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Table 2. The table shows the constants in Eq. 15 found from minimising the summed squared errors. The standard deviation of x1 times a1

(a1 ! x1), and x2 times a2 (a2 ! x2 ) and the correlation between reconstructed and observed TSI (C) are also shown.

Index b0 b1 b2 b1 ! x1 b2 ! x2 C
SSA 1365.44 0.47 ·10−3 -0.34 ·10−3 0.374 -0.157 0.91
Rz 1365.38 7.61 ·10−3 -4.87 ·10−3 0.368 -0.085 0.86
Rg 1365.42 7.15 ·10−3 -0.68 ·10−3 0.347 -0.011 0.82

wavelet transform (MODWT) (Percival and Walden, 2002),
and studied the correlation as function of temporal scale. The
correlation analysis based on the MODWT showed a com-
plex relationship over different scales between TSI and the
solar indices (Fig. 3, 4, and 5).

Studying SSA first we see that at small scales (days) the
correlation is weak, then at intermediate scales (months)
there is a strong anti-correlation, and finally at solar cycle
scales there is a strong positive correlation. The strongest
anti-correlation is reached at level 6 corresponding to periods
of 64 to 128 days. The correlation is -0.84 which means that
71% of the variance in TSI can be modelled by SSA at that
scale. The strong anti-correlation between SSA and TSI may
be interpreted as the sunspot dimming effect being dominant
in SSA around these time scales. Then, at levels 11 and 12,
which captures the 11-year variation, the correlation is above
0.93. On these temporal scales large scale magnetic features
dominate that may be associated to features like faculae and
that are statistically linked to SSA .

A similar relation is seen between Rz and TSI (Fig. 4).
The small scale anti-correlation and large scale positive cor-
relation also explains the steep increase in correlation seen
in Figure 1: as the averaging window is increased the small
scale anti-correlation is removed leaving only the long scale
solar cycle variation. A notable difference between Rz and
SSA is that the anti-correlation at intermediate scales is much
weaker. Thus, the dimming due to sunspots is much weaker
represented in the sunspot number time series. This can be
explained from how Rz is constructed. Rz contains two
terms: the number of sunspots, and the number of sunspot
groups. We expect that first term should be associated with
the dimming while the second term should be associated with
the brightening. But as the groups are weighted by a factor
of 10 over the sunspots this means that the dimming effect
will be weaker in Rz than in SSA .

Finally, Rg shows no correlation at intermadiate scales
(Fig. 5) and following the arguments about Rz this may be
explained by that individual sunspots have not been used in
deriving Rg only sunspot groups have been used.

Based on the results above we then reconstruct TSI by
separating the short term from the long term variation. At
first a linear model using only the long term variation were
used (Eq. 12) which shows that any of the three indices SSA ,
Rz , and Rg may be used (Tab. 1). The three reconstructed
TSI (Fig. 7) are in reasonable agreement back to about 1880,

but going further back in time the differences become larger
(only Rz and Rg available) due to differences between the
Rz and Rg series. It may be argued that Rg is more accurate
than Rz because Rg is constructed from a database contain-
ing more observations (Hoyt and Schatten, 1998).

When we also include the short term variations (Eq. 15)
the correlation between the reconstructed and observed TSI
increases from 0.83 to 0.91 (Tab. 2) using SSA . We also see
again that the dimming effect is more poorly captured in Rz
as the reconstructed variability is only half of the value from
SSA . The increase in correlation is also smaller (from 0.83
to 0.86). Finally, there is no improvement, as expected, when
the high frequency component is included using Rg .

