag-
netic flux, the IMF and geomagnetic activity is directly linked to these
magnetic surges. Wang & Sheeley (2003) have shown that stochastic
processes may provide a viable explanation for quasi-periodicities in the
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range ∼ 1–3 yr. However, since our results indicate that the 1.3 yr peri-
odicity has been a feature of all three sunspot cycles 21–23, it appears
unlikely that this period is a random occurrence. It will be interesting
so see whether the 1.3 yr period will be prominent again during the next
cycle 24.

3.4.2 The net magnetic flux

For the net magnetic flux in Fig. 3.2a, most power is obviously concen-
trated at the frequency ν = 1.1± 0.6 nHz (corresponding to a period of
29± 16 yr). The latitude zones are ∼ 0◦ − 20◦ and ∼ 30◦ − 90◦ in both
hemispheres. Increasing the frequency resolution yields ν = 1.4−1.6 nHz
(23 − 20 yr), which clearly represents the Hale magnetic cycle with an
average period of 22 yr. Increased power is also seen at the harmonic
ν = 4.4± 0.6 nHz (7.2± 1.0 yr). Zeropadding yields ν ≈ 4.7 nHz (6.7 yr).
This harmonic may be due to deviations of the 22 yr cycle from a purely
sinusoidal shape.

As for the total flux, there is increased power at higher frequencies,
mostly in similar regions. Thus, we will discuss these periods only briefly.
The dominant peak in region A extends over latitudes 21◦ − 24◦N and
has frequency ν = 7.8 ± 0.6 nHz (4.1 ± 0.3 yr). The time series of the
net magnetic flux density for this latitude range, its running average,
and the wavelet power spectrum of the raw time series are shown in
Figs. 3.4a–c. It is seen that a pronounced oscillation with a period of
4–4.5 yr occurred during the maxima of cycles 22 and 23. In addition,
there is significant power around a period of 3 yr for cycles 21 and 22,
which is hardly noticeable in the latitude-frequency diagram in Fig. 3.2a.
In contrast to the total magnetic flux, there seems to be no southern
analogue to region A in Fig. 3.2a.

The regions B1–B3 in Fig. 3.2a appear at approximately the same
frequencies as the regions B′1–B′3 in Fig. 3.2b. Note that region B3 is
weak compared to B′3. The time series of the net magnetic flux density
averaged over latitudes 17◦−18◦ S, its moving average, and the respective
wavelet power spectrum are shown in Figs. 3.4d–f. A periodicity around
2 yr was present during cycles 21 and 22. The oscillation during cycle 22
was more complex and caused enhanced power around 1.5 yr, 1.8 yr, and
2.4 yr.
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Figure 3.4: a) The raw time series of the net magnetic flux density averaged

over latitudes 21◦ − 24◦N. b) The smoothed time series calculated with an

averaging window of 6 months. c) The wavelet power spectrum of the raw

time series, calculated with Morlet wavelets and nondimensional frequency

6 (cf. Sect. 3.3.2). Enhanced power at the 99.9% significance level (white

contour lines) is seen at periods of 4–4.5 yr during the maxima of cycles 22

and 23. The hatched areas indicate the “cone of influence” where edge effects

become important. d)–f) The same for latitudes 17◦ − 18◦ S. The wavelet

power spectrum was calculated with nondimensional frequency 9. Power is

seen around periods of 2 yr (cycles 21 and 23) and 1.5–2.5 yr (cycle 22).
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Finally, the regions C and D appear at slightly different latitudes and
lower frequencies than the analogous regions C′ and D′ (cf. Table 3.1).
The corresponding oscillations occurred during all three cycles 21–23. As
already pointed out in the previous section, they appear to be directly
linked to the large-scale magnetic surges towards the poles.

3.5 The intermediate frequency range

30 nHz ≤ ν ≤ 120 nHz

Figures 3.5a and 3.5b show the frequency-latitude diagrams of the net
and the total magnetic flux, respectively, for the intermediate frequency
range 30 nHz ≤ ν ≤ 120 nHz (386 d ≥ ν−1 ≥ 96 d). Dotted contour lines
indicate the 99.0% significance level. Regions of special interest are la-
beled E–L for the net magnetic flux and E′–K′ for the total magnetic flux.
The corresponding frequencies, periods, latitudes, and time intervals are
listed in Table 3.2. Generally, the results for both the total magnetic
flux and the net magnetic flux are in qualitative agreement although
some discrepancies exist. In the following, we will mainly concentrate on
the results for the total magnetic flux and only briefly discuss those for
the net magnetic flux.

Interestingly, the total magnetic flux in Fig. 3.5b exhibits a whole
series of peaks that are confined to the latitude zone ∼ 10◦ − 20◦ in
the southern hemisphere. Most of them are double peaks separated
by ∆ν ≈ 3.3 nHz (1/∆ν = 9.6 yr), which is due to the modulation
by the underlying sunspot cycle. The region F′ contains two double
peaks in the range 33.2–37.7 nHz (349–307 d). Further peaks occur in re-
gions G′ at 41.0± 0.6 nHz (282± 4 d), H′ at 46.5–49.9 nHz (249–232 d),
I′ at 52.1–55.4 nHz (222–209 d), J′1 at 65.4± 0.6 nHz (177± 2 d), J′3 at
73.1–76.5 nHz (158–151 d) and K′ at 89.7–93.1 nHz (129–124 d). Two
additional peaks are seen in the northern region E′ at 33.2–35.5 nHz
(349–326 d). The net magnetic flux in Fig. 3.5a additionally shows a sig-
nificant peak in the northern region J4 at 73.1± 0.6 nHz (158± 1 d) and
a double peak in the southern region L at 111.9–115.2 nHz (103–100 d).

The best known of these periodicities is the Rieger period around
155 days, which was first observed in the occurrence of high-energy flares
from 1980 to 1984 (Rieger et al. 1984; Kiplinger et al. 1984; Bogart & Bai
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1985) and has since been found in various indicators of solar activity (see,
for example, Bai 2003, and references therein). Analyses of sunspot areas
and sunspot numbers of recent cycles have shown that the Rieger period
was present during cycles 16–21 (Lean & Brueckner 1989; Lean 1990;
Carbonell & Ballester 1992; Oliver et al. 1998; Krivova & Solanki 2002),
but not during cycles 12–15 (Carbonell & Ballester 1992). Oliver et al.
(1998) and Ballester et al. (2002) have argued that the Rieger period
disappeared after cycle 21, which is supported by a recent analysis of
periodicities in solar flare occurrence during cycles 19–23 by Bai (2003).
However, Krivova & Solanki (2002) have found evidence that it persisted
in sunspots during cycle 22.

The wavelet power spectrum of the total magnetic flux averaged over
latitudes 10◦ − 20◦ in each hemisphere is displayed in Fig. 3.6. It shows
that the Rieger period occurred in the south during cycles 21 and 22
(Fig. 3.6c), but only for a very limited time interval. No significant power
at this periodicity is seen in the north (Fig. 3.6b). If the unsigned flux is
averaged over latitudes 20◦ S−20◦ N, the wavelet power spectrum shows a
significant peak at the Rieger period during cycle 21 and a less significant
peak during cycle 22 (Fig. 3.6a). Thus, we can support the conclusions
by Krivova & Solanki (2002) that the Rieger period was present during
cycle 22, although predominantly in the south.

As far as cycle 23 is concerned, we find a less significant peak (J′2)
at the periodicity of 166± 1 days, which was present in the south during
2000–2001. This is supported by the results for the net flux. The peaks
in region J2 in Fig. 3.5a correspond to a period of 163 ± 1 days, which
occurred during all three cycles 21–23 (cf. Table 3.2). Peak J4 at period
158±1 days indicates that the Rieger period was present also in the north
during 2000–2002. This peak is however seen only in the net flux but
not in the total flux. Since the data for cycle 23 are still incomplete,
these results are preliminary and should be used with caution. Ziȩba
et al. (2001) found the Rieger period in the ascending phase of cycle
23 in solar radio flux data and sunspot numbers, but not in the mean
magnetic field.

Midterm periodicities in the range 50–350 days other than the Rieger
period have been reported before in various studies of solar activity in-
dices. Let us here briefly summarize some of these studies. Wolff (1983)
detected a peak near 320 d for the Zurich sunspot number time series from
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Figure 3.5: a) FFT power density (in arbitrary but constant units) vs. sine latitude and frequency for the

net (signed) magnetic flux. The frequency range is 30–120 nHz (corresponding to periods 386–96 d, indicated in

white). Dotted contour lines represent the 99.0% significance level. The labeled regions are listed in Table 3.2.

b) The same for the total (unsigned) magnetic flux.
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Table 3.2: Frequencies ν, periods ν−1, significance levels and latitudes ϑ (where the power exceeds the given

significance level) for the labeled regions in Figs. 3.5a and 3.5b. Asterisks indicate that the 99.9% level was also

reached. The error ∆ν = 0.6 nHz is half the frequency resolution. The time intervals (last column) were determined

using the 99.0% significance contours of Morlet wavelets with nondimensional frequency 12 (cf. Sect. 3.3.2). The

time interval for the peak at 33.2 nHz in region F′ could not be determined unambiguously.

ν (nHz) ν−1 (d) sig (%) ϑ time ν (nHz) ν−1 (d) sig (%) ϑ time

E 36.6 316 99.0 20◦N 78–82 E′ 33.2 349 99.0* 17◦N–20◦N 88–92
37.7 307 99.0 26◦N 80–81/99–02 35.5 326 99.0* 18◦N–22◦N 98–02

F 34.3 337 99.0 27◦S 88–92/98–01 F′ 33.2 349 99.0 16◦S–18◦S –
34.3 337 99.0 25◦S 88–92 34.3 337 99.0* 9◦S–11◦S 81–85/91–93
36.6 316 99.0 27◦S 88–92/98–01 36.6 316 99.0 15◦S–16◦S 79–82

37.7 307 99.0* 9◦S–12◦S 80–85
G 42.1 275 95.0 17◦S–19◦S 89–91/02–03 G′ 41.0 282 99.0* 10◦S–14◦S 90–94

43.2 268 99.0 12◦S–13◦S 81–82/00–01
H 47.6 243 99.0 23◦S–25◦S 90–93 H′ 46.5 249 99.0 ∼ 9◦S 91–92/01–03

49.9 232 99.0 ∼ 9◦S 81–84
I 53.2 218 99.0 11◦S 90–93 I′ 52.1 222 99.0 14◦S–17◦S 80–82/89–90

53.2 218 95.0 16◦S–18◦S 81–82/88–90 55.4 209 95.0 14◦S–17◦S 01–02
56.5 205 99.0 11◦S 82–84
56.5 205 95.0 16◦S–18◦S 81–82/88–90

J′1 65.4 177 99.0* 11◦S–13◦S 90–93
J2 70.9 163 95.0 14◦S–15◦S 81–83/89–90 J′2 69.8 166 95.0 11◦S–13◦S 00–01

70.9 163 95.0 19◦S–20◦S 90–91/01–03
J′3 73.1 158 99.0 13◦S–15◦S 80–82/90–93

76.5 151 99.0 9◦S–12◦S 81–82/90–92
76.5 151 99.0 3◦S– 5◦S 90–93

J4 73.1 158 99.0 21◦N 00–02
K 90.9 127 99.0 16◦S–17◦S 89–92/02–03 K′ 89.7 129 99.0 11◦S–13◦S 80–81/90–93

94.2 123 95.0 16◦S–17◦S 89–92/02–03 93.1 124 99.0 11◦S–13◦S 80–81/90–93
L 111.9 103 95.0 14◦S 81–83

115.2 100 95.0 14◦S–15◦S 81–83
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Figure 3.6: a) Wavelet power spectrum of the total magnetic flux averaged

over latitudes 20◦ S–20◦N. Morlet wavelets with nondimensional frequency 12

were applied. The Rieger period around 155 d is indicated by the horizontal

white line. Significant power at the Rieger period is seen around 1981–1982.

The white contour line corresponds to the 99.0% significance level. b) The

same for latitudes 10◦N–20◦ N. c) The same for latitudes 10◦ S–20◦ S. Signif-

icant power at the Rieger period is seen for cycles 21 and 22.
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1749 to 1984. This period was also reported by Delache et al. (1985) for
the solar diameter measurements from 1975 to 1984. Lean & Brueck-
ner (1989) analyzed the sunspot blocking function, 10.7 cm radio flux,
sunspot numbers, and Ca II K plage index over cycles 19–21. Besides
the Rieger period, a 323 d periodicity was found in all four indices, but
it was prominent only during cycle 21. Additional periods around 335 d
and 349 d were reported for both the sunspot number and plage index,
while peaks at 287 d and 270 d occurred in the sunspot blocking function
and in the 10.7 cm flux. A period of 115 d was seen only in the sunspot
blocking function. Oliver et al. (1992) confirmed a 322 d periodicity in
sunspot areas and sunspot numbers for cycle 21, while the whole time
series of sunspot areas from 1878 to 1982 showed a dominant peak at
351 d. In Paper I, we have found periodic variations around 320–330 d in
the north-south asymmetry of sunspot areas during several solar activity
minima in 1888–1890, 1921–1923, 1933–1935, and 1975–1977.

Pap et al. (1990) performed a similar analysis as Lean & Brueckner
(1989) and investigated the solar total and ultraviolet irradiance in ad-
dition to the sunspot blocking function (1874–1982), 10.7 cm radio flux
(1947–1989) and Ca II K plage index (1970–1987). Periodicities around
315, 227, 157, 113, and 50 d were found in both the Nimbus-7/ERB
(1978–1988) and SMM/ACRIM (1980–1988) total irradiance data. Peri-
odicities around 330, 287, 237, 155, and 51 d were reported for the 10.7
cm flux, while the Ca K plage index showed one strong peak at 327 d.
In the sunspot blocking function, periodicities around 350, 280, 250 and
156 d were detected. In addition, projected areas of active sunspot groups
showed peaks at 157, 113 and 51 d over the interval 1980–1988, while ar-
eas of old sunspot group showed periods of 204 and 151 d.

A list of periodicities in solar flare occurrence is given by Bai (2003).
A 51 d period operated during cycle 19, a 78 d and 84 d period during
cycle 20, a 129 d period during cycles 20 and 23, and finally the Rieger
period during cycles 19, 20, and 21. Lou et al. (2003) have analyzed
mid-term quasi-periodicities in solar CMEs, X-ray flares (class > M5.0)
and in the Ap index for geomagnetic disturbances. The time interval
for all three data sets was 1999 to 2003. Lou et al. reported, inter alia,
periods of 358 ± 38, 272 ± 26, 196 ± 13, 100 ± 3, and 66 ± 1 d (at the
99% significance level) for daily counts of CME events (recorded with the
Large Angle Spectrometric Coronograph LASCO on board SOHO) and
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periods of 260± 24, 157± 11, 122± 5, and 98± 3 d for solar X-ray flares.

