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Abstract. Time–frequency variability of the solar mean magnetic field (SMMF) was studied, based
on a continuous wavelet analysis. The rotational modulation of the SMMF dominates the wavelet
spectrum at 27–30 and 13.5-day time scales. The rotational variation, in turn, is amplitude-modulated
by the quasi-biennial periodicity in the SMMF. This is caused by magnetic field eruptions. Rigidly
rotating modes appear in the time–longitude distribution of the large-scale magnetic field that is
plotted from a deconvolution of the SMMF time series with a Carrington period. These rotational
modes coexist and transform into one another over an 11-yr cycle. The modes with periods of 27.8–
28.0 days dominate the phase of activity rise, whereas the 27-day rotational mode dominates the
declining phase of the 11-yr cycle. The rotational modes with periods of 29–30 days occurred
episodically. Most of the features in the time–longitude distribution of the SMMF are identifiable
with those in similar diagrams of the solar background magnetic fields. They represent a combined
effect of the background magnetic fields from both hemispheres. Eruptions of magnetic fields lead
to dramatic changes in the picture of solar rotation and correlate well with the polarity asymmetry in
the SMMF signal. The polarity asymmetry in the SMMF time series exhibits both long-term changes
and a 22-yr cyclic behaviour, depending on the reversals of the global magnetic field in cycles 20–
23.

1. Introduction

The solar mean magnetic field (SMMF) is a fundamental physical parameter that
quantifies the magnetic field of the Sun as a star and governs the space weather in
the solar system. The SMMF signal results from the convolution of the magnetic
field distribution across the solar disk with the weighting function of a magneto-
graph (Scherreret al., 1977; Kotov and Severny, 1983). The SMMF varies over
a wide range of time scales due to the mechanisms of eruptions, transport and
diffusion of the solar magnetic fields (Sheeley, De Vore, and Shampine, 1986).
Apparent changes in the SMMF are caused by rotational modulation and are due
to the Earth’s excursions relative to the solar equatorial plane in the course of its
orbital motion (Ponyavin, 1998). Temporal changes in the SMMF and their power
spectra have been scrutinized in previous studies based on measurements from the
Crimean, Stanford, and Sayan observatories (Kotov and Severny, 1983; Scherrer
et al., 1977; Grigoryev and Demidov, 1987). In this paper the time–frequency
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variability of the SMMF is studied using wavelet analysis that is appropriate for
analyzing nonsteady time series (Chui, 1992).

Despite recent advances in helioseismology, the picture of external manifes-
tations of solar rotation that is derived from different tracers is complicated and
is sometimes contradictory; moreover, it depends on the level of magnetic activity
(Stenflo, 1989; Ananyev and Obridko, 1999). Discrete modes of rigid rotation (Ero-
feev, 1996; Plyusnina, 1999) and the torsional oscillations (Howard and LaBonte,
1987) are observed against the background of the differential rotation of the Sun.
When derived from temporal changes in the SMMF, solar rotation shows the net ef-
fect of the solar magnetic field which results mainly from the background magnetic
fields (Kotov, Stepanyan, and Scherbakova, 1977).

2. Wavelet Analysis of the SMMF

A continuous wavelet analysis was applied to a composite time series of the SMMF
for 1968–2000. A Stanford data set of the SMMF was complemented by earlier
measurements obtained at the Crimean observatory during 1968–1975. During the
overlapping period 1975–1976, composite values of the SMMF were averaged
with weights estimated by Haneychuk (1998). The composite SMMF time series
and the modulus of Morlet wavelet transform are shown in Figure 1. The wavelet
spectrum clearly shows a time-frequency behaviour of the SMMF over a wide
range of time scales.

According to the uncertainty principle, the resolution of the analysis in the time-
period space is restricted to the range 2δt × 2δP . At the worst, the uncertainties in
time and period areδt ≈ 8 d,δP ≈ 7 d at the Carrington periodPC . Because of the
limited resolution on the timescales around the period of solar rotation, we see no
set of discrete rotational modes, which appear in the power spectra (Kotov, 1987).
The periodicity around 13.5 days appears episodically. It is caused by the four-
sector structure of the large scale magnetic field and appears also as a harmonic of
rotational modulation. The 9-day periodicity of the SMMF, and many of the solar
indices seem to originate from the convolution of spatial inhomogeneities of the
magnetic field with the limb darkening function (Mordvinov, 1995).

