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Abstract. We have investigated the temporal evolution of the solar
magnetic field during solar cycles 20, 21 and 22 by means of spheri-
cal harmonic decomposition and subsequent time series analysis. A 33
yr and a 25 yr time series of daily magnetic maps of the solar photo-
sphere, recorded at the Mt. Wilson and NSO jKitt Peak observatories
respectively, were used to calculate the spherical coefficients of the radial
magnetic field. Fourier and wavelet analysis were then applied to de-
duce the temporal variations. We compare the results of the two datasets
and present examples of zonal modes which show significant variations,
e. g. with a period of approx. 2.0-2.5 years. We provide evidence that
this quasi-biennial oscillation originates mainly from the southern hemi-
sphere. Furthermore, we show that low degree modes with odd 1 - m
exhibit periods of 29.2 and 28.1 days while modes with even 1- m show
a dominant period of 26.9 days. A resonant modal structure of the solar
magnetic field (apart from the 22 yr cycle) has not been found.

1. Introduction

The spherical harmonic decomposition of solar magnetic fields was introduced by
Stenflo & Vogel (1986) and Stenflo & Giidel (1988). Their analyses of a 25 yr set
of synoptic Carrington rotation maps indicated a possible modal magnetic-field
pattern, which was unexpected and a challenge to dynamo theories.

We have continued this kind of investigation using daily magnetograms
instead of synoptic maps. Results for the Kitt Peak dataset, which covers the
period 1975-2000, were published earlier (Knaack & Stenflo 2002). We have
extended the scope of our analysis with a second dataset recorded at the Mt.
Wilson observatory from 1966-1999. In this paper, we compare the results
derived from both datasets.

We have found evidence for a quasi-biennial oscillation and for short term
variations with periods of 29.2, 28.1 and 26.9 days. A resonant modal structure
of the solar magnetic field (apart from the 22 yr cycle) has not been verified.

2. Method

Spherical harmonics yZm form a complete orthonormal basis set on a spherical
surface. The radial component of the magnetic field B; at a given latitude (),
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longitude ¢ and time t may therefore be expanded as

00 1

Br(O,¢, t) = Re[L L cF(t)YF(O, ¢)],
l=Om=-l
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(1)

where Re[ ] denotes the real part of a complex number (Yzm(o, ¢) and ci(t) are
complex if m =1= 0). The spherical harmonic coefficients are then given as

ci(t) = 1Br(O,¢, t)Yr*(O, ¢) dO

Jim 1:1 dx I~ d¢Br(x, ¢, t)e-im
</>Pt(x).

(2)

(3)

Asterisk in upper case denotes complex conjugation, Jlm is a land m dependent
factor, p"m (x) the associated Legendre function, and x = cost).

The Mt. Wilson and Kitt Peak datasets consist of several thousand daily
magnetograms each and thus provide Br(O,¢, t). We hence calculated time series
ci (t) for target modes (l, m) and then applied Fourier as well as wavelet analysis
to compute the corresponding power spectra. We will use the notation Flm(v)
(v denotes frequency) for Fourier power spectra and Wlm(t, T) (T = l/v denotes
period) for wavelet power spectra.

Note that the spherical decomposition of magnetograms leads to so-called
'spatial leakage' (each time series is contaminated by power from neighboring
spherical harmonics), since the Yzm are not orthogonal over a portion of a sphere
and magnetograms cover even less than a hemisphere of the Sun (cf. Hill & Howe
1998).

3. Results

3.1. Fourier power spectra for zonal and averaged modes

A greyscale plot of Flm=O(v) for zonal modes is given in Fig. 1 a,b,d,e. The
results for the Mt. Wilson and Kitt Peak data are separately displayed for odd
and even l. The m-averaged power spectra Fl(v) = :L:~~b Flm(v) are shown in
Fig. 1 c,f.

The odd modes in Fig. 1 a,c are clearly dominated by the 20-22 yr magnetic
cycle of the Sun, visible as black band at ~ 1.4 - 1.6 nHz, and its overtones at
~ 4.6 nHz and ~ 8 nHz. The even modes in Fig. 1b,e show increased power at
~ 1.6nHz (l = 2), ~ 5nHz (6.3yr, l = 2,4), ~ 7nHz (4.5yr, l = 4), ~ 13nHz
(2.5 yr, l = 6,8), 16 nHz (2.0 yr, l = 8,10) and 36 nHz (320 d, l = 12,14). These
frequencies are close to multiples of 1.4 - 1.6 nHz. We therefore assume that the
roughly linear increase in the l - u plane (best seen in Fig. 1 c,f) is mainly due
to overtones and not to a ridge like modal pattern of even zonal modes.