A common feature of most of these reported midterm periodicities is
that they are close to integer multiples of a period around 25–26 d, which
is close to the sidereal solar rotation period at the equator. The hypothe-
sis that a fundamental period could cause the excitation of subharmonic
oscillations (i.e. oscillations with periods close to integer multiples of
the fundamental period) was first formulated by Bai & Sturrock (1991).
The authors showed that periodicities of 51, 78, 104, 129, and 154 d in-
termittently occurred in flare and sunspot records during 1955–1985 and
therefore inferred that these periods were subharmonics of a fundamen-
tal period around 25.8 d. Sturrock & Bai (1992) and Bai & Sturrock
(1993) proposed an obliquely rotating structure or wave pattern as a
possible mechanism for the fundamental period and modified its value
to 25.5 d. However, Goode & Thompson (1992), Gough & Kosovichev
(1992), and Gough et al. (1995) showed that such a model would be
seriously constrained by helioseismological data. Direct evidence for a
fundamental 25.5 d period was reported by Ozgüç & Ataç (1996) for the
north-south asymmetry of flares during cycle 22. Recently, it has been
pointed out (Sturrock et al. 1999; Lou 2000; Sturrock 2004) that the
Rieger and Rieger-type periodicities may be due to r-mode oscillations
or equatorially trapped Rossby-type waves. We will return to this point
in Sect. 3.7.

3.6 The high frequency range

390 nHz ≤ ν ≤ 470 nHz

The latitude-frequency diagrams of the net and total magnetic flux for the
high frequency range 390 nHz ≤ ν ≤ 470 nHz (29.7 d ≥ ν−1 ≥ 24.6 d) are
displayed in Figs. 3.7a and 3.7b, respectively. The two diagrams show
the spectral power density calculated for the entire time series (cycles
21, 22, and 23). Dotted contour lines indicate the 99.99% significance
level. Frequencies, periods, latitudes and time intervals of labeled peaks
(N–U for the net flux, M′–U′2 for the total flux) are listed in Tab. 3.3.
The differential rotation laws as derived from Greenwich sunspot data
(Balthasar et al. 1986) and Mt. Wilson Doppler shifts (Snodgrass 1984),
respectively, are also shown. Please note that all rotation frequencies and
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periods are synodic (unless otherwise stated).
The corresponding diagrams for each separate cycle are displayed in

Figs. 3.8–3.10. Dotted contour lines here indicate the 99.9% significance
levels. The same labels as in Figs. 3.7a and 3.7b have been used for
peaks at similar frequencies, and the cycle number has been added as an
additional subscript. Labels in lower case indicate peaks that are present
in a specific cycle but cannot be clearly associated with a corresponding
peak in Figs. 3.7a or 3.7b. The latitude-frequency diagrams for the first
harmonic frequency range 780 nHz ≤ ν ≤ 940 nHz (14.84 d ≥ ν−1 ≥
12.31 d) are also shown. This allows us to identify two or four sector
(m = 1 or 2, in terms of the azimuthal order) patterns in the large scale
magnetic field. All labeled peaks are listed in Table 3.4 for cycle 21,
Table 3.5 for cycle 22, and Table 3.6 for cycle 23.

A common feature of all the latitude-frequency diagrams in the funda-
mental frequency range (Figs. 3.7a,b–3.10a,b) is that the spectral power
above the noise level is not uniformly distributed along the differential
rotation curves, as one might expect, but rather concentrated in a few
distinct regions. These regions with significant power often appear at
well defined frequencies but can be quite wide in latitude, which indi-
cates that the large-scale magnetic field structures must be sufficiently
coherent and long-lived to concentrate significant power only at certain
narrow frequency intervals. In addition, there is a distinct asymmetry
between the northern and southern hemispheres, i.e. regions having sig-
nificant power are not symmetric with respect to the equator. These
properties have already been mentioned by Antonucci et al. (1990), who
performed a similar analysis for the net magnetic flux during cycle 21.

In the following, we first discuss the results for the southern hemi-
sphere and then continue with the northern hemisphere.

3.6.1 Rotation frequencies in the southern

hemisphere

The dominant feature in the south for the latitude-frequency diagram
of the total magnetic flux (Fig. 3.7b) is the very distinct double peak
R′ at ν1 = 409.9 ± 0.6 nHz (28.24 ± 0.04 d) and ν2 = 413.3 ± 0.6 nHz
(28.00± 0.04 d). The latitudinal extent is approximately 10◦–20◦ S. The
corresponding double peak R in the net magnetic flux (Fig. 3.7a) ap-
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Figure 3.7: a) FFT power density (in arbitrary but constant units) vs. sine latitude and frequency for the net

(signed) magnetic flux. The frequency range is 390–470 nHz (corresponding to periods 29.7–24.6 d, indicated in

white). Dotted contour lines represent the 99.99% significance level. The labeled regions are listed in Table 3.3.

The two curves indicate the differential rotation laws for sunspots (right curve) and Doppler shifts (left curve).

b) The same for the total (unsigned) magnetic flux.
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Table 3.3: Frequencies ν, periods ν−1, significance levels, latitudes ϑ (where

the power exceeds the given significance level) and cycles (when the corre-

sponding oscillations occurred) for the labeled regions in Figs. 3.7a and 3.7b.

The error ∆ν = 0.6 nHz is half the frequency resolution.

ν (nHz) ν−1 (yr) sig (%) ϑ cycle

N 400.0 28.9 99.99 27◦S-58◦S 23
O 401.1 28.9 99.99 34◦S-54◦S 21,22,23
P 406.6 28.5 99.99 28◦S-54◦S 23
Q 406.6 28.5 99.99 26◦N-57◦N 22
R 411.0 28.2 99.99 19◦S-57◦S 21,22

414.4 27.9 99.99 22◦S-23◦S 21,22
S2 429.9 26.9 99.99 6◦S 22

429.9 26.9 99.90 19◦S-21◦S 23
S3 434.3 26.7 99.99 10◦S-12◦S 23

437.6 26.5 99.90 11◦S 23
T1 426.6 27.1 99.99 23◦N–25◦N 22

429.9 26.9 99.99 11◦N-12◦N 21, 22
429.9 26.9 99.90 16◦N-20◦N 21, 22

T2 433.2 26.7 99.99 6◦N–8◦N 21,22
433.2 26.7 99.99 11◦N-12◦N 21, 22

T3 435.4 26.6 99.90 14◦N-15◦N 23
437.6 26.4 99.99 16◦N 21,22,23

U 463.1 25.0 99.00 14◦S 22

M′ 398.9 29.0 99.90 16◦N-18◦N 22
R′ 409.9 28.2 99.99 13◦S-19◦S 21,22

413.3 28.0 99.99 13◦S-18◦S 21,22
S′1 423.2 27.3 99.99 9◦S-12◦S 21,23

425.5 27.2 99.90 8◦S-13◦S 23
S′2 428.8 27.0 99.99 9◦S-10◦S 22

432.1 26.8 99.99 11◦S-12◦S 22
S′3 435.4 26.6 99.99 11◦S-13◦S 23
S′4 441.0 26.2 99.99 16◦S-17◦S 22
T′1 425.5 27.2 99.90 26◦N-41◦N 22

427.7 27.1 99.99 18◦N-20◦N 22
429.9 27.1 99.99 23◦N-25◦N 21

T′2 433.2 26.7 99.99 15◦N-25◦N 21
T′3 436.5 26.5 99.99 13◦N-18◦N 23
U′1 455.4 25.4 99.90 13◦S-16◦S 22
U′2 462.0 25.1 99.99 16◦S-17◦S 21,23
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Figure 3.8: a) FFT power density vs. sine latitude and frequency for the net magnetic flux in cycle 21. The

frequency range is 390–470 nHz (corresponding to periods 29.7–24.6 d, indicated in white). Dotted contour lines

represent the 99.9% significance level. The labeled regions are listed in Table 3.4. The two curves indicate the

differential rotation laws for sunspots (right curve) and Doppler shifts (left curve). b) Same as a) for the total

magnetic flux. c) Same as a) but for the first harmonic frequency range 780–940 nHz (14.8–12.3 d). d) Same as

c) but for the total magnetic flux.
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Table 3.4: Frequencies ν, periods ν−1, significance levels and latitudes ϑ (where the power exceeds the given

significance level) for the labeled regions in Figs. 3.8a – 3.8d (cycle 21). The columns on the left give the values for

the net magnetic flux, the columns on the right the values for the total magnetic flux. The error ∆ν = 1.5 nHz is

half the frequency resolution. The time intervals were determined using the 99.0% significance contours of Morlet

wavelets with nondimensional frequency 18 (cf. Sect. 3.3.2).

ν (nHz) ν−1 (d) sig (%) ϑ time ν (nHz) ν−1 (d) sig (%) ϑ time

N21 399.7 29.0 99.9 40◦S-55◦S 78.9-80.3 n′21 399.7 29.0 99.9 37◦S-50◦S 82.0-82.8
O21 399.7 29.0 99.9 40◦N-53◦N 78.3-79.5 o′21 399.7 29.0 99.9 57◦N-59◦N 82.0-83.3

82.4-83.5
R21 412.0 28.1 99.9 18◦S-72◦S 78.5-82.4 R′21 412.0 28.1 99.9 12◦S-20◦S 81.0-82.3

S′1,21 421.3 27.5 99.9 10◦S-13◦S 80.4-81.4

84.0-84.6
T2,21 430.5 26.9 99.9 12◦N 79.6-81.0 T′2,21 430.5 26.9 99.9 5◦S-27◦N 82.0-83.0

430.5 26.9 99.0 16◦N-18◦N 80.4-81.2 83.9-84.5
433.6 26.7 99.9 0◦N-4◦N 79.1-80.3

80.7-81.7
85.6-86.4

U′2,21 461.2 25.1 99.0 14◦S-19◦S 80.8-81.7

v′21 415.1 27.9 99.9 13◦N-14◦N 81.9-82.6

T∗2,21 861.0 13.44 99.9 14◦N-18◦N 79.2-79.9 T′∗2,21 867.1 13.35 99.9 4◦S-17◦N 79.2-79.9

80.4-80.7 81.2-82.8
867.1 13.35 99.9 5◦N-13◦N 80.9-81.7 84.0-84.3

82.7-83.2 85.7-86.0
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Figure 3.9: Same as Fig. 3.8 but for cycle 22. The labeled regions are listed in Table 3.5.
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Table 3.5: Same as Table 3.4 for Figs. 3.9a–3.9d (cycle 22). The error is ∆ν = 1.6 nHz.

ν (nHz) ν−1 (d) sig (%) ϑ time ν (nHz) ν−1 (d) sig (%) ϑ time

N22 398.6 29.0 99.9 37◦S-57◦S 92.6-94.1
401.8 28.8 99.9 27◦S-36◦S 88.7-89.9

92.3-93.3
Q22 398.6 29.0 99.9 38◦N-50◦N 89.2-90.7 M′22 398.6 29.0 99.9 15◦N-35◦N 88.7-90.1

405.0 28.6 99.9 31◦N-59◦N 89.2-90.7 398.6 29.0 99.9 43◦N-54◦N 89.3-90.4
408.3 28.3 99.9 26◦N-30◦N 91.1-91.9

R22 411.5 28.1 99.9 26◦S-53◦S 90.2-91.0 R′22 411.5 28.1 99.9 36◦S-53◦S 89.0-90.0
411.5 28.1 99.9 20◦S-22◦S 88.8-90.1 411.5 28.1 99.9 13◦S-17◦S 89.8-90.7

91.1-92.7
S1,22 417.9 27.7 99.9 23◦S 90.9-92.1

421.1 27.5 99.9 14◦S 91.0-92.2
424.3 27.3 99.9 17◦S-18◦S 88.5-89.1

S′2,22 427.6 27.1 99.9 5◦S-7◦S 92.5-93.5

434.0 26.7 99.9 9◦S-12◦S 92.2-93.2
S′4,22 443.6 26.1 99.9 16◦S-18◦S 90.7-91.7

T1,22 424.3 27.3 99.9 14◦N 90.0-90.7 T′1,22 424.3 27.3 99.9 21◦N-39◦N 88.3-90.4

93.0-93.8 90.7-91.3
427.6 27.1 99.9 18◦N 89.6-91.2
427.6 27.1 99.9 23◦N-26◦N 89.8-90.8
427.6 27.1 99.9 43◦N-52◦N 90.2-91.3

U22 462.9 25.0 99.0 14◦S 91.0-91.5 U′1,22 456.5 25.4 99.9 12◦S-17◦S 90.0-90.9

S∗1,22 842.3 13.74 99.9 14◦S-25◦S 91.3-92.1 S′∗1,22 842.3 13.74 99.9 20◦S-26◦S 91.0-92.0

851.9 13.59 99.9 10◦S-17◦S 91.0-91.9 851.9 13.59 99.9 9◦S-14◦S 91.0-92.3
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Figure 3.10: Same as Fig. 3.8 but for cycle 23. The labeled regions are listed in Table 3.6.
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Table 3.6: Same as Table 3.4 for Figs. 3.10a–3.10d (cycle 23). The error is ∆ν = 2.3 nHz.

ν (nHz) ν−1 (d) sig (%) ϑ time ν (nHz) ν−1 (d) sig (%) ϑ time

P23 406.3 28.5 99.9 29◦S-56◦S 99.4-00.0 p′23 401.8 28.8 99.9 25◦S-32◦S 98.9-00.0
01.5-02.3 01.9-03.0

R′23 415.3 27.9 99.9 23◦S-33◦S 99.2-00.1
419.8 27.6 99.9 34◦S-38◦S 98.8-00.1

S1,23 424.3 27.3 99.9 5◦S-9◦S 02.3-03.6 S′1,23 424.3 27.3 99.9 7◦S-14◦S 99.7-01.2

02.3-03.6
S3,23 433.4 26.7 99.9 11◦S-18◦S 02.3-03.4 S′3,23 433.4 26.7 99.9 18◦S-25◦S 01.9-02.9

437.9 26.4 99.9 6◦S-9◦S 01.7-03.6 433.4 26.7 99.9 12◦S-16◦S 99.7-00.5
442.4 26.2 99.9 16◦S-17◦S 01.9-03.5

T3,23 437.9 26.4 99.9 13◦N-16◦N 99.4-99.7 T′3,23 437.9 26.4 99.9 9◦N-24◦N 98.9-99.9

01.5-02.0 00.3-03.0
02.7-03.2

U′2,23 465.0 24.9 99.9 15◦S-18◦S 99.7-00.3

01.7-02.2
w′23 451.4 25.6 99.9 19◦N-21◦N 98.7-99.8

00.9-01.4
02.3-02.8
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pears at slightly shifted frequencies and covers latitudes ∼ 20◦–60◦ S.
A northern analogue does not exist, neither in the total nor in the net
flux. Interestingly, the comparison with the latitude-frequency diagrams
of the separate cycles shows that this peak appeared not only in cycle 21
but also in cycle 22 (regions R21 and R′21 in Figs. 3.8a and 3.8b, regions
R22 and R′22 in Figs. 3.9a and 3.9b). This indicates that during both
cycles 21 and 22, the large-scale southern magnetic field pattern rotated
nearly rigidly with the period 28.0–28.2 d. During cycle 23, less power
at slightly higher frequencies (415.3–419.8 nHz) is seen in the total flux
(peak R′23 in Fig. 3.10b) but not in the net flux (Fig. 3.10a). Interest-
ingly, Bai (1990) reported a “hot spot” with a rotation period of 27.99 d
in the southern hemisphere for cycles 19–22. The term “hot spot” refers
to a region of enhanced flare activity. We will return to this point in the
following section.