The horizontal cross-section of the wavelet spectrum at the timescale of the
rotational period shows prominent patterns which recur at about 1.5–2 yr time
intervals, which appear as an amplitude modulation of the rotational periodicity.
There are four and five such patterns in cycles 21 and 22, respectively. They result
from eruptions of magnetic fields, which appear with quasi-biennial periodicity
(Erofeev, 1996). As a new portion of magnetic field emerges, the amplitude of
27-day variation of the SMMF increases.

Long-term changes in the SMMF appear over a timescale range of about 1–2
years. The amplitude of quasi-biennial oscillations vanishes at epochs of activity
minima and peaks in 1980–1982, and in 1991–1992. Hence, we can conclude
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Figure 1. The composite SMMF time series (a), and Morlet wavelet modulus normalized to its
maximum value (b). The maximum of the spectrum corresponds to 0 decibel, and this is shown
in white. The dotted lines indicate the edge distortions of the spectrum.

that quasi-biennial oscillations in the SMMF are related to the level of magnetic
activity. By contrast, the annual periodicity in the SMMF is well defined during
epochs of minima. The annual modulation originates from the variable contri-
bution of the solar magnetic dipole to the SMMF signal. As the Earth travels
between the extreme points relative to the solar equator in the course of its or-
bital motion, the contribution of the global magnetic dipole varies. There are weak
intermediate-term variations at about a 155-day time scale in the wavelet spectrum.
The spectral power increases there during the maxima of solar activity in 1980–
1982, and in 1989–1991, and appears immediately behind the first peaks at the ro-
tational timescale. Wavelet spectra of magnetic and thermodynamic parameters of
the Sun display similar patterns at the intermediate timescales. They seem to result
from a relaxation of thermomagnetic perturbations over a solar cycle (Willson and
Mordvinov, 1999).

3. Spatio-Temporal Analysis of the SMMF

The time–longitude distribution of the SMMF in the Bartels format roughly char-
acterizes the structure of the large scale magnetic field and the solar rotation.
Nevertheless, these diagrams do not trace the solar rotation in detail because of a
systematic shift accumulated over a long time interval. In this paper we have stud-
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ied the time–longitude distribution of the magnetic field, plotted from the decon-
volution of the SMMF time series with the Carrington periodPC = 27.2753 days.
Such diagrams are sensitive to effects of rigidly rotating modes. These modes with
periods larger or smaller thanPC arrange the magnetic fields into oppositely in-
clined structures on the diagrams. To construct a time–longitude distribution we
rearranged the time series of the SMMF into subsets according to the Carrington
rotations and plotted these subsets as the longitude scans line-by-line on a gray
scale. While the SMMF signal results from a convolution of the magnetic field
distribution over the solar disk with the weighting function of a magnetograph, the
derivation of a spatial distribution of the magnetic field from temporal changes in
the SMMF is an inverse operation or a deconvolution of the SMMF time series.

A composite SMMF time series and its time–longitude diagram in the Carring-
ton format are shown in Figures 2(b) and 2(a), respectively. The corresponding gray
scale for Figure 2(a) is shown at the top. It is of little importance whether larger or
smaller SMMF values trace the solar rotation. Therefore, we normalized the values
of the SMMF within each Carrington rotation to a maximum value for this rotation.
This normalization reveals rotational patterns in a compatible form regardless of
the level of magnetic activity. Figure 2(c) shows a time–longitude distribution
of the normalized SMMF that is denoised with 2D wavelet decomposition. The
positive polarity is shown in bright halftones against the 50%-gray background,
whereas the negative polarity is shown in dark halftones. In Figure 2(c), bright
and dark patterns are arranged as inclined structures, which reveal discrete rigidly
rotating modes. The positive polarity displays well-defined bright patterns in cycle
21, which are clearly related to cyclic behaviour of solar activity. The mode with a
period of 27.8 days is dominant for 1977–1981 at the phase of increasing activity.
The regime of solar rotation changed immediately after the activity maximum. The
mode with a period of 26.8 days persisted from 1982 during the phase of decreasing
activity. The rotational mode with a period of 28.4 days appeared episodically.
By the year of minimum activity, in 1986, the rotational mode with a period of
(P = 26.8 d) is terminated. In cycle 22, during the phase of rising activity, one
can see the rotational modes with 28.0-, 28.3-, and 30.0-day periods in the posi-
tive polarity. Rotational modes with periods of 26.8 and 27.0 days are dominant
during the phase of decreasing activity. The overall picture of rotation looks much
more complicated as compared to that for cycle 21. In cycle 20, the picture of
time–longitude distribution looks fuzzy because of earlier noisy measurements.
Nevertheless, we can see the rotational mode with a period of 27.0 days, which
dominates the declining phase during 1970–1977. The occurrences of the 27-day
rotational mode are in good agreement with results obtained by Erofeev (1996).
The rotational mode with a period about of 28 d persisted during 1972–1973
as a weak inclined and fragmentary pattern. At the beginning of cycle 23, there
are subtle patterns which correspond to the rigidly rotating modes with 28–29
day periods against the noisy background. In cycles 20–23, the negative polarity
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Figure 2.Time–longitude distribution of SMMF (a), the composite SMMF, its cumulative sum (b),
and time–longitude diagram of normalized SMMF (c) are juxtaposed with BMF stack plots for
positive polarity both in the north (d), and south (e) hemispheres of the Sun.
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behaves somewhat independently, and sometimes displays parallel patterns shown
in dark.