Now we return to Figure 6. We see that the observed max-
imum TSI is about 0.07W/m2 higher than any of the recon-
structions around 1980. In the next maximum, around 1990,
the observed TSI is instead about 0.14 W/m2 lower, and
around the 2001-maximum the observed TSI is again higher
by about 0.05 W/m2. These are actually quite large errors
considering that the variation over a cycle is about 1 W/m2.
Thus, from this relatively short time series we see that the
trend in observed TSI is completely different from the trends
in the reconstructions. This is also in agreement with the
finding that the TSI series has properties that are fundamen-
tally different from all other series of solar indices (Dudok de
Wit et al., 2008) suggesting that any reconstruction of TSI
might be difficult. This is also indicated by the zero correla-
tion lies within the 95% confidence interval of the approxi-
mation at level 12 (Fig. 3). Thus, the reasonably high corre-
lation that we reach (up to 0.91) is dominated by the 11-year
variation and what the relations between the solar indices and
TSI are on time scales above 11 years is difficult to conclude
due to the (relatively) short extent of the TSI series.
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Abstract. Solar synoptic maps of the photospheric magnetic
field provide an important visualization of the global evolu-
tion of the Sun over time. In this study we have performed a
multiresolution analysis (MRA) of a series of photospheric
synoptic magnetograms. Magnetograms from Wilcox So-
lar Observatory (WSO), at Stanford University, were used.
WSO data enabled a study of cycles 21, 22 and 23. Multires-
olution analysis reveals a complex picture of the solar mag-
netic activity. Using MRA we decomposed the 2-D data into
wavelet approximations and details. For each approximation
and detail we see regular patterns as standing waves on dif-
ferent latitude bands. These waves are occasionally broken
by asymmetries between solar northern and southern hemi-
spheres. This method can also be used as an alternative way
to derive the longitudinally averaged solar magnetic field.

1 Introduction

Solar magnetic activity is the driver of space weather. Space
weather can have a severe effect on technological systems
((Lundstedt, 2005a)). Not only space-borne systems are af-
fected, but terrestrial systems such as electrical power distri-
bution grids and terrestrial communications as well.

To mitigate these effects, predictions of solar activity play
an important role. In Lundstedt (2001) predictions of solar
activity based on Artificial Intelligence (Fu (1994)) methods
is reviewed. A new approach of exploring, understanding
and predicting solar activity was introduced in (Lundstedt,
2006b). It is based on newly developed wavelet methods
and physics-based neural networks. The developed wavelet
methods were applied to short-term and mid-term solar ac-
tivity indicators (Lundstedt, 2005b).

Wavelet techniques is today a common method of
analysing solar-terrestrial data. Good introductions to the

Correspondence to: Magnus Wik (magnus@lund.irf.se)

use of wavelet transforms are given by Daubechies (1992),
Torrence and Compo (1998) and Addison (2002). Wavelet
analysis is a powerful tool both to find the dominant mode of
variation and also to study how it varies with time, by decom-
posing a non-linear time series into time-frequency space.
Long-term solar magnetic activity were studied by wavelet
methods in (Lundstedt, 2006c).

Many have modeled the distribution and changes of mag-
netic flux as seen in the longitudinally averaged synoptic
maps. Either through the description of the photospheric flux
dispersal by a diffusion equation (Wang et al., (2000)) or
also including the three-dimensionality of the magnetic and
velocity fields (Dikpati et al., (2006), Tobias et al., (1997),
Tobias et al., (2005)). Harmonic analysis have also been
performed (Stenflo (1988), Stenflo and Gudel (1988), Ca-
david et al. (2005), Knaack and Stenflo (2005) and Knaack
et al. (2005)). Another method used is spectral analysis to-
gether with autocorrelation (Gavryuseva, E., and Godoli, G.,
(2006)). In Obridko et al., (2006) they performed a wavelet
analysis on longitudinelly averaged synoptic maps.

In solar dynamo theory, the induction equation gives the
kinematics of the field

∂B
∂t

= ∇× ( v× B) + η∇2B (1)

and the dynamics of the field is given by the Lorenz force

j× B = µ−1
0 (−∇(

1
2
|B|2) + (B · ∇)B). (2)

E. Parker suggested already in 1955 (Parker (1979)) that
the magnetic fields and velocity exist in two separate scales
l and L � l. In large-scale or mean field dynamos we write
B =< B > + b and for the velocity V =< V > + v. B
is devided into a poloidal and a toroidal part. The velocity
V is divided into a meridional flow and a differential rota-
tion part. However, also small-scale dynamos (Cattaneo and
Hughes (2001)) operate and likely also together with large
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scale dynamos. The dynamo picture is thus dependent on
both the spatial and time resolution. A multiresolution analy-
sis gives us a possibility to study the synoptic solar magnetic
fields at several resolutions at the same time. This should be
compared with the typical magnetic butterfly diagram.

In section 2 we descibe the data. This is followed by a mul-
tiresolution analysis of synoptic maps in section 3. Finally,
in sections 4 and 5, we discuss and compare the results.