The less dominant southern peaks S′1–S′4 in the total flux (Fig. 3.7b)
have frequencies of 423.2–425.5 nHz, 428.8–432.1 nHz, 435.4 nHz, and
441.0 nHz (corresponding to periods of 27.3–27.2 d, 27.0–26.8 d, 26.6 d,
and 26.2 d). In the net flux, only peaks S2 and S3 reach the 99.99% sig-
nificance level. The latitude-frequency diagrams of the separate cycles
show that peak S′1 occurred in cycle 21 (cf. S′1,21 in Fig. 3.8b), with
similar power as peak R′21, and again in cycle 23 (S′1,23 in Fig. 3.10b),
where it is even the strongest peak in the southern hemisphere. During
cycle 22, there are significant but scattered peaks at similar frequencies
in the net flux (S1,22 in Fig. 3.9a) but not in the total flux (Fig. 3.9b).
However, the unsigned as well as the signed flux show significant power at
the first harmonic (regions S∗1,22 in Fig. 3.9c and S′∗1,22 in Fig. 3.9d). Note
that the peaks at the first harmonic in the net flux show approximately
twice as much power as the fundamental peaks. This may possibly be
interpreted as the pattern of two activity complexes separated by 180◦

in longitude and rotating with the same frequency (see the discussion
in the following section). The reason why the fundamental frequency
does not appear in the total flux may be due to the circumstance that
an oscillation that alternates between plus and minus in the net flux has
approximately the doubled frequency in the total flux, as is the case for
the 22 yr magnetic and 11 yr sunspot cycle (cf. Figs. 3.2a,b). The peaks
S′2 and S′4 in Fig. 3.7b are probably due to the corresponding peaks in
cycle 22 (S′2,22 and S′4,22 in Fig. 3.9b), while the peak S′3 was formed
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during cycle 23 (S′3,23 in Fig. 3.10b). Note, however, that because of the
reduced frequency resolution of the latitude-frequency diagrams of cycle
22 and especially cycle 23, it is difficult to decide from which cycle the
main contributions to S′2 and S′3 in Fig. 3.7b actually come.

Surprisingly, two significant peaks occur at very high frequencies in
the latitude-frequency diagram of the total flux in Fig. 3.7b, namely peak
U′1 at ν = 455.4±0.6 nHz (25.42±0.03 d) and U′2 at ν = 462.0±0.6 nHz
(25.05±0.03 d). Both peaks are located in the southern hemisphere. The
corresponding peak U in the signed flux is rather weak. It is clearly seen
from the diagrams for the separate cycles that peak U′2 was present
during cycles 21 and 23, while peak U′2 occurred during cycle 22 (cf.
U′2,21 in Fig. 3.8b, U′1,22 in Fig. 3.9b, and U′2,23 in Fig. 3.10b). These
regions appear at much higher frequencies than one would expect from
the differential rotation laws. The synodic rotation rate for sunspots at
these latitudes is approximately 430 nHz. The circumstance that there is
significant power at a synodic frequency of approximately 460 nHz for all
three cycles excludes the possibility that these peaks are due to random
fluctuations. Interestingly, the sidereal rotation rate of the equator is
approximately 460 nHz. Possible explanations for these peaks will be
discussed in Sect. 3.7.

The wavelet power spectrum of the total magnetic flux averaged over
latitudes 10◦ S–20◦ S is displayed in Fig. 3.11b. Clearly visible is the ∼
28 d periodicity during cycles 21 and 22. Less pronounced is the ∼ 27.3 d
periodicity during cycle 23. Significant power can also be seen for the
25.0–25.5 d periodicity during all three cycles, in particular during cycle
22.

3.6.2 Rotation frequencies in the northern

hemisphere

In the northern part of the latitude-frequency diagram of the total flux in
Fig. 3.7b, two distinct peaks T′2 and T′3 appear at ν = 433.2± 0.6 nHz
(26.72± 0.04 d) and ν = 436.5± 0.6 nHz (26.52± 0.04 d), respectively.
Less dominant peaks can be seen in the region T′1 at frequencies
425.5–429.9 nHz (27.20–26.92 d) and in M′ at 398.9 nHz (29.0 d). Fig-
ure 3.7a for the net flux shows a similar picture for regions T1–T3,
but no significant analogue to peak M′ is present. Similarly, peaks
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Figure 3.11: a) Wavelet power spectrum of the total magnetic flux averaged

over latitudes 10◦ N–20◦ N. Morlet wavelets with a nondimensional frequency

of 120 were used to achieve a maximum frequency resolution. White contours

indicate the 99.9% significance level, hatched regions the cone of influence.

The horizontal dashed lines represent the synodic rotation periods of sunspots

at 10◦ N and 20◦N, respectively. During cycle 21, most power is concentrated

around a periodicity of 27.0 d, while cycle 22 shows dominant power around

29.0 d. During cycle 23, most power is concentrated around the periodicity of

26.4 d. b) The same for latitudes 10◦ S–20◦ S. The 28.0 d period is prominent

for cycles 21 and 22, while the 25.0–25.5 d period occurs during all three cycles

and is particularly pronounced during cycle 22.
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O at ν = 401.1± 0.6 nHz (28.86± 0.04 d) and Q at ν = 406.6± 0.6 nHz
(28.47± 0.04 d) in Fig. 3.7a have no significant analogue in the total flux
in Fig. 3.7b.

The latitude-frequency diagrams of the separate cycles show that
peak T′2,21 at frequencies 430.5–433.6 nHz (26.9–26.7 d) is the dominat-
ing northern feature in the total flux during cycle 21 (Fig. 3.8b). There
is also a peak at the first harmonic (T′∗2,21 in Fig. 3.8d). The same fre-
quencies are seen for the net flux (peaks T2,21 in Fig. 3.8a and T∗2,21 in
Fig. 3.8c), which was already noted by Antonucci et al. (1990) and in-
terpreted as a four sector pattern (m = 2) in the large-scale magnetic
field. However, the classification of such patterns in terms of the az-
imuthal order m should be used with caution. By definition, a m = 2
structure corresponds to four sectors (each 90◦ wide in longitude) that
have equal amplitudes but opposite polarities. A different configuration,
for instance two large bipolar active regions rotating with the same pe-
riod but separated by 180◦ in longitude, may also cause a peak at the
fundamental rotation frequency and its first harmonic. Interestingly, Bai
(2003a) reported a “double-hot-spot” system with a rotation period of
26.73 d that operated in the northern hemisphere during cycles 20 and 21.
As already mentioned, the term “hot spot” refers to a region of enhanced
flare activity and is used by Bai (2003a) instead of “active longitude” to
emphasize that the longitude distributions of flares are different in the
two hemispheres. A double-hot-spot system consists of two hot spots
that are separated by 180◦ in longitude and rotate with the same pe-
riod. Since the periodicities coincide, it is reasonable to conclude that
the large-scale magnetic pattern that caused peaks T′2,21 and T′∗2,21 in
Figs. 3.8b and 3.8d was related with the double-hot-spot system dur-
ing cycle 21. In addition, Berdyugina & Usoskin (2003) found in their
analysis of active longitudes in sunspot activity that the mean long-term
latitude of sunspot formation is 14◦ which corresponds also to a rotation
period of 26.9 d.

The following cycle 22 exhibits increased power at similar frequen-
cies, i.e. peak T′1,22 in the unsigned flux (Fig. 3.9b) at 424.3 nHz (27.3 d)
and peak T1,22 in the signed flux (Fig. 3.9b) at approximately the same
frequency. However, there is more power in the unsigned flux in region
M′22 at 398.6 nHz (29.0 d), while for the signed flux it is region Q22 at
398.6–408.3 nHz (29.0–28.3 d) that dominates. During cycle 23, the dom-
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inant northern peak is T′3,23 at 437.9 nHz (26.4 d) in the unsigned flux
and T3,23 at the same frequency in the signed flux.

An overview is given in Fig. 3.11a, which displays the wavelet power
spectrum of the total magnetic flux averaged over latitudes 10◦N–20◦N.
The periodicity around 27.0 d was particularly pronounced during cycle
21, while the 29.0 d periodicity was more prominent during cycle 22.
Finally, cycle 23 shows most power at the 26.4 d periodicity.

Active regions strongly tend to emerge near or within already ex-
isting active regions, forming so-called “complexes of activity” or “ac-
tive/preferred longitudes” (e.g. Trotter & Billings 1962; Bumba &
Howard 1969; Bogart 1982; Gaizauskas et al. 1983; Brouwer & Zwaan
1990; Gaizauskas et al. 2001). These complexes are maintained by emer-
gence of new magnetic flux and may persist from 3–6 to 20–40 consecutive
solar rotations. Neugebauer et al. (2000) reported a 27.0 d periodicity in
the solar wind speed and the radial component of the interplanetary
magnetic field from 1962 to 1998 and attributed it to the existence of
preferred longitudes. The authors noted that the 27.0 d periodicity can
be discerned only over long periods of time and that it is less apparent
or absent when the data are analyzed for time intervals of one solar cycle
or less. Ruzmaikin et al. (2001) detected the same periodicity using syn-
optic charts of the photospheric magnetic field recorded at the Wilcox
Solar Observatory from 1976 to 2000. Henney & Harvey (2002) found the
27.0 d periodicity also in the NSO/KP synoptic maps (1977-2001) and
concluded that it was coherent over two decades and due to long-lived
complexes of active regions in the northern hemisphere at a latitude of
∼ 18◦. A phase coherence analysis of the international sunspot number
showed that the 27.0 d period lacked a clear coherence during the interval
1880–1977.

3.7 Possible r-modes signatures in the

magnetic flux

In the previous sections, we have shown that the magnetic flux exhibits a
multitude of quasi-periodic oscillations. There have recently been sugges-
tions by Sturrock et al. (1999), Lou (2000) and Sturrock (2004) that the
Rieger and similar Rieger-type periodicities are related to physical prop-
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erties of r-modes or equatorially trapped Rossby waves (Papaloizou &
Pringle 1978; Provost et al. 1981; Smeyers et al. 1981; Saio 1982; Wolff &
Blizard 1986; Wolff 1998; 2000; Lou 2000; Dzhalilov et al. 2002; Dzhalilov
& Staude 2004). We will now consider the possibility that r-modes are
the cause for the periodicities in the magnetic flux.

The r-modes are globally coherent quasi-toroidal oscillations dom-
inated by the Coriolis force. These modes are locally similar to the
Rossby waves in geophysics, which belong to a subset of global tidal
waves described by Laplace’s tidal equation. Rossby-type waves can ex-
ist in a fluid layer on the surface of a rotating sphere and can give rise
to detectable features such as large-scale velocity patterns and surface
elevations (Lou 2000). For instance, Rossby waves have been observed in
the terrestrial oceans as large-scale variations of sea-surface height with
amplitudes ≤ 10 cm and wavelengths ≥ 500 km (Chelton & Schlax 1996).
Kuhn et al. (2000) have reported the detection of 100 m high “hills” in
the solar photosphere, spaced uniformly over the solar surface with a
characteristic separation of approximately 90, 000 km (corresponding to
m ≈ 50). These observations were made with the Michelson Doppler
Imager (MDI) on board the Solar and Heliospheric Observatory (SOHO)
and interpreted as the photospheric signature of long-period r-modes.
Ulrich (2001) reported long-lived torsional wave patterns in the solar
surface velocity field which resemble r-modes.

The r-modes are retrograde waves which can be classified using the
usual spherical harmonic indices (l, m, n), where l and m are the de-
gree and azimuthal order, respectively, and n is the radial order. In a
uniformly rotating sphere with the sidereal rotation frequency νS, the
r-modes have rotation frequencies −2νs/l(l+ 1) in the corotating system
(negative since the waves are retrograde). The radial fine splitting, which
lifts the degeneracy in n, is small for n ≤ 14 (Wolff & Blizard 1986). The
degeneracy in m is lifted if differential rotation of the stellar envelope
is taken into account, and certain modes may become prohibited (Wolff
1998). However, most rates for the real Sun would probably differ only
by a few percent (≤ 10 nHz) from the case of no differential rotation.

For a rigidly rotating sphere, a corotating observer would detect os-
cillations at the frequencies

νl,m,rot =
2mνS

l(l + 1)
, (3.2)
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where the negative sign due to the retrograde motion has been disre-
garded. If we use νS = 455 nHz for the (sidereal) equatorial rotation
frequency of the Sun (Schou et al. 1998), an observer on Earth would
expect to see the frequencies

νl,m,syn = m(νS − νE)− νl,m,rot , (3.3)

where νE = 1yr−1 = 31.7 nHz. However, if the r-modes interact with and
modulate the magnetic field pattern that corotates with the Sun, then
we would expect to find the frequencies νl,m,rot rather than νl,m,syn in the
magnetic data (cf. Sturrock 2004, and references therein).

A list of r-mode frequencies is given for l = 1, . . . , 10 and m = 1, l
in Table 3.7. For comparison, the frequencies derived by Lou (2000) for
equatorially trapped Rossby waves in the corotating frame are also listed.
These frequencies depend only on m and n. Eq. (13) in Lou (2000) gives
for the case n = 1:

νm,rot = νS

[
|m|
2

+ 0.172
3

|m|

]−1

. (3.4)

Note that if m is sufficiently large, we have νm,rot ≈ 2νS/m for equato-
rially trapped Rossby waves and νm,m,rot = 2νS/(m+ 1) ≈ νm,rot for sec-
toral r-modes (i.e. l = |m| > 0). These are also the modes which are
least affected by differential rotation, since their motions are concentrated
most strongly toward the equator. For conceptual aspects of possible in-
teractions of equatorially trapped Rossby waves with the magnetic field
in the photosphere see Lou et al. (2003).

Lou (2000) has pointed out that for even m = 4, 6, 8, 10, and 12, the
period estimates ν−1

m,rot = 54, 79, 103, 128 and 154 d for Rossby waves are
in good agreement with the observed Rieger and Rieger-type periodici-
ties. In Sect. 3.5, we have shown that the total magnetic flux exhibits
significant power at the frequencies 93.1–89.7, 76.5–73.1, 65.4, 55.4–52.1,
49.9–46.5, 41.0, and 37.7–34.3 nHz (cf. Table 3.2), which is very close to
the frequency estimates νm,rot for m = 10, 12, 14, 16, 18, 20, 22, 24, and
26 (cf. Table 3.7). Can this impressive series be extended to even
higher values of m ? As already mentioned, Kuhn et al. (2000) have re-
ported a possible long-period r-mode signature in the photosphere that
would correspond to m ≈ 50. The frequency estimate for this r-mode
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Table 3.7: Frequency estimates for r-modes (Eqs. (3.2) and (3.3)) and equa-

torially trapped Rossby waves (Eq. (3.4)), calculated with νS = 455 nHz.

l m νl,m,syn νl,m,rot m νm,rot m νm,rot

1 1 -31.7 455 1 448 20 45.4
2 1 272 152 2 362 21 43.2
2 2 543 303 3 272 22 41.3
3 1 347 75.8 4 214 23 39.5
3 3 1042 228 5 175 24 37.8
4 1 378 45.5 6 147 25 36.3
4 4 1511 182 7 127 26 34.9
5 1 393 30.3 8 112 27 33.7
5 5 1965 152 9 100 28 32.5
6 1 402 21.7 10 90.1 29 31.3
6 6 2410 130 11 82.0 30 30.3
7 1 407 16.3 12 75.3 31 29.3
7 7 2849 114 13 69.6 32 28.4
8 1 411 12.6 14 64.7 33 27.5
8 8 3285 101 15 60.4 34 26.7
9 1 413 10.1 16 56.6 35 26.0
9 9 3718 91. 17 53.3 36 25.3

10 1 415 8.27 18 50.4 37 24.6
10 10 4150 82.7 19 47.8 38 23.9
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is νm=50,rot = 18.2 nHz (1.74 yr). Indeed, the total magnetic flux in the
southern hemisphere exhibits significant power in the frequency range
17.7–18.8 nHz (cf. region B′2 in Fig. 3.2b and Table 3.1). The corre-
sponding time interval ∼ 1996.5–2003.0 overlaps with the MDI data set
(April 1996 – June 1998) used by Kuhn et al. (2000). In Paper I, we
have shown that the photospheric flux excess gradually changed from
the southern to the northern hemisphere from 1995 to 2001 and that it
was modulated by a 1.79 ± 0.06 yr periodicity. Thus, if the 1.7–1.8 yr
periodicity in the total magnetic flux is really due to r-modes, it is pos-
sible that these modes also play a role in the north-south asymmetry of
the photospheric magnetic flux. Two additional candidates in the low
frequency range of the total flux, regions B′1 at 12.2 ± 0.6 nHz and B′3
at 22.2 ± 0.6 nHz, may be related to r-modes with m = 74 ± 4 and
m = 41± 1, respectively.