Thus, the picture of solar rotation varies over an 11-yr cycle and from cycle
to cycle. As a rule, rotational modes with a period of 27.8–30 days dominate the
phase of rising activity, whereas the mode with period of 27 days dominates the
phase of decreasing activity. To identify the particular contributions of the positive
and negative polarities separately in both hemispheres, a time–longitude analysis
of the background magnetic field (BMF) was carried out.

4. A Comparative Analysis of the SMMF and BMF in the Time–Longitude
Space

To plot the time–longitude diagram of the BMF we use a robust technique (Plyus-
nina, 1999) which is described below. The method characterizes the BMF using
Hα or synoptic maps of magnetic field binned in cells 10◦ ×10◦ within the latitude
zones 0,+40◦ and 0,−40◦. From the synoptic maps we construct a quantitative
characteristic of the BMF according to the following procedure. We examine all
the cells and estimate their dominant polarity. If the positive or negative polarity
covers more than 60% of the cell area, the magnetic field in this cell is quantified as
+1 or−1, respectively. If there is no dominant polarity in the cell, this is quantified
by zero. We obtain a longitudinal distrubution of the BMF, by summarizing all
estimated values over the latitude within each longitude interval and separately for
each hemisphere. In these summarized distribution we then keep the values±3, 4
and reject the values±1, 2 by setting them to zero. In doing so, we obtain a robust
characteristic of the BMF distribution, thereby excluding the influence of small
scale active regions.

Figures 2(d) and 2(e) show time–longitude stack plots of the BMF denoised
with 2D wavelet decomposition for positive polarity in the vicinity of the so-
lar equator for the northern and southern hemispheres, respectively. The bright
features are arranged again as inclined patterns. These inclined patterns which
correspond to the rotational modes with periods of 27 and 28–29 days dominate the
time–longitude diagrams of both the BMF and the SMMF. We highlighted these
patterns in Figures 2(d) and 2(e). We can identify most of the prominent features
in the time–longitude diagram of the normalized SMMF with similar patterns in
the BMF diagrams, especially if they appear in both hemispheres simultaneously.
There are also some features in the time–longitude diagram of the SMMF resulting
from only one hemisphere. However, the degree of correspondence between the
BMF and the SMMF varies from cycle to cycle. The picture of solar rotation that is
derived from the BMF during cycle 20 for the mode of 27 days is in agreement with
those derived from the SMMF. Although the modes of the 28–29 days take place
on both the SMMF and BMF diagrams, they vary in values of rotation periods. It
is possible that this is due to the earlier noisy measurements of the SMMF.
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The pictures of solar rotation that are derived from the BMF and SMMF cor-
relate well during cycle 21 and for ascending phase of cycle 22. The degree of
agreement between the diagrams is no longer as evident for descending phase of
cycle 22 and during the activity rise in cycle 23. The rotational modes of the 28–
29-day period appear more clearly in the rotational picture of the BMF, whereas
the 27-day mode dominates the rotational picture derived from the SMMF. Never-
theless, even at this period most of the prominent features in the time–longitude
diagram of the SMMF have their counterparts in time–longitude diagrams of BMF
in one hemisphere or another. It should be noted that at this time interval the mag-
netic fields have been highly asymmetric about the equator of the Sun (Plyusnina,
1998).

In the wavelet spectrum of the SMMF at the 27-day time scale, power peaks
recur with quasi-biennial periodicity. From comparison studies of the wavelet spec-
trum of the SMMF and time–longitude distributions of magnetic fields we can
infer that the occurrence of the rotational modes is usually associated with mag-
netic field eruptions which occur and recur at a timescale of the rotational period.
Thus the magnetic field eruptions modify the rotation of the Sun.