2 Data - Synoptic maps

Many indicators exist of solar magnetic activity (Lundstedt
(2006b)), e.g. the sunspot number, F10.7 solar radio flux
and C14 proxies. However they are one-dimensional indica-
tors. Synoptic maps give us a method to visualize 2D solar
magnetic activity, a much richer picture of the solar mag-
netic activity. In this study we use photospheric magnetic
field synoptic charts from WSO.

We used synoptic charts calculated from the line-of-sight
photospheric magnetic fields, of 3 arcmin resolution, ob-
served at Wilcox Solar Observatory (WSO) (Scherrer et al.,
(1977), Hoeksema (1984), Hoeksema (1985)) at Stanford
University. The noise level, for the magnetograph, is about
10 µT. The WSO data cover three cycles from 1976 (CR
1642) up to 2006 (CR 2050). The data for each Carring-
ton rotation consists of 72x30 values (longitude and lati-
tude) and was first corrected for missing and unusually high
values. The resolution, in both longitude and latitude, is
50. The regions from 700 to the poles are not resolved.
The time between successive data points is therefore about
27.2753/72=0.4 days.

For each Carrington rotation we first calculated the aver-
age magnetic flux density for each latitude. This results in
a 30x409 matrix (latitude x carrington rotations). The result
is the typical “magnetic butterfly diagram” as seen in Fig. 1.
In the next section we will describe a different approach, us-
ing wavelet analysis, to derive the butterfly diagram. For the
wavelet analysis we use a series of synoptic maps. This re-
sults in a 30x29448 matrix (409·72=29448 values).

3 Multiresolution analysis

A moving average filter averages the data and removes the
high frequency components present in the signal. Moving
average filters are normally used as low pass filters. By cal-
culating the average over a Carrington rotation we therefore
filter the data. Since the average span 27.2753 days, we ap-
ply a low-pass filter, essentially removing periods in the data
below a Carrington rotation. However, it is not strictly a
low-pass filter since a moving average is not derived. For
many data series, especially if the signal is close to stationary,
Fourier analysis is useful when searching for the frequency
content. However, if we also want to know the timing of an
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Fig. 1. shows the longitudinally averaged line of site magnetic fields
(in µT) observed at WSO, Stanford. The data cover cycle 21, 22 and
23.

event, wavelet analysis is often more suitable. In this paper
we use the method of multiresolution analysis (MRA).

3.1 Properties

In MRA, the signal is decomposed into a principal (approxi-
mation or low pass) and a residual (detail or high pass) part.
The approximations are the high scale (or low “frequency”)
part and the details are the low scale (or high “frequency”)
part. This process can then be applied again to both parts.
The discrete wavelet transform coefficients, C(j, k), are de-
rived similar to the fourier transform but with a wavelet func-
tion instead.

The decomposition of a signal s(t) is described mathemat-
ically by

s(t) = AJ(t) +
∑
j≤J

Dj(t) (3)

where s(t) is the sum of two signals: the approximation
AJ(t) (at resolution level J) and the detail Dj(t) (at level j).
The approximations are related to one another by

AJ−1(t) = AJ(t) +DJ(t) (4)

Dj(t) =
∑
k=Z

C(j, k)ψj,k(t) (5)

where C(j, k) is the wavelet coefficient and ψj,k(t) the
wavelet function.

The wavelet used in this study is a Daubechies of order six
where s(t) represents the solar magnetic flux density. The
different scales are related to the so called pseudo-period
which are listed in table 1. The pseudo-period is defined
as the scale divided by the sampling period and center fre-
quency of the wavelet. The purpose of the pseudo-period is
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Fig. 2. MRA approximations and details for levels 5–8 (13 days to 0.3 years) of synoptic WSO magnetic fields.

to be able to relate to the Fourier period. From here on, for
ease of use, we simply use period, but it is important to re-
member that the meaning are not exactly the same.

3.2 Results

MRA was carried out, for each latitude, for WSO synoptic
maps. This reveals how the magnetic flux varies on different
scales. The distribution of the magnetic field in time and
latitude is shown in Figures 2 to 4. The synoptic maps of the
approximations and details show less and less details going
from level 5 (about a day) to level 14 (about 18 years).

The transport of flux to the poles are clearly seen in ap-
proximation levels 5 to 9. We also see a clear distribution of
flux in two latitude bands: equator – 30 degrees and 30 de-
grees – 75 degrees. The first band basically shows the emer-
gence of active regions moving towards the equator whereas
in the second latitude band magnetic flux is transported to the

Table 1. The relationship between the level, scale and pseudo-
period. The pseudo-period are listed in days and years.