Empirically, the frequencies in the total magnetic flux as observed
from Earth agree well with the frequency estimates for equatorially
trapped Rossby waves (or sectoral r-modes) in the corotating frame of the
Sun. However, the observed frequencies might as well be due to tesseral
(0 < |m| < l) r-modes (Sturrock et al. 1999; Sturrock 2004). The Rieger
period at 73.1 –76.5 nHz could be related to the r-mode with l = 3, m = 1,
which has frequencies νl=3,m=1,rot = 76 nHz and νl=3,m=1,syn = 347 nHz.
We indeed find increased power around 350 nHz in the total and net
magnetic flux at latitude ∼ 11◦ S, but at a rather low significance level
of 95%. Similarly, the double peak K′ at 93.1–89.7 nHz in Fig. 3.5b
could be due to the r-mode with l = 4, m = 2, which has frequencies
νl=4,m=2,rot = 91 nHz and νl=4,m=2,syn = 756 nHz. Again, we find power
at the 95% significance level in the range 765–775 nHz. In this manner,
many if not all of the periodicities detected in the magnetic flux could be
assigned to tesseral r-modes. On the other hand, Wolff (1998) has shown
that the differential rotation on the solar surface tends to prohibit cer-
tain tesseral modes (including the modes with (l, m) = (3, 1) and (4, 2)),
whereas all sectoral modes with l = |m| > 1 would survive. Therefore,
if the Rieger and Rieger-type frequencies are related to tesseral r-modes,
these modes would need to be confined to a region in the solar interior
with approximately rigid rotation. Such a region might be at the bottom
of the convection zone, where the solar dynamo is assumed to be located.
However, if the surface elevations observed by Kuhn et al. (2000) are real
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and due to r-mode oscillations, this would instead imply that sectoral
r-modes (or equatorially trapped Rossby waves) in the surface layer are
more likely to be the cause of the periodicities detected in the magnetic
flux.

Is there also evidence for possible r-mode signatures in the high fre-
quency range of the total magnetic flux? Equatorially trapped Rossby
waves with m = 1 have the estimated frequency νm,rot = 448 nHz, r-
modes with l = |m| = 1 have νl,m,rot = 455 nHz. We have shown in the
previous section that we find significant peaks around ∼ 455–465 nHz
(synodic) in the southern hemisphere during all three cycles 21–23 (cf.
Figs. 3.7b–3.11b, Tables 3.3–3.6). Since these peaks are quite far away
from the rotation frequencies of magnetic active regions, they could also
be due to equatorially trapped Rossby waves or r-modes.

3.8 Conclusions

The extensive time series analysis of NSO/Kitt Peak synoptic maps of
the photospheric magnetic field from 1975 to 2003 has revealed a mul-
titude of (quasi-) periodic oscillations in the range from 25 d to 22 yr.
Many of them occurred in the southern hemisphere. This might possibly
be related to the circumstance that the southern hemisphere was more
active than the northern hemisphere during cycle 22, while the hemi-
spheres were approximately balanced during cycles 21 and 22 (Knaack
et al. 2004). The significant frequencies for the net (signed) magnetic
flux and the total (unsigned) magnetic flux are listed in Tables 3.1 to
3.6. The general coincidence with frequency estimates for r-modes and
equatorially trapped Rossby waves (Lou 2000) supports the view that
these quasi-toroidal oscillations may be responsible for midterm period-
icities from 25 d to 350 d (or longer) in the photospheric magnetic flux
and other solar activity indicators.

In the range between 1 yr and 22 yr (cf. Sect. 3.4), we have located the
sources for the 1.5 yr, 1.8 yr, and 3.6 yr periodicities that were previously
detected in the north-south asymmetry of the total magnetic flux for
the time intervals 1978–1984, 1984–1995, and 1995–2001, respectively
(Knaack et al. 2004). The 1.5 yr period is due to the combination of a
1.4 yr and a 1.6 yr periodicity which occurred in the total flux at latitudes
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∼ 10◦–16◦ north and south, respectively, from 1977 to 1985. This is in
good agreement with the analysis of Hα flares by Ichimoto et al. (1985),
who noted that two periodicities of ∼ 1.5 yr occurred in anti phase in
the two hemispheres during cycle 21. The 1.8 yr period has been located
only in the south at latitudes ∼ 20◦–25◦. It occurred in the total flux
mainly from 1996.5–2003. Using MDI data from 1996.3 to 1998.5, Kuhn
et al. (2000) have reported a possible r-mode signature in the photosphere
with azimuthal order m ≈ 50. The period estimate for such an r-mode is
close to 1.8 yr. It may therefore be possible that the 1.8 yr period in the
total magnetic flux is due to a sectoral r-mode (or equatorially trapped
Rossby wave) with m ≈ 50. The ∼ 3.6 yr period has been detected in the
total flux in both hemispheres, overlapping each other during 1987–1992.
These oscillations may be related to the 3.65 yr period in the south and
3.8 yr period in the north reported by Berdyugina & Usoskin (2003) in
their analysis of active longitudes in sunspot activity over the last 120
years. In addition, we have found evidence for a 1.3 yr periodicity at
intermediate latitudes ∼ 30◦–55◦ in both hemispheres. This period was
present during all three cycles 21–23 and particularly prominent during
cycle 22. It appears to be related to large-scale magnetic surges toward
the poles (e.g. Wang et al. 1989), which emanate at these latitudes. They
may also be the cause for the 1.3–1.4 yr periodicities reported in the
interplanetary magnetic field and geomagnetic activity (Lockwood 2001,
and references therein) as well as in sunspot areas and sunspot numbers
(Krivova & Solanki 2002). Whether or not the 1.3 yr periodicity in the
total magnetic flux is related to the 1.3 yr periodicity detected by Howe
et al. (2000) in the rotation rate at the base of the convection zone
remains an open question.

Periodicities in the range between 100 and 350 days (cf. Sect. 3.5)
have been detected in the total magnetic flux of the southern hemi-
sphere at 124–129 d, 151–158 d, 177 d, 209–222 d, 232–249 d, 282 ± 4 d
and 307–337 d. The net flux shows an additional periodicity of 100–103 d.
These periodicities agree very well with period estimates for equatorially
trapped Rossby waves with m = 8, 10, 12, . . . , 26 (cf. Sect. 3.7). We
have found evidence that the Rieger periodicity at 155 d was present in
the magnetic flux not only during cycle 21 but also during cycle 22, in
contrast to a recent study by Ballester et al. (2002). Preliminary results
indicate that it has occurred again in cycle 23. However, the question
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whether the Rieger period was present during a specific cycle or not seems
somewhat secondary as compared with the circumstance that it is merely
one periodicity amongst a multitude of other, equally important ones.

As far as the rotation of large-scale photospheric magnetic fields dur-
ing cycles 21–23 is concerned, we can confirm the conclusions by An-
tonucci et al. (1990). Rotational power is not uniformly distributed along
the differential rotation curve for sunspots, but concentrated in a few dis-
tinct regions at discrete frequencies, which can extend considerably over
wide latitude zones. These regions are usually not symmetric with respect
to the equator. We have found that the pronounced 28.1 d periodicity in
the southern hemisphere that was reported by Antonucci et al. (1990) for
cycle 21 was even more prominent during cycle 22 and has significantly
diminished in cycle 23. This periodicity is possibly related to the single
hot spot system (i.e. a region with enhanced flare activity) that rotated
with a constant period of 28.0 d as found by Bai (1990) for the southern
hemisphere during cycles 19–22. In addition, we have shown that a (syn-
odic) 25–25.5 d periodicity appeared in the southern hemisphere during
all three cycles. This periodicity may be the photospheric signature of
equatorially trapped Rossby waves with azimuthal order m = 1. The
northern hemisphere showed pronounced peaks at 26.9 ± 0.1 d and its
first harmonic 13.4± 0.1 d during cycle 21, which was also noted by An-
tonucci et al. (1990). The 13.4 d periodicity can be understood in terms
of a large-scale structures in the magnetic field such as two activity com-
plexes separated by 180◦ in longitude and rotating with the same period.
Bai (2003a) reported a double-hot-spot system (two hot spots separated
by 180◦) for cycle 21, which rotated at 26.7 d. Thus it is likely that
the double-hot-spot system is related to the magnetic field pattern that
caused the 26.9 d and 13.4 d periodicities. We note that the 26.9 d period
agrees with the expected synodic rotation period of sunspots at these
latitudes. During cycle 22, the northern hemisphere showed some power
at the slightly larger periodicities of 27.1–27.3 d. However, the dominant
peak occurred at 29.0 ± 0.1 d in the total flux and around 28.3–28.6 d
in the net flux. During cycle 23, the dominant rotation period in the
northern hemisphere has been 26.4± 0.1 d.

Although we have taken care to take into account as many signifi-
cant quasi-periodicities as possible and to relate our results to previous
studies, our coverage is not complete. In particular, we have omitted
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the periodicity range between 30 d and 100 d, which initially appeared
uninteresting but in retrospect may comprise important information on
equatorially trapped Rossby waves and sectoral or tesseral r-modes. Still
we believe that our results provide a useful overview of the main quasi-
periodic oscillations that have occurred in the large-scale photospheric
magnetic field over the last three cycles 21–23. Fourier analysis of longi-
tudinally averaged synoptic maps, introduced by Hoeksema & Scherrer
(1987) and Antonucci et al. (1990), has in combination with our wavelet
analysis proven to be a powerful tool for the detection of intrinsically
solar periodicities in the photospheric magnetic field.
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Chapter 4

Spherical harmonic decomposition
of the solar magnetic field†

R. Knaack1, J. O. Stenflo1,2

4.1 Abstract

We have investigated the temporal evolution of large-scale magnetic fields
in the solar photosphere during the time interval 1966–2004 by means of
spherical harmonic decomposition and subsequent time series analysis.
Two data sets of daily magnetograms recorded at the Mt. Wilson and
Kitt Peak observatories were used to calculate the spherical harmonic
coefficients of the radial magnetic field for axisymmetric (m = 0) and
non-axisymmetric (m 6= 0) modes. Time series analysis was then ap-
plied to deduce their temporal variations. A third data set of synoptic
Carrington rotation maps from Kitt Peak was also analyzed for complete-
ness. Besides the obvious 22 yr magnetic cycle, we have found evidence
for intermittent oscillations with periods of 2.1− 2.5 yr, 1.5− 1.8 yr and
1.2 − 1.4 yr. The biennial oscillation occurred during the solar max-
ima of cycles 20–22 (and likely also during the current cycle 23) and
was most pronounced for modes that resemble non-linear dynamo waves
(Stix 1972). The 1.5− 1.8 yr period was stronger during the odd cycles
21 and 23 than during the even cycles 20 and 22, whereas the opposite
was the case for the 1.2− 1.4 yr period. Similar variations of 1.5− 1.8 yr
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have recently been detected in the north-south asymmetry of the mag-
netic flux (Knaack et al. 2004), while quasi-periodicities of ∼ 1.3 yr have
been observed in the rotation rate near the base of the convection zone
(Howe et al. 2000), in the heliosphere and geomagnetic activity (Lock-
wood 2001), in sunspot areas (Krivova & Solanki 2002), and in the large-
scale photospheric magnetic field (Knaack et al. 2005). In agreement
with the latter study, we have found additional quasi-periodicities in the
range 320− 100 d and rotational periods of 28.9± 0.1d, 28.2± 0.1d, and
26.9 ± 0.1d. Compared to earlier decompositions by Stenflo & Vogel
(1986) and Stenflo & Güdel (1988), we can confirm the main features of
their results, although several modifications need to be considered.

4.2 Introduction

The decomposition of the radial component of large-scale solar magnetic
fields in terms of spherical harmonics Y m

l by Stenflo & Vogel (1986)
and Stenflo & Güdel (1988) revealed a modal structure of resonance
frequencies for the rotationally symmetric zonal modes (m = 0). Their
analysis of a 25 yr long data set of synoptic magnetic field maps from 1959
to 1984 showed that modes with odd degree l, which are antisymmetric
with regard to the equatorial plane of the Sun, were dominated by the
22 yr magnetic cycle. This Hale cycle was absent for even (symmetric)
modes. Instead, a ridge-like pattern of resonance frequencies increasing
with l was detected for 2 ≤ l ≤ 14, which was interpreted as a possible
sign of constructive and destructive interference of global magnetic waves
in the solar interior.

The dominance of the 22 yr magnetic cycle for odd modes was cor-
roborated by an analysis of zonal distributions of magnetic polarities
inferred from Hα data for the period 1941–1984 (Stenflo & Weisenhorn
1987). The pattern of resonance frequencies for the even modes, how-
ever, could not be verified, which was attributed to the low signal-to-
noise ratio of the data. An analysis of Greenwich sunspot data from
1874–1976 by Gokhale et al. (1992) confirmed again the 22 yr period for
odd modes, but the authors concluded that there was no evidence of any
other l − ν relation (ν denotes frequency). From the theoretical point
of view, model calculations of a 1D axisymmetric mean-field dynamo by
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Hoyng et al. (1994) accounted for the 22 yr cycle in the odd modes and
the phase relations in terms of rapid random fluctuations in the dynamo
parameter α. However, a modal structure for the even modes could not
be reproduced.

Given the conflicting observational evidence and the important con-
straints which a possible modal structure of the global magnetic fields
may introduce on solar dynamo theories, we have continued the earlier
work and decomposed three different data sets in spherical harmonics.
Compared to Stenflo & Vogel (1986) and Stenflo & Güdel (1988), where
solely synoptic magnetic field maps from the Mt. Wilson and Kitt Peak
observatories were used, we have focused this time mainly on daily mag-
netograms. Unlike synoptic maps, which represent the solar disk near
the central meridian as a function of Carrington longitude over a full
Carrington rotation (27.2753 days) and thus mix longitude and time co-
ordinates, magnetograms allow a straightforward expansion of the radial
magnetic field not only for the rotationally symmetric modes (m = 0)
but also for the non-axisymmetric modes (m 6= 0). The first data set
that we have analyzed consists of daily magnetograms recorded at the
Mount Wilson observatory from 1966 to 2004, the second one of daily
magnetograms recorded at the Kitt Peak Vacuum Telescope from 1976
to 2003. Since additional data have become available for synoptic charts
as well, we have again considered the Kitt Peak synoptic charts from
1975 to 2003 to complete the present analysis. We subsequently used the
Lomb-Scargle method as well as Fourier and wavelet analysis to deduce
the variations of the spherical harmonic coefficient time series. A more
detailed description of the data and the reduction procedure is given in
Sect. 4.3.