5. Long-Term and Cyclic Changes in the SMMF

Most of the indices of solar activity are additive functions which summarize the
activity contributions over the solar disk. To the contrary, the SMMF signal results
from the difference of the contributions of opposite magnetic polarities. The sign
of the SMMF is governed by the dominant polarity in the magnetic field distrib-
ution over the solar disk. To reveal long-term tendencies in the evolution of the
large scale magnetic field we estimate the cumulative sum of the SMMF signal as
S(ti) = ∑i

k=1 SMMF(tk). This value roughly characterizes the SMMF integrated
over a current time interval. In Figure 2(b), the cumulative sum is juxtaposed with
the SMMF. On this plot, the cumulative sum is rescaled according to the formula
S

plot
i = (Si + 6500)/25. After the summation, fluctuations in the SMMF com-

pensate each other, and the weak asymmetry of the polarities in the source signal is
accumulated in the sum, which exhibits smooth and cyclic changes. The cumulative
sum characterizes long-term tendencies in SMMF changes: the dominant magnetic
field of positive polarity leads to an increase of the sum, whereas the dominant
negative polarity leads to a decrease of the sum. The sensitivity of the cumulative
sum is appropriate for describing accurately the asymmetry of the polarities in the
SMMF signal. A general behaviour of the magnetic ‘monopole’ from cycle to cycle
was studied by Grigoryev and Demidov (1989).

In cycle 21, the curve of cumulative sum has two peaks between the epochs of
minimum activity in 1976 and 1986. Magnetic field reversals are marked by the
arrows according to Makarov and Makarova (1996). The upward arrows indicate
the reversals in the northern hemisphere, and the downward arrows indicate those in
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the southern hemishere. In cycle 21, magnetic field reversals cover the time interval
1980.0–1981.8 and occur between two peaks of the cumulative sum. The negative
polarity dominates cycle 22 except its beginning, and the character of temporal
changes is quite different. The cumulative sum decreased steeply after mid-1988
at the phase of rising activity and at maximum activity. After the reversals of the
magnetic field in 1990.8–1991.8, oscillations of the cumulative sum were estab-
lished, which were decreasing in amplitude until 1998. Since 1998 the cumulative
sum has tended to increase. This indicates the predominance of positive polarity
during increasing activity in cycle 23. In cycle 20, which is partly covered by the
Crimean measurements, we can see again a steep decrease of the cumulative sum,
which changed to a steep increase after the period of multiple reversals during 1969
–1971.5.

6. Conclusions

Time–longitude diagrams of the SMMF and BMF reveal rigidly rotating modes,
which coexist and transform into one another. The regime of rotation of the Sun
varies over the 22-yr solar magnetic cycle. The rotational modes with periods of
27.8–28.0 days are dominant in the phase of rising activity, whereas the 27-day
rotational mode dominates the phase of decreasing activity. Evolutionary changes
of the BMF, and the asymmetry of magnetic polarities are manifested in the picture
of solar rotation that is derived from deconvoluted SMMF time series. BMF emerge
by portions and lead to changes in the regime of solar rotation.

Changes in the regime of solar rotation correlate well with those in the polarity
asymmetry in the SMMF signal. The cumulative sum of SMMF reveals long-term
and cyclic changes which are governed by the reversals of the global magnetic
field. The dominant polarity in the SMMF signal changed to the opposite polarity
after the reversals of the magnetic field. The oscillations of the polarity asymmetry
were established after the last reversal in cycle 22 until the beginning of cycle 23.

In the behavior of the polarity asymmetry we can trace the 22-yr Hale magnetic
cycle. The annual and quasi-biennial periodicities are superimposed on the long-
term changes in the cumulative sum of the SMMF. Every 11-yr cycle demonstrates
its peculiarities in the asymmetry behaviour. In cycle 21, changes in the asymmetry
display a rise and fall according to the cyclic curve of solar activity. Changes in the
asymmetry are balanced in terms of the cumulative sum: by the end of the cycle in
1986 the sum returned to the initial level that occurred in the beginning of the cycle
in 1976. The cumulative sum decreased steeply at the ascending phase in cycle 22.
Then, after the reversals of the magnetic field, the sum oscillated by the end of
cycle 22. The changes in the cumulative sum are not balanced over cycle 22.

It is hard to derive cyclic regularities from the short record of the SMMF. Nev-
ertheless, we can suppose that the solar rotation and polarity asymmetry behave
differently for odd and even 11-yr cycles. The parity property suggests some pecu-
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liarities of the hydromagnetic dynamo (Pipin, 1999) or reveals an effect of the relic
global magnetic field (Benevolenskaya, 1998).
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