3.2. Evidence for a quasi-biennial oscillation

There are some periodicities which need to be investigated further. One of them
can be found at 2.0-2.5 years and is most pronounced for the mode l = 7 (visible
as two separated peaks at 12.7nHz (2.50yr) and 15.6nHz (2.0yr) in Fig. 1a,d)
but also present for the odd and even modes l = 6, ... , 12.
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Figure 1. Greyscale representation of the Fourier power spectra
Fzm(lI) as functions of II (in nHz) and spherical harmonic degree l.
Panels a and b show Fzm=O(lI) for the Mt. Wilson data, panels d and
e for the Kitt Peak data (odd and even l are plotted separately). The
greyscale is linear with 16 steps and runs in each column from zero
(white) to the maximum (full black) of i) {Fl

m=O(lI)}O<1I::;40nHz if l is
even, ii) {Fzm=o (lI) }6::;1I::;40 nHz if l is odd. Thus the faint features in pan-
els a and d are accentuated. Panels c and f show Fl(lI) == E:~b Flm(lI)
(with a global upper cut off for the greyscale normalization).

Figure 2. Wavelet power spectra WZ~70(t,T) for the Mt. Wilson and
the Kitt Peak data. The contour lines indicate regions with increased
power. Clearly visible is the 2-2.5 yr period during times of maximum
solar activity.
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In Fig. 2, we show the wavelet power spectra Wl~70(t,T) for the Mt. Wilson
and Kitt Peak data. Both indicate that a signal with a period of 2.0 - 2.5 years
is present during times of maximum solar activity. The circumstance that so-
called quasi-biennial oscillations (QBOs) have also been detected in other solar
or geophysical indices (e. g. Obridko & Shelting 2001; Soukharev & Hood 2001)
suggests that this oscillation of the radial magnetic field is of true solar origin
and not an artefact of our analysis.

Another way to verify the QBO is to plot the longitudinally averaged mag-
netic field as a function of latitude and time, known also as 'butterfly diagram',
and compute for each latitude the Fourier power spectrum. As it can be seen in
Fig. 3, the 22 yr magnetic cycle at v ~ 1.4 nHz is prominent on both hemispheres
at high latitudes above 0 ~ 50° (sinO ~ ±0.75) and at low latitudes centered at
approx 15° with a width of approx. 10°. Increased power is also visible around
sin(O) ~ -0.31 (0 == -18°) at u ~ 13 - 16nHz, which again corresponds to
a period of 2.0-2.5 years. We therefore conclude that the QBO of the radial
magnetic field originates mainly from the southern hemisphere.

Figure 3. Radial magnetic field vs. time and sine latitude (on the
left) and a contour plot of the corresponding power vs. frequency and
sine latitude (on the right).

3.3. Rotation of photospheric fields

The power spectra Flm(v) for the Mt. Wilson modes with l == 1, ... ,3 and m ==
0, ... ,l are plotted in Fig. 4. The frequency range is 300 ~ v ~ 500 nHz. Modes
with l- m == 1,3 show dominant peaks at 397nHz (29.2 d) and 411.5/415.0 nHz
(28.1/27.9d), modes with l- m == 0,2 show a strong peak at 430nHz (26.9d).
The same peaks are present for the Kitt Peak modes (not shown).

4. Conclusions

• We have found evidence for a 2.0-2.5 yr periodicity in the radial magnetic
field. This period is prominent during the maxima of cycles 20, 21 and 22
and mainly originates from the southern hemisphere.

https://doi.org/10.1017/S0074180900182580 Published online by Cambridge University Press

https://doi.org/10.1017/S0074180900182580


556 R. Knaack & J. O. Stenflo

Figure 4. Fourier power spectra of the Mt. Wilson time series for
l == 1, ... ,3 (from top to bottom) and m == 0, ... ,l (from left to right) .

• Modes with I == 1, ... ,3 (m == 0, ... ,I) show significant peaks at periods
of 29.2 and 28.1 days if l - m is odd, respectively at 26.9 days if l - m
is even. Antonucci et al. (1990) have shown that the first two periods
originate from large scale fields on the southern hemisphere and the third
period from fields on the northern hemisphere.

• A ridge-like modal pattern for even zonal modes (m == 0) could not be
verified.
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