The results of our present analysis support in principle the earlier
findings of Stenflo & Vogel (1986) and Stenflo & Güdel (1988). How-
ever, the extended data sets together with improved time series analysis
have provided a clearer picture of the temporal behavior of the large-
scale solar magnetic fields, and several modifications therefore need to
be taken into account. As far as the axisymmetric modes with odd l are
concerned, they do show the dominant 22 yr magnetic cycle, but addi-
tionally a pronounced biennial oscillation with a period of 2.3±0.2 yr has
become evident for l = 5, 7, 9 during the maxima of solar cycles 20–22
and possibly also during the current cycle 23. The shape of these time
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series resembles, with exception of the biennial oscillation, closely the
non-linear dynamo wave for the azimuthal vector potential A derived by
Stix (1972, cf. Fig. 1.9). The modes with l = 11, 13 show a shorter pe-
riodicity of 1.5− 1.8 yr that was present during all four cycles 20–23 but
stronger during the odd cycles 21 and 23. This is in good agreement with
the distinct periodicities of 1.5 yr and 1.8 yr that we have recently found
in the north-south asymmetry of the (unsigned) magnetic flux (Knaack
et al. 2004, cf. chapter 2 of this thesis) for the time intervals 1978–1984
and 1995–2001, respectively. The biennial oscillation and the 1.5−1.8 yr
periodicity have also been detected in our time series analysis of longitu-
dinally averaged synoptic maps (Knaack et al. 2005, cf. chapter 3). The
even modes also show the biennial oscillation for l = 6, 8, 10, whereas
the 1.5− 1.8 yr period is rather faint for higher l. Instead, a 1.3± 0.1 yr
oscillation occurs for l = 12, 14, and it was apparently strongest during
the maxima of the even cycles 20 and 22. Variations with a period of
∼ 1.3 yr have recently been observed in the rotation rate near the base
of the convection zone (Howe et al. 2000), in the heliosphere and geo-
magnetic activity (Lockwood 2001, and references therein), in sunspot
numbers and sunspot areas (Krivova & Solanki 2002) and in the large-
scale photospheric magnetic field (Knaack et al. 2005). In the latter
paper we have suggested that the 1.3 yr period is related to large-scale
magnetic surges towards the poles described for instance by Howard &
Labonte (1981) and Wang et al. (1989). Finally, our present analysis has
revealed several intermediate periodicities in the range of 100−300 d and
rotational periods of 26.9± 0.1 yr, 28.2± 0.1 yr and 28.9± 0.1 yr, which
is in accordance with Knaack et al. (2005).

Evidence for several of the above mentioned periodicities was already
provided by Stenflo & Vogel (1986) and Stenflo & Güdel (1988). In
conjunction with our results in Knaack et al. (2004; 2005), we are there-
fore convinced that the solar magnetic fields exhibit (quasi-) periodic
variations on time scales shorter than the 22 yr magnetic cycle (or 11 yr
sunspot cycle) that are not random but are clearly structured. Whether
these variations can be explained in terms of dynamo theory, with the in-
terference of magnetic waves in the solar interior as suggested by Stenflo
& Vogel (1986) and Stenflo & Güdel (1988) or possibly with Rossby-like
modes as proposed by Dzhalilov et al. (2002) remains to be seen. We
present the results for the axisymmetric modes in Sect. 4.4.1, and for
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non-axisymmetric modes in Sect. 4.4.2. The discussion of the detected
periods is given in Sect. 4.5.

4.3 Data and reduction procedure

In this section a detailed explanation of the data and the data analysis is
given. Firstly, we focus on the three data sets and the modifications that
were applied to the raw data. Secondly, we outline the analysis methods,
which use concepts from helioseismology.

4.3.1 Data

Three data sets were used. The main emphasis was on daily magne-
tograms because of their, compared to synoptic maps, favorable proper-
ties concerning the decomposition into non-axisymmetric modes m 6= 0.
However, we also used one data set of synoptic charts for the decompo-
sition into axisymmetric modes m = 0 for the sake of completeness.

Mt. Wilson magnetograms

The first data set consists of ∼ 55 000 magnetograms recorded at the
Mount Wilson Observatory from September 1966 to September 2004,
covering approximately 70% of the days in this time interval. Multiple
records per day exist from December 1985 onwards. Each magnetogram
is originally a 512× 512 full-disk image of the Sun in image plane coordi-
nates, each pixel gives the line-of-sight component of the magnetic field
vector (measured in the spectral line Fe I 525.02 nm) of the respective
surface element. A detailed description of the magnetograph is given
by Howard et al. (1983). Instead of the original raw magnetograms we
used reduced magnetograms that had been mapped into a 34 × 34 grid
of heliographic sine longitude and sine latitude coordinates. They were
kindly provided by J. E. Boyden (UCLA). We preferred low-resolution
data in order to be consistent with the synoptic maps applied in Sten-
flo & Vogel (1986) and Stenflo & Güdel (1988), which had 36 sectors
in longitude and 30 zones in sine latitude. The question of resolution,
however, has some undesired numerical effects on the spherical harmonic
decomposition, which will be discussed briefly in Sect. 4.3.2.
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The spectral line Fe I 525.02 nm exhibits considerable Zeeman satu-
ration (nonlinearity in the polarization signal when the Zeeman splitting
is large) and temperature sensitivity (weakening of the line in magnetic
regions). These effects and their center-to-limb variation have been cal-
ibrated (Howard & Stenflo 1972; Stenflo 1972) and the magnetograms
were adjusted accordingly. The line-of-sight component of the magnetic
field vector was converted into the approximate flux density under the
assumption that magnetic fields are radial in the photosphere, which is
incorrect in strong active regions but is a close approximation in quieter
areas (Wang & Sheeley 1992; Bernasconi 1997).

Kitt Peak magnetograms

The second data set consists of ∼ 7 700 full-disk magnetograms recorded
at the National Solar Observatory at Kitt Peak (NSO/KP) from February
1974 to September 2003. The observations were made in the spectral line
Fe I 868.8 nm with a short interlude from April to November 1992 when
the line was Fe I 550.7 nm. The data coverage before August 1976 was
rather poor and thus we considered only data after this date. Prior to
1992, a 512-channel magnetograph (Livingston et al. 1976) was used to
produce 2048× 2048 full-disk images of the Sun. It was then replaced
with a spectromagnetograph (Jones et al. 1992), and the resolution was
reduced to 1778× 1778. Examples of such magnetograms are shown in
Fig. 1.3.

Again we did not use the raw magnetograms but a remapped set of
radial magnetic flux maps in heliographic longitude and sine latitude co-
ordinates with a constant resolution of 180× 180. They were compiled
using codes kindly made available by J. Harvey (NSO). A description
of the data reduction, including the transformation into radial magnetic
flux density, is given in Harvey & Worden (1998) and Worden & Harvey
(2000). The older magnetograms recorded with the 512-channel magne-
tograph showed a radial and an east-west trend of the zero point, which
had to be individually fitted and removed. The magnetograms recorded
with the new spectromagnetograph did not seem to be influenced by
similar effects and were therefore not corrected.

Unlike the Mount Wilson observations, the Kitt Peak magnetograms
are not significantly affected by Zeeman saturation or temperature sensi-
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tivity. Therefore, these effects have not been accounted for. However, we
rejected approximately 20% of the remapped Kitt Peak magnetograms
due to observational or numerical artefacts. A pronounced decrease in
quality occurred during the year 1991, before the new spectromagneto-
graph became operational. The overall data coverage of the Kitt Peak
data set was thus reduced to ∼ 60% of the days in the considered time
interval.

Kitt Peak synoptic maps

Finally, the third data set consists of 377 NSO/KP synoptic maps
that cover Carrington rotations 1625–2007 (corresponding to the period
February 1975–September 2003). Data gaps are Carrington rotations
1640–1644 and 1854. Each synoptic map has a resolution of 360× 180
pixels in longitude × sine latitude. Using the Carrington coordinate sys-
tem, the maps represent an estimate of the magnetic flux near the central
meridian of the solar disk as a function of Carrington longitude (Worden
& Harvey 2000, and references therein). The maps (an example is shown
in Fig. 1.4) were compiled from daily NSO/KP magnetograms and can
therefore be seen as an additional supplement to our second data set de-
scribed above. A highly desirable property of synoptic maps is that they
offer an evenly spaced time series with (almost) no data gaps, which is
preferable for time series analysis. A point against is that they mix lon-
gitude and time coordinates, which complicates the spherical harmonic
decomposition into non-axisymmetric modes (Stenflo & Güdel 1988). We
used them therefore only for the decomposition into axisymmetric modes
(m = 0).

4.3.2 Data analysis

The data analysis consists of two parts. Firstly, each remapped mag-
netogram or synoptic map is decomposed into the spherical harmonic
coefficients by means of the Legendre transform. Secondly, the time se-
ries of each coefficient is analyzed by means of the Lomb-Scargle method,
Fourier and wavelet analysis.
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Spherical harmonic decomposition

Spherical harmonics Y m
l with degree l and azimuthal order m form a

complete orthonormal basis set on a spherical surface and satisfy the
orthonormality condition

∫
Y m′
l′ (θ, φ)Y m

l (θ, φ) dΩ = δll′δmm′ , (4.1)

where θ ∈ [0, π] denotes colatitude, φ ∈ [−π, π] longitude and dΩ the
surface element. The azimuthal order m defines the number of longitudi-
nal node cycles of Y m

l , while l −m gives the number of latitudinal node
circles. Modes with m = 0 are axisymmetric with respect to the rotation
axis of the Sun, modes with m 6= 0 are non-axisymmetric. Modes with
even l−m are symmetric with respect to the equatorial plane of the Sun,
modes with odd l −m are antisymmetric. For the definition of the Y m

l

and some examples see appendix B.
Due to Eq. (4.1), the radial component of the magnetic field B at a

given time t can be expanded as

B(θ, φ, t) = Re(
∞∑

l=0

l∑

m=−l
cml (t)Y m

l (θ, φ)), (4.2)

where Re() denotes the real part of a complex number (the Y m
l (θ, φ)

and the respective spherical harmonic coefficients cml (t) are complex if
m 6= 0).

The spherical harmonic coefficients are given by

cml (t) =
∫
B(θ, φ, t)Y m∗

l dΩ (4.3)

= fml

∫ 1

−1
dx
∫ π

−π
dφB(x, φ, t) e−imφ Pm

l (x) . (4.4)

Asterisk in upper case denotes complex conjugation, fml is the factor
of proportionality, Pm

l (x) the associated Legendre function, and x =
cos θ. The phase ϕ ≡ arctan[Im(cml )/Re(cml )] ∈ [−π,+π] of a spherical
coefficient cml gives the angle of the rotated spherical harmonic Y m

l with
respect to the central meridian (Im() denotes the imaginary part). See
Fig. 4.6 for an example.

Each remapped magnetogram or each synoptic chart provides the dis-
tribution of the radial magnetic field component B of the visible surface
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as a function of θ and φ at a specific time t. Therefore, Eq. (4.3) offers
a straightforward method to calculate the time series cml (t) for a given
mode (l, m). When several magnetograms were available per day (as for
the Mt. Wilson data), we used the daily average of the spherical coeffi-
cients. Note that we subtracted the “unphysical” monopole contribution
c0

0(t)Y 0
0 (θ, φ) from B(θ, φ, t) before calculating the other spherical har-

monic coefficients. This is equivalent to forcing the average magnetic
field of each remapped magnetogram (or synoptic map) to zero. Obser-
vational and numerical limitations that complicate the computation of
Eq. (4.3) are briefly discussed in Sect. 4.3.2.

Time series analysis

The classic approach to deduce the temporal variations of a time series
cml (t) is to calculate the Fourier transform c̃ml (ν) and then to estimate
the power spectral density F by taking the modulus squared:

Fm
l (ν) ≡ |c̃ml (ν)|2 + |c̃ml (−ν)|2, 0 ≤ ν < νn (4.5)

where νn ≡ 1/(2∆t) is the Nyquist frequency and ∆t the sampling in-
terval (∆t = 1 d for magnetograms and ∆t = 27.2753 d for synoptic
maps). If cml (t) is real, the two terms in Eq. (4.5) are equal and we have
Fm
l (ν) = 2|c̃ml (ν)|2. The power density should be normalized according

to Parseval’s theorem, i.e. the integrated power should equal the variance
of the time series. This kind of power spectrum estimator is generally
called a periodogram.

The Fast Fourier Transform (FFT), which was used to calculate
Fm
l (ν), requires evenly spaced time series. As long as the data gaps

are much shorter than the periodicities one is looking for, these gaps can
be filled with zeroes. In our case, the data gaps are usually in the range of
one to several days. Since we are mainly interested in periodicities in the
range 100 d–22 yr, filling the gaps with zeroes introduces high-frequency
noise that can be ignored. However, even for rotational periods around
27 d zero-filling yields acceptable results.

A more elegant way to deal with unevenly spaced time series is to
use the Lomb-Scargle periodogram (Lomb 1976; Scargle 1982; Horne &
Baliunas 1986; Press & Rybicki 1989). This method evaluates the data
only at times it was actually measured. However, the Lomb-Scargle
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periodogram can be applied only to real time series, and therefore we used
it mainly for the axisymmetric modes (m = 0). For non-axisymmetric
modes (m 6= 0), either the time series of the real and imaginary part of
the spherical coefficients need to be considered separately, or Eq. (4.5) is
used after the data gaps were filled with zeros, since the FFT can handle
complex time series.

Besides the Lomb-Scargle and the FFT periodograms, we also applied
the continuous wavelet transform, which decomposes a one-dimensional
time series into the two-dimensional time-frequency space. Thus it is
possible to determine not only the frequency of (quasi-) periodic oscil-
lations but also how these oscillations vary in time (Torrence & Compo
1998, and references therein).

Observational and numerical limitations

Spherical harmonics Y m
l do not form a complete orthonormal basis set

over only a portion of a sphere, and magnetograms cover even less than a
hemisphere of the Sun. Therefore, Eq. (4.3) cannot give the exact value
for the spherical coefficient of a given mode (l, m). This means that the
spherical harmonic decomposition of magnetograms leads to so-called
“spatial leakage”, i.e. each time series is contaminated by power from
neighboring spherical harmonics (Hill & Howe 1998). As a consequence,
the power of a (quasi-) periodic oscillation in a periodogram Fm

l (ν) leaks
into periodograms with nearby l′ and m′. We will return to this point
later in the paper.

Another problem which concerns mainly the Mt. Wilson data is
caused by the resolution of the magnetograms. The resolution in lat-
itude numerically defines the number of sampling points of the Legendre
polynomials Pm

l (x). The orthonormality condition given in Eq. (4.1) does
not hold if the number of sampling points is too small. The Mt Wilson
magnetograms used here have a resolution of 34 bins in x = cos θ. This is
close to the synoptic charts used in Stenflo & Vogel (1986) and Stenflo &
Güdel (1988), which had a resolution of 30 bins. However, Fig. 4.1 shows
that the cross products in Eq. (4.1) (for m = m′ = 0 and 0 ≤ l, l′ ≤ 20)
may deviate from the expected values δll′ if the resolution is too small.
Interpolating the magnetograms to a higher resolution did not improve
the results perceivably. For the Kitt Peak data, which have 180 bins in
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x, this effect is negligible.

