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Abstract—An approach to reconstructing solar activity in the past is used to study its time evolution. It
is already possible to reconstruct not only the general level of solar activity on long timescales, but also
particular aspects of its development: sunspot dominance in either hemisphere, the drift and latitude spread
of the sunspot-formation zone, and features in the spatial distribution of the activity at specific epochs, such
as the Maunder minimum.
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1. INTRODUCTION

The course of solar activity (SA) can be repre-
sented as a process of quasi-periodic variations in
the global magnetic field of the Sun on various
timescales.

The word quasi-periodic stresses the nonstation-
ary character of cyclic components in SA. The word
global states the fact that, in addition to the sunspot
cycle, the Sun has a cycle of its large-scale (back-
ground) magnetic field formed by open configura-
tions (coronal holes), as well the polar field formed
by polar coronal holes and polar faculae. The various
timescales for variations in the global magnetic field
and its components include a number of other long-
term cycles, apart from the 11-year Schwabe–Wolf
cycle known for more than one and half centuries: the
∼80–90-year Gleissberg cycle, 200-year Suess cy-
cle, 900-year cycle, and even longer cycles. All these
long-duration cycles are related to the amplitude-
modulation (and, probably, frequency-modulation) of
the 11-year cycles, and result in a nontrivial pattern
of SA, which includes huge extrema: the minima as-
sociated with Maunder, Dalton, Spörer, Wolf, etc., as
well as maxima — Medieval, Late Medieval, Modern
(middle–end of the 20th century), etc.

The actual development of SA in different hemi-
spheres of the Sun displays a multitude of interesting
features (such as “sympathetic” cross-equatorial
manifestations and others). However, the general
pattern is described by the so-called Maunder but-
terfly diagram, due to the characteristic drifts of
the mean latitude and variations in the latitude
spread of sunspot formation zones with a period of
∼11 years. We consider here precisely these aspects,
concentrating mainly on the reconstruction of the

spatial behavior of SA at the epoch of the Maunder
minimum. We use annual average values for our
analysis.

We used the “Extended time series of Solar Ac-
tivity Indices” (ESAI) database available on the site
www.gao.spb.ru/database/esai as reference observa-
tions. Our paper [1] describes this database. The
available data about parameters of solar cyclicity were
supplemented by several long-term series of indices
of various SA components obtained by reconstruct-
ing early 19th-century observations of various au-
thors and compiling these in databases. In total, we
obtained six new series, which cover a time inter-
val ∼50% longer than the series that are usually
used: (a) total sunspot areas in the Greenwich system
(1821–1995), (b) average sunspot latitudes (1854–
1989), (c) “synthetic” series of the numbers of polar
faculae in the Mount Wilson system (1847–1999),
(d, e, f) north–south asymmetry in the indices (a, b,
c). We will specify other data utilized in this study in
the text.

Let us first consider north–south asymmetry as an
SA index.

2. NORTH–SOUTH ASYMMETRY
OF SUNSPOT FORMATION

The north-south (NS) asymmetry of activity is a
special parameter of the spatial organization of SA. It
is defined most frequently as [2]:

〈AS〉 ≡ q = (N − S)/(N + S), (1)

where N and S are the values of selected SA in-
dices in the northern and southern hemispheres.
The NS asymmetry is sometimes defined as Q =
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N/S. Selected indices may include not only indices
of sunspot-formation power, but also the observed
average sunspot latitudes, number of polar faculae [1],
number of coronal mass ejections [3], area of facula
areas (e.g., in the K CaII line [4]), coronal brightness
in lines [5], etc. We will consider here the traditional
asymmetry index defined in (1) based on the total
sunspot area in the N and southern hemispheres of
the Sun.

In spite of efforts directed toward studies of reg-
ularities in the global temporal–spatial organization
of SA, the physics and phenomenology of time vari-
ations in the NS activity asymmetry q(t) remain,
in many respects, unclear. Some authors, e.g., Car-
bonell et al. [6], question the statistical significance
of this parameter, though they conclude that an exact
answer to this question cannot be given. We believe
that the elucidation of this problem can be aided by
invoking additional data and studying various mathe-
matical models describing the empirical picture. One
example is the scheme of Waldmeier [7] linking the
average position of sunspot-formation zones rela-
tive to the solar equator with a 80–90-year cycle.
Oliver and Ballester [8] constructed a model of q(t)
based on the decomposition theorem. Zolotova and
Ponyavin [9] treated the asymmetry like the devel-
opment of phase asynchronism in the activity of the
hemispheres.