Level Scale Period (days/years)
1 2 0.8 d
2 4 1.6 d
3 8 3.2 d
4 16 6.4 d
5 32 13 d
6 64 26 d
7 128 51 d
8 256 0.3 y
9 512 0.6 y
10 1024 1.1 y
11 2048 2.2 y
12 4096 4.5 y
13 8192 9 y
14 16384 18 y
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Fig. 3. MRA approximations and details for levels 9–12 (0.6 to 4.5 years) of synoptic WSO magnetic fields.

poles. In the second latitude band, moving from level 1 to
higher levels is similar to observing the magnetic flux higher
up in the solar atmosphere (dipole approximation). At level
13 (about 9 years) we observe a very regular pattern, almost
like a standing wave. During cycle 23 the activity is higher
for the northern hemisphere. This is seen e.g. in approxima-
tion level 11 and 13.

The detail maps show the difference between the resolu-
tions. The first detail map shows a similarity to the Butterfly
diagram, since it is produced by the short lived (couple of
CR) active regions. The regular changes of polarity at the
poles are also seen, as well as the decrease of the polar mag-
netic field since cycle 21 (Svalgaard et al., (2005)). It is also
interesting to notice that even if we carried out the study at
different resolutions of time, we again see coherent spatial
structures. Large range of latitudes vary in phase.

The synoptic map of longitudinally averaged magnetic
field, in Figure 1, is very similar to the wavelet approxi-

mation level 6. This level corresponds to a period of about
26 days which is close to the Carrington rotation period of
27.2753 days.

4 Discussion

The results depend on the solar resolution and type of
wavelet. In this case, the lowest scale correspond to about
2.6 days.

We relate the different wavelet “bands” to especially two
different motions on the Sun. the first is the meridional cir-
culation that transports flux from the sunspot regions to the
poles. The second band is perhaps related to the movement
of sunspots to the equator, which in turn is related to the sub-
surface flow. These are also connected to the solar dynamo
mechanism.
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Fig. 4. MRA approximations and details for levels 13–14 (9 to 18 years) of synoptic WSO magnetic fields.

Note that there is nothing special about the Carrington ro-
tation. A “solar-synchronous” spacecraft in orbit around the
Sun would instead meausure the local development of flux in
a fix location on the Sun.

It is also important to keep in mind that all the measure-
ments are based on the Zeeman splitting only. Using the
Hanle effect (Stenflo (2004)) gives us another picture of the
solar magnetic activity: the turbulent magnetic fields.

The derived pseudo-periods are also dependent on the an-
gular resolution. The WSO synoptic maps are produced
from line-of-sight magnetograms. Next year the Solar Dy-
namics Observatory (SDO) will be launched. The Helio-
seismic and Magnetic Imager (HMI) investigation, onboard
SDO, will provide 1 arc-second resolution full-disk vector-
magnetic images of the longitudinal solar magnetic field at
least every 90 seconds.

5 Conclusions

In this study we introduced a MRA study of synoptic solar
magnetic fields derived from WSO. The 2-D picture enabled
by synoptic maps is highly complex compared to the simple
1-D picture of the commonly used sunspot number. We also
suggest to use this method for deriving the magnetic butterfly
diagram compared to the standard procedure where averaged
values are used. The reason for this is that with MRA we can
study the magnetic flux on many timescales at the same time

compared to the standard way which only shows time scales
of about one Carrington period.

The WSO data gave us the opportunity to study the dif-
ferences between the cycle 21, 22 and 23. It is striking how
different the size of activity is between the both hemispheres.
For the cycle 23 the activity, in the sunspot region, is almost
absent for the southern hemisphere. In the northern hemi-
sphere strong transport of fluxes occurs for cycle 21 and 22,
but not for cycle 23.

In future studies we plan to do a more detailed MRA anal-
ysis, including subsurface flows and coronal magnetic fields
as well. This will give us a 3-D picture of the solar mag-
netic activity. We also plan to examine trends and predic-
tions of the solar magnetic activity on different scales. With
the launch of SDO, and high resolution real-time synoptic
maps, we will enter a new era in solar physics.

Acknowledgements. We are grateful to Wilcox Solar Observatory,
Stanford, USA, for providing solar synoptic data.
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