Figure 4.1: Cross products according to Eq. (4.1) for m = m′ = 0 and

0 ≤ l, l′ ≤ 20. The diagram to the left was calculated for a resolution of 34

bins in x = cos θ, the diagram to the right for 180 bins.

Although spatial leakage and the sampling problem impose a bias
on the spherical harmonic decomposition of daily magnetograms, the
analysis of the derived power spectra nevertheless provides valuable in-
formation about (quasi-) periodic oscillations in the solar magnetic field,
as we are going to show in the next section.

4.4 Results

4.4.1 Time series and power spectra for
axisymmetric modes m = 0

The time series cml (t) derived from the daily Mt. Wilson (MWM) and
Kitt Peak magnetograms (KPM) are displayed in Fig. 4.2 for m = 0
and l = 1, . . . , 8. Also shown are the corresponding Lomb-Scargle power
spectra. The nominal frequency resolution for the MWM data is ∆ν =
(38.1 yr)−1 = 0.8 nHz, and for the KPM data ∆ν = (26.8 yr)−1 = 1.2 nHz.
The error δν is taken to be half the frequency resolution, i.e. δν = ∆ν/2.
The power spectra are oversampled by a factor of 4 to obtain a smoother
distribution. In the following, frequencies (and periods) usually refer to
the MWM data. The corresponding frequencies for the KPM data are
only discussed if they differ significantly.
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Figure 4.2: Time series and Lomb-Scargle power spectra for the axisymmetric modes with m = 0 and odd

l = 1, . . . , 7. a) l = 1. The top panel shows the time series c0
1(t) (in Gauss) calculated according to Eq. 4.5 for the

Mt. Wilson magnetogram data (MWM). Each dot represents one day, the yearly running mean is over plotted

(heavy line). The time series for the Kitt Peak magnetogram data (KPM) is shown in the middle panel. The lower

two panels show the power spectra in the frequency ranges 0–10 nHz and 0–30 nHz. The power for the MWM

data (heavy line) is given on the left axis in arbitrary but constant units, the power for the KPM data (dotted)

is given on the right axis. Both panels were scaled to the height of the peak at ∼ 1.5 nHz (21 yr). b)–d) The

same for the odd modes l = 3, 5, 7. Nicely seen is the distortion of the sinusoid in the MWM data with growing l

and the amplification of the biennial oscillation during solar activity maxima. The biennial oscillation occurs in

the power spectra as a double peak at ν = 12.5 nHz (2.5 yr) and ν = 15.4 nHz (2.1 yr). e)–h) The same for the

even modes l = 2, 4, 6, 8. The strong annual variations are artefacts. Power is plotted in a single diagram for each

mode.
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The modes with odd l = 1, 3, 5, 7 (Fig. 4.2a–d), which are antisym-
metric with respect to the equatorial plane, exhibit a strong ∼ 22 yr
modulation caused by the solar magnetic cycle. In the power spectra,
this is seen as the dominant peak at ν0 = 1.5±0.4 nHz (corresponding to
a period of ν−1

0 = 21± 6 yr). The MWM time series of the dipole coeffi-
cient c0

1 in Fig. 4.2a shows the most pronounced sinusoidal behavior. Its
yearly running mean reaches maximum amplitude during solar activity
minimum when the large scale magnetic field configuration is closest to
a dipole. This sinusoid is increasingly distorted for growing l = 3, 5, 7
in the MWM time series, and a biennial oscillation becomes evident for
l = 5, 7 during the maxima of all four cycles 20–23 (Fig. 4.2c,d). The
corresponding double peak occurs in the power spectra at the frequencies
ν1 = 12.5± 0.4 nHz (2.5± 0.1 yr) and ν2 = 15.4± 0.4 nHz (2.1± 0.1 yr).
The frequency splitting ν2 − ν1 = 2.9 nHz ≈ 2ν0 is twice the frequency
of the 22 yr cycle. This indicates that the amplitude of the biennial os-
cillation is modulated by the magnetic cycle itself and that the “true”
frequency is close to ν = (ν1 +ν2)/2 = 14.0±0.4 nHz (2.3±0.1 yr). Inter-
estingly, the shape of the l = 5, 7 modes in Figs. 4.2c and 4.2d resemble,
with exception of the biennial oscillation, the non-linear dynamo wave
for the vector potential A derived by Stix (1972) using a one-dimensional
αΩ dynamo model with α quenching (cf. Sect. 1.3.5 and Fig. 1.9). We
will return to this point in Sect. 4.5.

The KPM data qualitatively supports the behavior of the MWM
modes. However, an obvious inconsistency occurs in the KPM time
series for l = 1 and l = 3 around 1992 (Figs. 4.2a,b), when the 512-
channel magnetograph was replaced with the new spectromagnetograph
(cf. Sect. 4.3.1). Before this date, the KPM and MWM time series of
the two modes agree reasonably well, thereafter the amplitude of the two
KPM modes is reduced. This inconsistency disappears for l > 3.

The modes with even l = 2, 4, 6, 8 (Figs. 4.2e–f) are symmetric relative
to the equatorial plane. They are obviously much less influenced by
the 22 yr magnetic cycle, although both the MWM and KPM modes
l = 2, 4 show increased power around 1.5 nHz. Strong annual variations
at 30.2 nHz (383 d) and 33.1 nHz (350 d) are visible in all the even modes
(note that (383 d + 350 d)/2 = 366 d). They are an artefact due to
the inclination of the solar rotation axis relative to the ecliptic, which
periodically leaves one of the poles poorly observed. Generally, the even
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modes seem to contain less information than the odd modes and their
power spectra appear noisy. They do, however, also show some kind of
biennial oscillations during the activity maxima.

An overview of the power spectra of the axisymmetric modes is given
for all three data sets for 1 ≤ l ≤ 30 and 1 ≤ ν ≤ 40 nHz (31.7 ≥ ν−1 ≥
0.8 yr) in Fig. 4.3, including the Kitt Peak synoptic charts (KPSC). The
grey scale diagrams show power as function of frequency ν and degree l
separately for odd and even modes. The grey scale is linear and varies
from white for zero power to black when the power is equal or larger
than the normalization factor, which is given for each l in the bottom
diagrams (cf. Figs. 4.3 c,f,i). The factors were chosen to bring out the
weaker features for each mode and are therefore different for different l,
which retains the information on relative amplitudes within each mode
but not between modes. Due to the spatial leakage problem discussed
in Sect. 4.3.2, power usually appears at the same frequency for several
nearby modes, leading to black bands in the grey scale diagrams.

The odd modes with l < 13 are clearly dominated by the solar mag-
netic cycle (cf. Figs. 4.3 a,d,g), visible as a black band around ν0 = 1.5–
1.7 nHz (21.1-18.6 yr, the hyphen indicates the range given by different
modes and data sets), followed by the overtone at 4.4–4.7 nHz (7.2-6.7 yr).
This overtone, which corresponds to ∼ 3ν0, is likely due to the anhar-
monic shape of the ∼ 21 yr oscillation and may even become the strongest
peak for l ≥ 13. Increased power is also seen around 7.1–8.3 nHz ≈ 5ν0

(4.5-3.8 yr), particularly for the modes l = 13, 15, 17 and l = 21, . . . , 29.
The double peak around 12.5 nHz (2.5 yr) and 15.4 nHz (2.1 yr) is again
visible for the modes l = 5, 7, 9 and corresponds to the amplitude modu-
lated biennial oscillation discussed above. Interestingly, another double
peak occurs at 17.7–17.9 nHz (1.8 yr) and 21.0 − 21.4 nHz (1.5 yr) for
l = 11, 13.

While the results for odd modes agree qualitatively well, the grey scale
diagrams for the even modes (Figs. 4.3 b,e,h) apparently show a more
noisy picture. The MWM mode l = 2 exhibits increased power at 1.5±
0.4 nHz (21.1±5.6 yr), which agrees well with the peak in he KSPC power
spectrum at 1.4± 0.6 nHz (22.6± 9.7 yr). The KPM l = 2 mode shows
power at the shifted frequency 2.4±0.6 nHz (13.2±3.3 yr). The reason for
this shift is not clear, but it seems reasonable to assume that the l = 2
mode is mainly influenced by the ∼ 22 yr periodicity of the magnetic
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Figure 4.3: Comparison of the Lomb-Scargle power spectra as functions of frequency ν (in nHz) and spherical

harmonic degree l (m = 0), calculated for Mount Wilson magnetograms (MWM, left column), Kitt Peak magne-

tograms (KPM, middle column) and Kitt Peak synoptic charts (KPSC, right column). Periods ν−1 (in yr) are

indicated to the right. a) MWM data, odd l = 1, ..., 29. The grey scale is linear with 16 steps and runs for each l

from zero (white) to a maximum value (full black) that is indicated in the bottom panel c. b): MWM data, even

modes l = 2, ..., 30. c): Grey scale normalization factors for panels a and b. The squares give the power maxima

for odd and even l in the frequency range 1nHz < ν < 30nHz, the numbers above indicate the frequency (in nHz)

where the maxima are located. These maxima correspond to maximum darkness for the even modes in panel b.

The crosses give the power maxima for the odd l between 6 nHz and 30 nHz . They were used as normalization

factors in panel a, i.e. power amplitudes equaling or exceeding these levels appear black. This was necessary to

accentuate the faint features. d)-f) The same for the KPM data. g)-i) The same for the KPSC data.
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Figure 4.4: Wavelet power spectra for axisymmetric modes (m = 0) that show concurrent periodic oscillations

in the Mt. Wilson magnetogram (MWM) and Kitt Peak magnetogram (KPM) data. The raw time series were

divided by their variance, data gaps were filled with zeros. Quasi-periodic variations appear as regions of increased

power. The corresponding periodicity is given on the y-axis (in years), time is on the x-axis. Contour lines indicate

the 99.9% significance level according to Torrence & Compo (1998), the “cone of influence” is also shown as straight

lines near the left and right margin of each diagram. Morlet wavelets with nondimensional frequencies 6 (panels

a,b,c), 9 (panels d,e), 12 (panels f,g) and 15 (panel h) were applied (for details see Torrence & Compo 1998).
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cycle, possibly through spatial leakage from the odd l = 1, 3 modes. The
l = 4 mode shows for all three data sets power at 4.7–5.2 nHz (6.7–
6.1 yr), which is again close to the overtone ∼ 3ν0, and at 9.2–9.6 nHz
(3.4-3.3 yr). The l = 6, 8, 10 modes then show increased power around
the double peak at 12.4–13.1 nHz (2.6-2.4 yr) and 15.6–16.0 nHz (2.0 yr),
similar to the odd modes l = 5, 7, 9. As already mentioned, most even
modes show a pronounced annual variation, which is an observational
artefact and leads to peaks in the power spectra at 30.2 nHz (383 d) and
33.1 nHz (350 d). However, modes l = 12, 14 also show for all three data
sets a peak at 36.4–36.9 nHz (318-314 d), which might possibly be real.
Note that the odd modes l = 15, 21, 23 show peaks at the same frequency.

Given the rather high noise level in the grey scale power diagrams in
Fig. 4.3, we select in the following MWM and KPM modes that show
(quasi-) periodic oscillations with good agreement not only in frequency
(period) but also in time. The wavelet power spectra for these modes
are displayed in Fig. 4.4. However, we would like to emphasize that
also other modes may show concurrent oscillations, but then usually at
similar frequencies and less pronounced than the modes discussed below.

The mode l = 4 in Fig. 4.4a shows enhanced power at the ∼ 6 yr
periodicity in the time interval around 1990. Comparison with the time
series in Fig. 4.2f shows a pronounced bump-like oscillation with side
lobes at this time. During the preceding activity maximum around 1980,
a similar oscillation with a shorter periodicity of ∼ 2–3 yr occurred. The
biennial oscillation for the odd mode l = 7 is nicely seen in Fig. 4.2b
during the maxima of the sunspot cycles 20, 21 and 22. The wavelet
coefficients for the maximum of the current cycle 23 lie in the so-called
“cone of influence” (cf. Torrence & Compo 1998) and are therefore less
reliable, but it seems that a shift towards a somewhat longer periodic-
ity of ∼ 3 yr may have occurred. Another interesting behavior is seen
for the 1.5 yr and 1.8 yr periodicities for the mode l = 11 (Fig. 4.4c).
While the former periodicity is prominent during the maximum of cycle
21, the latter occurs during the maximum of cycle 23. These periodici-
ties seem to have occurred also during the maxima of cycles 20 and 21,
but less pronounced. This may possibly be a hint that the 1.5–1.8 yr
periodicities show strongest power during odd numbered cycles. This
is in agreement with the two pronounced 1.5 yr and 1.8 yr periodicities
recently detected in the north-south asymmetry of the photospheric mag-
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netic flux for the time intervals 1978–1984 and 1995–2001, respectively
(Knaack et al. 2004).

Enhanced power appears also at shorter periodicities than 1 yr. The
mode l = 15 shows a periodicity around 300–320 d during cycles 20–22
(Fig. 4.4d), the mode l = 10 around 225–240 d during cycles 21 and 22
(Fig. 4.4e). A more complicated structure appears for l = 15. Enhanced
power can be seen around 175 d during the maximum of cycles 20 and 21,
around 140 d and 210 d during cycle 22, and around 165 d during cycle
23. Finally, mode l = 23 shows periodicities around 95 d during cycle 21,
around 100–120 d during cycle 22, and around 105–130 d during cycle 23.
Similar periodicities have been observed in the photospheric magnetic
field by Knaack et al. (2005).

4.4.2 Time series and power spectra for
non-axisymmetric modes m > 0

The MWM time series and power spectra for m = 1, l −m = 0, . . . , 7
are displayed in Fig. 4.5. The KPM time series are not shown
but agree reasonably well. Unlike the axisymmetric modes dis-
cussed above, the non-axisymmetric coefficients are complex and the
phase ϕ(t) = arctan[Im(cml (t))/Re(cml (t))] provides additional informa-
tion about the temporal evolution of the modes (also shown in Fig. 4.5).
The real part of the m = 1 modes behaves, apart from a sign change,
very similar to the corresponding m = 0 modes with the same l−m (cf.
Fig. 4.2). This is at least partly due to the spatial leakage problem dis-
cussed in Sect. 4.3.2. The real part of the modes with odd l−m therefore
shows again the increasingly distorted sinusoid for growing l−m and the
amplifying biennial oscillation. The latter is best seen for l − m = 5, 7
in Fig. 4.5d and occurs again as double peak at ν = 12.5 ± 0.4 nHz
(2.5±0.1 yr) and ν = 15.6±0.4 nHz (2.0±0.1 yr) in the power spectrum.
The imaginary part exhibits for all odd modes a quite distinct periodic
but asymmetric shape. The corresponding power spectra show mainly
two peaks, one at ν0 = 1.5 ± 0.4 nHz (21.1 ± 5.6 yr) and the other at
the overtone ν = 4.4 ± 0.4 nHz ≈ 3ν0 (7.2 ± 0.7 yr). The latter is thus
primarily a consequence of the asymmetric cycle shape. This is nicely
seen for both the real and imaginary parts of the l − m = 5 mode in
Fig. 4.5c.
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Figure 4.5: Time series and Lomb-Scargle power spectra for the non-axisymmetric modes cml (t) with m = 1,

l −m = 0, . . . , 7 calculated for the Mt. Wilson magnetogram data according to Eq. (4.5). Modes with odd l −m
(left column) are antisymmetric with respect to the equatorial plane, modes with even l −m (right column) are

symmetric. a) l −m = 1. The top panel shows the real part of c1
2(t) (in Gauss) vs. time, the imaginary part

is given in the second panel. Each dot represents one day, the yearly running mean is over plotted (heavy line).

The third panel shows the phase ϕ = arctan[Im(c1
2)/Re(c1

2)]. The heavy line here was calculated with the yearly

means of Re(c1
2(t)) and Im(c1

2(t)). The lower two panels show the power spectra in the frequency ranges 0–10 nHz

and 0–30 nHz. The power for the real part (solid curve) is given on the left axis in arbitrary but constant units,

the power for the imaginary part (dotted) is given on the right axis. Both panels were scaled to the height of

the peak at ∼ 1.5 nHz (21 yr). b)–d) The same for the odd modes l −m = 3, 5, 7. e)–d) The same for the even

modes l −m = 0, 2, 4, 6. Power spectra are given in a single diagram.
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The phase ϕ of the odd modes shows a rather unexpected behavior.
Not surprising is that ϕ clusters either around 0 or±π during the solar ac-
tivity minima. The imaginary part of the spherical harmonic coefficients
vanishes then and the configuration Re(cml Y

m
l ) on the visible surface is

most similar to a dipole, in particular for the m = 1, l −m = 1 mode.
During solar maximum, one would expect that the phase alternates pe-
riodically and equally between plus and minus due to the rotation of the
magnetic field pattern over the solar surface. This would cause an “x-
like” structure in the phase diagram (where the intersection between the
ascending and the descending branch of the “x” corresponds to ϕ = 0).
This structure is indeed seen in Figs. 4.5a–5d, but either the ascending
or the descending branch seems to be preferred. Figure 4.6 is an en-
largement of the phase diagram in Fig. 4.5a for the quadrupole mode
m = 1, l−m = 1 during 1980–1982. Visible are the expected short term
variations caused by the solar rotation and the unexpected long term
trend, which is gradually decreasing. Positive phases are apparently pre-
ferred, which is reversed during the following cycle (Fig. 4.5a). We do
not yet have a physical explanation for this behavior.

In contrast to the odd modes, the modes with even l − m seem to
show no obvious regularities (Figs. 4.5e–h). Note that the mode c1

1 (i.e.
l − m = 0) corresponds to the “equatorial dipole”. For an observer
on earth, it resembles the monopole c0

0 if ϕ = 0,±π. The spatial leak-
age between these two modes is large. Since we removed the monopole
contribution from the magnetograms before calculating all other coeffi-
cients, the amplitude of Re(c1

1(t)) is suppressed and the phase of c1
1(t) is

artificially concentrated around ϕ = ±π/2.

What does the picture look like for modes with m > 1? In Fig. 4.7,
the grey-scale diagrams of Fourier power spectra Fl(ν) are shown as func-
tions of ν and l, summed over 0 ≤ m ≤ l. An upper cut-off was used
for the grey-scale normalization to emphasize the faint features for fre-
quencies larger than 6 nHz. Both the MWM and KPM data exhibit a
roughly linear increase in the l − ν plane in Figs. 4.7a,b. The dom-
inating features are again the magnetic cycle visible as the horizontal
band at ν0 = 1.4 ± 0.4 nHz (22.6 ± 6.5 yr) and the overtone around
3ν0 = 4.2 nHz (7.5 yr). Increased power is also seen at higher overtones
near 5ν0 = 7.0 nHz (4.2 yr) and 7ν0 = 9.8 nHz (3.2 yr). The double peak
discussed previously is clearly visible at 12.7± 0.4 nHz (2.5± 0.1 yr) and
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Figure 4.6: Upper panel: phase ϕ of the quadrupole mode m = 1, l = 2

during 1980–1982 (enlargement of portion of Fig. 4.5a). Crosses indicate daily

measurements. Visible are short-term variations due to solar rotation and a

gradually decreasing long-term trend (heavy line, calculated from the yearly

running mean of the real and imaginary parts of c1
2(t)). Lower panel: geometric

sketch of the real part of c1
2Y

1
2 for phases +π,+π/2, 0,−π/2,−π (from left to

right). Bright shades indicate positive, dark shades negative amplitudes. The

node lines are given in black. The rotation axis is inclined by 30◦ towards the

observer.
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Figure 4.7: Fourier power spectra Fl(ν) as functions of ν and spherical

harmonic degree l (1 < l < 40), summed over 0 ≤ m ≤ l. The frequency

range is 1 ≤ ν ≤ 40 nHz for panels a (MWM data) and b (KPM data), while

it is 1 ≤ ν ≤ 5800 nHz for panel c (KPM data). Periods are indicated on the

right axis in years for panels a and b, in days for panel c. The grey scale is

linear and runs in 16 steps from zero (white) to an upper cut off (full black)

that is constant within each panel and has been chosen as 0.02×max{Fl(ν)}l,ν
for panel a and as 0.04×max{Fl(ν)}l,ν for panels b and c.
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Figure 4.8: Fourier power spectra Fm
l (ν) of the MWM and KPM time series for l = 1, 2 (from top to bottom)

and 0 ≤ m ≤ l (from left to right). The (synodic) frequency range is 320 ≤ ν ≤ 480 nHz, which corresponds

to periods 36.2 ≥ ν−1 ≥ 24.1 d. The modes with l − m = 0 show dominant peaks at ∼ 430 nHz (26.9 d) and

∼ 410 nHz (28.2 d), modes with l −m = 1 at ∼ 410 nHz

and ∼ 400 nHz (28.9 d), modes with l −m = 2 again at ∼ 430 nHz.



128 Chapter 4. Spherical harmonic decomposition

15.5 ± 0.4 nHz (2.0 ± 0.1 yr) for l = 5, . . . , 9. This is close to 9ν0 and
11ν0. Thus it seems that the low-frequency range for ν ≤ 20 nHz is
mainly dominated by odd multiples of the fundamental frequency ν0, al-
though some modes also show power at 2ν0 (∼ 11 yr, cf. Figs. 4.2a,b).
Since the overtone at 3ν0 is likely due to the anharmonic shape of the
time series for coefficients with odd l − m, this might also be the rea-
son for the overtones at 5ν0 and 7ν0. In contrast, the biennial variation
(near 9ν0 and 11ν0) appears to be a pronounced oscillatory process that
is associated with solar activity maxima.

As far as the high frequency range is concerned (Fig. 4.7c), the modes
are dominated by harmonics of the (synodic) solar rotation frequency νrot
that ranges from ∼ 435 nHz (26.6 d) at the equator to ∼ 400 nHz (28.9 d)
at latitudes ±40◦. For a given order m most power is concentrated at
the harmonic mνrot, followed by (m ± 1)νrot. Modes with m > 13 thus
exceed the Nyquist critical frequency νc = (2 d)−1 = 5787 nHz, which is
the highest possible frequency that can be resolved with Fourier analysis
for daily sampled data. Power of these modes is aliased down to lower
frequencies and finally compromises the low frequency range for modes
with m > 26 before it is “reflected” back again to higher frequencies.
This aliasing explains the “Λ”-like structure in Fig. 4.7c and can also be
seen at the right margin of Fig. 4.7b. Interestingly, Fig. 4.8 shows that
the power for low-degree modes with l = 1, 2 and 0 ≤ m ≤ l has maxima
at 430 − 434 nHz (26.9 − 26.7 d) and 411 nHz (28.2 d) for l −m = 0, at
412− 415 nHz and 398− 401 nHz (29.1− 28.9 d) for l−m = 1, and again
at 430−434 nHz for l−m = 2. These findings agree well with the results
in our previous paper (Knaack et al. 2005), where we have shown that
the rotational power for the large-scale magnetic fields was concentrated
at discrete frequencies during cycles 21–23.

4.5 Discussion

The present analysis of daily magnetograms through spherical harmonic
decomposition partly supports the results of Stenflo & Vogel (1986), Sten-
flo & Weisenhorn (1987) and Stenflo & Güdel (1988). However, the use
of extended data sets covering solar cycles 20–23 and of the continuous
wavelet transform have now provided a clearer picture of the possible
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modal structure of the solar magnetic field, and several modifications
therefore need to be considered.

Firstly, the odd axisymmetric modes show a richer spectrum than ini-
tially assumed. Besides the generally dominant ∼ 22 yr magnetic cycle
and its first and second harmonics at ∼ 11 yr and ∼ 7 yr, a pronounced
2 − 2.5 yr oscillation is evident for l = 5, 7, 9 during the activity max-
ima of solar cycles 20–23 (Fig. 4.4b). The amplitude of this biennial
oscillation is modulated by the 22 yr cycle. The modes l = 11, 13 show
shorter periodicities of 1.5 yr and 1.8 yr. The former was present dur-
ing the maximum of cycle 21, the latter during the maximum of cycle 23
(Fig. 4.4c). For cycles 20 and 22, the power of this 1.5−1.8 yr periodicity
was noticeably reduced, which might indicate that it is generally stronger
during odd-numbered cycles. Moreover, we have shown that the dipole
mode l = 1 exhibits a nearly sinusoidal behavior, but that this sinusoid is
increasingly distorted for odd modes with higher degree l (Figs. 4.2a–d).
The anharmonic shape of the l = 5, 7 modes resembles, with exception
of the biennial oscillation, closely the non-linear dynamo wave of the
azimuthal vector potential A derived by Stix (1972, cf. Sect. 1.3.5 and
Fig. 1.9). This vector potential basically describes the poloidal field and
was calculated for a one-dimensional αΩ dynamo model allowing for α-
quenching. The resemblance between A and our time series appears to
be qualitatively even better for the the real part of the m = 1, l−m = 5
mode (Fig. 4.5c). The circumstance that the amplitude of the biennial
oscillation is modulated by the magnetic cycle and that it is strongest
for modes that resemble non-linear dynamo waves possibly indicates that
the biennial oscillation might be a feature of the dynamo that has not
yet been accounted for in dynamo models.

Secondly, the qualitative behavior of the odd and even axisymmetric
modes in the l − ν plane does not appear to be completely different.
This is valid for the spherical coefficients derived from magnetograms
as well as from synoptic maps. The even modes are certainly much
less influenced by the ∼ 22 yr cycle, but the l = 2, 4 modes also show
power near or at 22 yr and 7 yr. The biennial oscillation is evident for
l = 6, 8, 10 (Fig. 4.3b,e,h), while a ∼ 1.3 yr periodicity occurs mainly in
the Mt. Wilson data for l = 12, 14 (Fig. 4.4d). The latter was apparently
strongest during cycles 20 and 22, which is the opposite behavior to the
1.5−1.8 yr oscillation seen for the odd l = 11, 13 modes. Whether or not
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it is a coincidence that the ∼ 1.2 − 1.4 yr periodicity in the l = 12, 14
mode is approximately half the ∼ 2.1− 2.5 yr periodicity seen for l = 7
(Fig. 4.4b) is an open question.

Thirdly, most of the above mentioned oscillations with ν ≤ 40 nHz
have frequencies that are close to (odd) integer multiples of the funda-
mental frequency ν0 ≈ (22 yr)−1. This is particularly well seen as an
increasing pattern in the l−ν plane when the power spectra are summed
over 0 ≤ m ≤ l (Figs. 4.7a,b). The power around 3ν0 is likely due to the
anharmonic shape of the magnetic cycle, and this might also explain the
peaks at 5ν0 and 7ν0 (although the cause for these two peaks is not yet
really understood). However, the biennial oscillation, which appears as
a double peak at 9ν0 and 11ν0, is clearly discernible in the time series as
an independent oscillation.

Finally, we have found quasi-periodicities of 300−320 d (l = 15), 220−
240 d (l = 10), ∼ 170 d (l = 17) and 100− 130 d (l = 23, cf. Figs. 4.3e–
h). In the high-frequency range, rotational power has been found to be
concentrated at (synodic) periods of 26.7−26.9 d, 28.2 d and 28.9−29.1 d.
These periodicities agree well with our results in Knaack et al. (2005).
A detailed analysis of the rotation of large-scale magnetic fields (which
often appears to be nearly rigid) during cycles 21–23 is given there.

In the following, we will discuss the detected frequencies and com-
pare them to previous studies. Evidence for biennial oscillations in the
photospheric magnetic field has been provided earlier by Stenflo & Vo-
gel (1986), Stenflo & Güdel (1988), Erofeev (2001), Obridko & Shelting
(2001), and Knaack et al. (2005). In the latter paper we have performed
a time series analysis of the longitudinally averaged Kitt Peak synoptic
maps for cycles 21–23 and showed that the biennial oscillations occurred
predominantly in the southern hemisphere. Benevolenskaya (1998) pro-
posed a model of a double magnetic cycle of solar activity based on the
assumption of two dynamo sources separated in space. In this model, a
low-frequency component operates at the bottom of the convection zone
and generates the ∼ 22 yr magnetic cycle, while a high-frequency compo-
nent near the top causes the biennial oscillations. The radial component
Br of the poloidal field was described as the superposition of two dy-
namo waves, i.e. Br(t, θ) = b0(θ) sin(2πν0t) + b1(θ) sin(2πν1t+ ϕ), where
b0 and b1 are the amplitudes of the low and high-frequency components,
ν0 = (22 yr)−1 and ν1 = (2 yr)−1 the corresponding frequencies, while
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ϕ denotes the phase (see Eq. (2) in Benevolenskaya 1998). However, as
already mentioned in Sect. 4.4.1, the power spectra of the l = 5, 7 modes
in Figs. 4.3b,d clearly show that the biennial oscillation occurs as a dou-
ble peak at the frequencies ν1 = 12.5 nHz (2.5 yr) and ν2 = 15.4 nHz
(2.1 yr), the frequency splitting being ν2 − ν1 = 2.9 nHz ≈ 2ν0. This
indicates that the amplitude of the biennial oscillation is modulated by
the 22 yr magnetic cycle and that the time evolution of these modes can
be approximated by

c0
l=5,7(t) = sinn(2πν0t)[xl + yl sin(2π

ν1 + ν2

2
t+ ϕ)] + zl(t) (4.6)

where xl and yl are constant, while zl(t) depends on time. We have
introduced the power n since the sometimes quite pronounced peak at
3ν0, which also appears in the power spectra of the l = 5, 7 and most
other odd modes, can be empirically better reproduced for n = 3 than
for n = 1. However, Eq. (4.6) cannot account for the distinct anharmonic
shape of the time series in Figs. 4.2c,d or Figs. 4.5c,d and should be seen
only as a crude estimate. To fully allow for the time evolution of the
l = 5, 7 modes, non-linear effects (like α quenching) must be considered.

As far as the shorter periodicity of ∼ 1.5 − 1.8 yr for the l = 11, 13
modes is concerned, we have recently reported two pronounced 1.5 yr
and 1.8 yr oscillations in the north-south asymmetry of the (unsigned)
magnetic flux (Knaack et al. 2004). The former was present from 1978
to 1984, the latter from 1995 to 2001. This is in good agreement with
the present analysis. For the 1978–1984 interval, periods of ∼ 1.6 yr
and ∼ 1.4 yr were also found in the variation of southern coronal hole
areas (McIntosh et al. 1992) and in the occurrence of Hα flares, the
numbers of which varied in anti-phase between the northern and southern
hemisphere (Ichimoto et al. 1985). We have subsequently shown that the
1.5 yr oscillation occurred in the unsigned flux in both hemispheres at
latitudes ∼ 10◦−20◦ during the maximum of cycle 21, while variations of
1.8 yr were present predominantly in the southern hemisphere at latitudes
∼ 15◦ − 25◦ during cycle 23 (Knaack et al. 2005). The circumstance
that the 1.5 − 1.8 yr periodicity appears to be related to north-south
asymmetries explains why it mainly occurs for odd and not for even
modes.

On the other hand, the∼ 1.2−1.4 yr periodicity for the even l = 12, 14
modes is likely related to the 1.3 yr period detected in the unsigned flux
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at intermediate latitudes ∼ 30◦−50◦ in both hemispheres (Knaack et al.
2005). This 1.3 yr oscillation occurred during the maxima of all three
cycles 21–23, but it was most pronounced during cycle 22. Comparison
with butterfly diagrams indicated that it may be related to the large-
scale magnetic surges towards the poles described by Howard & Labonte
(1981) and Wang et al. (1989). Quasi-periodic variations of 1.3 yr have
previously been reported in the rotation rate at the bottom of the convec-
tion zone (Howe et al. 2000), in the interplanetary magnetic field (IMF)
and geomagnetic activity (Lockwood 2001, and references therein), in
sunspot areas and in sunspot numbers (Krivova & Solanki 2002). Lock-
wood (2001) found that this periodicity has largest powers around the
maxima of even-numbered cycles, which is in agreement with our results
in Knaack et al. (2005) and the present analysis.

Wang & Sheeley (2003) have shown that quasi-periodicities in the
range ∼ 1− 3 yr may be due to stochastic processes associated with the
emergence of active regions. However, since our results indicate that
the biennial oscillation has been a recurrent phenomenon with constant
period over at least solar cycles 20–22 and that also the ∼ 1.5 − 1.8 yr
and ∼ 1.2− 1.4yr periodicities apparently show certain regularities (the
former being more pronounced during odd numbered, the latter during
even numbered cycles), it appears unlikely that these periodicities are of
random occurrence.

Another approach is given by Dzhalilov et al. (2002), who have pro-
posed that Rossby-like modes depending on the inner structure of the
Sun may cause the 1 − 3 yr oscillations. Dzhalilov et al. named these
resonant cavity modes R-modes to distinguish them from the common
r-modes, which are independent of the inner structure and mainly caused
by geometrical effects (Papaloizou & Pringle 1978; Provost et al. 1981;
Smeyers et al. 1981; Saio 1982; Wolff & Blizard 1986; Wolff 1998; 2000).
There have been suggestions by Sturrock et al. (1999), Lou (2000) and
Sturrock (2004) that the Rieger period of ∼ 155 d (Rieger et al. 1984;
Kiplinger et al. 1984; Bogart & Bai 1985) and similar “Rieger-type” pe-
riodicities of ∼ 129, ∼ 104, ∼ 78 and ∼ 51 d (Bai & Sturrock 1991) may
be due to r-modes or equatorially-trapped Rossby waves (Lou 2000).

Rieger-type periodicities empirically seem to hint at subharmonics
(multiples) of a fundamental period around 25.8 d (Bai & Sturrock 1991),
which is close to the sidereal solar rotation period at the equator (∼
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25.4 d, Schou et al. 1998). Such periodicities have been found in various
solar activity indices (e.g. Wolff 1983; Rieger et al. 1984; Delache et al.
1985; Lean & Brueckner 1989; Pap et al. 1990; Bai & Sturrock 1991; Bai
2003; Lou et al. 2003). Recently, we have reported that the photospheric
magnetic field exhibits a whole series of Rieger-type periodicities in the
range 350− 100 d, which are close to the period estimates for Rossby
waves with even m = 10, 12, . . . , 26 (Knaack et al. 2005). We also pointed
out that the possible long-period r-mode signature with m ≈ 50 reported
by Kuhn et al. (2000), who used MDI data from 1996.3 to 1998.5, might
be related to the 1.8 yr periodicity in the photospheric magnetic field,
since the period estimate for such a sectoral r-mode is close to 1.8 yr.
Our present analysis has again yielded several Rieger-type periodicities at
300−320 d (l = 15), 220−240 d (l = 10), ∼ 170 d (l = 17) and 100−130 d
(l = 23, cf. Fig. 4.3e–h). However, the degree l and azimuthal order m =
0 where we have detected these periodicities does not correspond to the
r-modes or equatorially-trapped Rossby waves that have similar periods.
This does not exclude the possibility that r-modes or Rossby waves may
trigger Rieger-type (or longer) periodicities, but the way in which the
waves interact with the magnetic field would need to be clarified. In any
case, the observational evidence for Rieger-type periods in solar indices
is increasing. Whether they can be explained by r-modes, Rossby-type
waves or another effect remains to be seen.
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Stenflo, J. O., Güdel, M., 1988, Evolution of solar magnetic fields: modal
structure, A&A 191, 137

Stenflo, J. O., Vogel, M., 1986, Global resonances in the evolution of solar
magnetic fields, Nat 319, 285

Stenflo, J. O., Weisenhorn, A. L., 1987, Evolution of the Sun’s magneitc po-
larities, Sol. Phys. 108, 205

Stix, M., 1972, Non-Linear Dynamo Waves, A&A 20, 9

Sturrock, P. A., 2004, Analysis of Super-Kamiokande 5 Day Measurements of
the Solar Neutrino Flux , ApJ 605, 568

Sturrock, P. A., Scargle, J. D., Walther, G., Wheatland, M. S., 1999, Ro-
tational Signature and Possible R-Mode Signature in the GALLEX Solar
Neutrino Data, ApJ 523, L177

Torrence, C., Compo, G. P., 1998, A Practical Guide to Wavelet Analysis,
Bull. Am. Met. Soc. 79, 61

Wang, Y.-M., Nash, A. G., Sheeley, N. R., 1989, Evolution of the sun’s polar
fields during sunspot cycle 21 - Poleward surges and long-term behavior ,
ApJ 347, 529

Wang, Y.-M., Sheeley, N. R., 1992, On potential field models of the solar
corona, ApJ 392, 310

Wang, Y.-M., Sheeley, N. R., 2003, On the Fluctuating Component of the
Sun’s Large-Scale Magnetic Field , ApJ 590, 1111

Wolff, C. L., 1983, The rotational spectrum of g-modes in the sun, ApJ 264,
667

Wolff, C. L., 1998, Linear r-Mode Oscillations in a Differentially Rotating
Star , ApJ 502, 961

Wolff, C. L., 2000, Linear r-Modes below the Sun’s Convective Envelope, ApJ
531, 591

Wolff, C. L., Blizard, J. B., 1986, Properties of r-modes in the sun, Sol. Phys.
105, 1

Worden, J., Harvey, J., 2000, An Evolving Synoptic Magnetic Flux map and
Implications for the Distribution of Photospheric Magnetic Flux , Sol. Phys.
195, 247



Chapter 5

Concluding remarks

The present analysis of almost 40 years of magnetogram data recorded
at the Mount Wilson and Kitt Peak Observatories has shown that the
large-scale magnetic field of the Sun exhibits regular variations on time
scales shorter than the 22 yr magnetic cycle. We have provided evidence
for a biennial oscillation of 2.1–2.5 yr that occurred during the activity
maxima of solar cycles 20–22 and probably also during cycle 23. This
biennial oscillation is possibly related to non-linear dynamo waves. We
have shown that a 1.5–1.8 yr period was also present during all four cy-
cles, and that is was stronger during the odd cycles 21 and 23 than during
the even cycles 20 and 22. The opposite was true for a 1.2–1.4 yr period
that is likely to be related to large-scale surges of magnetic flux toward
the poles. We have demonstrated that Rieger-type periodicities, which
are close to integer multiples of the equatorial rotation rate and possi-
bly due to interactions with Rossby-like waves, occurred in the range of
100–350 d and were mainly confined to the southern hemisphere. Further-
more, large-scale magnetic fields have been found to rotate almost rigidly
with discrete rotation frequencies. North-south asymmetries played an
important role in all these observed features of the large-scale magnetic
field of the Sun.

The physical cause for all of the detected periodicities is unknown.
Whether they are due to dynamo actions, Rossby-like modes (Lou 2000;
Dzhalilov et al. 2002), interference of magnetic waves in the interior of the
Sun (Stenflo & Vogel 1986; Stenflo & Güdel 1988), complexes of activity,
or a mixture of these (and other) effects remains to be investigated. In
a next step, it would be useful to explore the above periodicities in more
detail, in particular those of 2.1–2.5 yr and 1.5–1.8 yr, to see whether they
can be related to typical structures in the large-scale magnetic field (as
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it is the case for the 1.2–1.4 yr period). Then it would be interesting to
model the biennial oscillation using either the model of a double magnetic
cycle proposed by Benevolenskaya (1998) or nonlinear dynamo systems as
introduced by Stix (1972). In our opinion, Rossby-like modes may offer
a very valuable key for the understanding of the Rieger-type periodici-
ties, while complexes of activity (or “active longitudes”) are very likely
involved in the observed rotational patterns of the large-scale magnetic
field.

In any case, every answer to the above questions will raise a multitude
of new questions. This is what makes science so charming.
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Appendix A

Zeeman Effect

In 1895, H. A. Lorentz predicted that a strong magnetic field would
split the emission and absorption lines of atoms. This effect was verified
by P. Zeeman one year later in the laboratory (Zeeman 1897). The
measurement of such line splittings allows to determine the magnetic
field strength B as outlined below (see, for example, Stix 2002).

Let L, S, J and MJ be the quantum numbers that define the state
of an atom. L is the total orbital angular momentum of the electrons,
S the analogue for the Spin, J the total angular momentum, and MJ

determines the component of J in any one direction, for instance, z. J
can have the values | L − S |, | L − S | +1, . . . , L + S and MJ adopts
−J,−J + 1, . . . , J . If B = 0, states with different MJ have the same
energy. If B 6= 0, this degeneracy is removed, and the z-direction is then
parallel to the field vector B.

If λ0 is the original wavelength of an emission or absorption line, g
the Landé factor,

g = 1 +
J(J + 1) + S(S + 1)− L(L+ 1)

2J(J + 1)
. (A.1)

and g,MJ , g
′,M ′j describe the lower and upper states of a transition, then

B introduces a line splitting ∆λ according to

∆λ = λ− λ0 =
e

4πcme

g∗λ2B , (A.2)

where e is the electronic charge, me the electron mass, and g∗ = gM −
g′M ′.

The normal Zeeman effect occurs if both states have S = 0 (and hence
g = 1, since J = L). It follows that g∗ = M −M ′ = −1, 0,+1. The
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result is the Lorentz triplet, which consists of two shifted σ components
and the unshifted π component. If the line of sight is parallel to the
magnetic field B, the observer sees only the σ components which have
circular polarization of opposite sense. This is called the longitudinal
Zeeman effect. The transverse Zeeman effect occurs if the line of sight is
perpendicular to B. Then all three components are visible and linearly
polarized, the π component perpendicular to B, the σ components par-
allel to B, as shown in Fig. A.1. These rules apply to absorption lines
in optically thin layers. For emission lines, the sense of circular polar-
ization is reversed, and the π component is parallel, the σ components
perpendicular to B. In the more general case when S 6= 0, one speaks of
the anomalous Zeeman effect and a multiplet is observed.

B = 0

Zeeman Effect

Zeeman Effect
Transverse

Longitudinal

Figure A.1: Line-splitting for the normal Zeeman effect.

Solar spectral lines are subject to Doppler and collision broadening.
This means that the magnetic field B must be of order ∼ 1500 Gauss
before the Zeeman splitting can be recognized. If the magnetic field is
substantially smaller, or strong enough but covers only a small fraction
of the area that can be resolved, then the line splitting is too weak to
be measured and the Zeeman effect just leads to additional broadening
of the line. In the 1950s, H.W. Babcock and K.O. Kiepenheuer investi-
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gated the possibilities of separating the Zeeman components by means
of polarimetric methods and developed magnetographs that were able to
measure also weak magnetic fields of a few Gauss.





Appendix B

Spherical harmonics

Spherical harmonics are defined by

Y m
l (θ, φ) = (−1)m

√√√√2l + 1

4π

(l −m)!

(l +m)!
eimφPm

l cos θ (B.1)

for 0 ≤ m ≤ l (Jackson 1975). The associated Legendre polynomials are

Pm
l (x) =

(−1)m

2ll!
(1− x2)m/2

dl+m

dxl+m
(x2 − 1)l , (B.2)

where −1 ≤ x ≤ +1. The azimuthal order m defines the number of
longitudinal node cycles of Y m

l , while l−m gives the number of latitudinal
node circles. Modes with m = 0 are axisymmetric with respect to the
rotation axis of the Sun, modes with m 6= 0 are non-axisymmetric. Modes
with even l − m are symmetric with respect to the equatorial plane of
the Sun, modes with odd l−m are antisymmetric. Examples of spherical
harmonics are shown in Fig. B.1.

For negative m, the spherical harmonics can be defined as

Y m
l = (−1)mY −m∗l , (B.3)

where the asterisk denotes complex conjugation. The m values are then
restricted by the condition −l ≤ m ≤ +l.

With these definitions, the spherical harmonics form an orthonormal
data set over a spherical surface:

∫
Y m′
l′ (θ, φ)Y m

l (θ, φ) dΩ = δll′δmm′ . (B.4)
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Figure B.1: Examples of spherical harmonics Y m
l . Positive amplitudes ap-

pear bright, negative amplitudes appear dark. The number of latitudinal node

circles (black parallels) is given by l−m, the number of longitudinal node cir-

cles by m. From left to right: Y 0
1 , Y 0

2 , Y 2
3 , Y 10

0 . The rotation axis is inclined

towards the observer by 30◦.

For the numerical calculation of high-degree spherical harmonics it is
useful to define normalized Legendre polynomials (Libbrecht 1985):

Wm
l (x) = (1− x2)−m/2

√√√√2l + 1

4π

(l −m)!

(l +m)!
Pm
l (x), (B.5)

so that

Y m
l (θ, φ) = Wm

l (cos θ) sinm θeimφ, (B.6)

and

W l
l (x) =

(−1)l

2ll!

[
2l + 1

4π
(2l)!

]1/2

(B.7)

= (−1)l
[

2l + 1

4π

l∏

k=1

(
1− 1

2k

)]1/2

(B.8)

is a constant near unity, while

W l−1
l = −

√
2l xW l

l (x) . (B.9)

Note that the minus sign on the right side is necessary but missing
in the in original publication by Libbrecht (1985). The recursion for
changing m only is (Magnus et al. 1966):
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(1− x2)[(l +m + 2)(l −m− 1)]1/2 Wm+2
l (x) + (B.10)

+2(m+ 1) xWm+1
l (x) + [(l −m)(l +m+ 1)]1/2 Wm

l (x) = 0

For l, m < 200, the above relation is stable and provides satisfactory
results.
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