In the current paper, we aim to quantify the activity
of each hemisphere of the Sun as an independent
SA index. This allows us to reconstruct the N and S
activity separately using the DPS (Decomposition in
pseudo-Phase Space) approach proposed by us ear-
lier in [10], then use these reconstructions to describe
the course of the NS asymmetry. However, we first
present some words about this method, which has
already been applied many times to reconstruction
problems.

3. DECOMPOSITION
IN PSEUDO-PHASE SPACE

The DPS method enables us to trace multi-scale
connections between processes. It is based on the
well-known approach of Takens [11]. A scalar time
series (e.g., a series of any SA index) can be treated
as the typical continuous projection of the phase tra-
jectory of a dynamical system (describing the SA)
as a whole. Assuming that the original system is
dissipative, i.e., it has a (D-dimensional) attractor, we
can use the projection to reconstruct a copy of the
attractor in the Rn Euclidean space (n ≥ 2D + 1) as
a topological embedding of the time series. “Embed-
ding” means that the copy and the original attractor

coincide to within continuous transformations. Ac-
cording to Takens, the copy whose points are formed
in Rn as

(
X(t),X(t − Δ),X(t − 2Δ), . . . , (2)

X(t − (n − 1)Δ)
)

(Δ is a fixed time shift) conserves all main dynamical
characteristics of the original.

We wish to find the connection of a process
parametrized by an observed quantity (observable)
Y (t) with a process parametrized by the observable
X(t). The required values of n and Δ can be de-
termined using the laws of nonlinear dynamics [12].
Following the main idea of the DPS method, we
expand Y (t) in phase-space components. Because
of the shift, the number of points in the copy involving
a transformation of the retarded coordinates (2) is a
factor of (n− 1)Δ fewer than the initial series. In order
for the beginning and end of the series to be equivalent
in terms of loss of points, it is expedient to center Y (t)
on the middle component (2), i.e., to make a shift
transformation t −→ t − (n − 1)Δ/2 in (2) (n is an
odd number). Thus, we find on the common interval
for the existence of the series expansion coefficients
ai in linear form

Y (t) = Y0 + a1X(t + (n − 1)Δ/2) (3)

+ a2X(t + (n − 3)Δ/2) + . . .

+ a(n+1)/2X(t) + · · · + anX(t − (n − 1)Δ/2),

and apply these values on the extended interval, where
the values of X(t) are known and those of Y (t) are
not. We reconstruct the behavior of Y (t) based on the
behavior of X(t). Closeness of the model Y (t) val-
ues to the observed values may indicate a successful
reconstruction. Thus, using a time series of an index
describing an SA process, we can find a time series
of some other SA index, bearing in mind that both
are produced by the same system and are therefore
connected through a phase space.

Both general considerations and experience in ap-
plying the DPS method to particular problems indi-
cate that the best results can be obtained when the
reference series X(t) is first linearized [10, 13]; i.e.,
the copy of the attractor in the n-dimensional space is
formed by some simple function of X(t) that provides
a more uniform density of points along the basic cycle
of the attractor. This is consistent with the fact that, in
our implementation of the DPS method, we construct
a linear form of the representation (3). Basically, the
usual “inductive” methods of prediction [14] enable us
to work without preliminary linearization. However,
in this case, the meaning of the elegant fundamental
result of Takens is somewhat blurred.
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Fig. 1. Illustration of agreement of the model NS-
asymmetry values to the observations. The hollow
squares show the values used in the model (1821–2005)
and the filled circles independent test observations during
the Maunder minimum (1671–1718).

4. SUNSPOT ACTIVITY IN THE NORTHERN
AND SOUTHERN HEMISPHERES

OF THE SUN

As we noted above, we consider the sunspot ac-
tivity of each solar hemisphere as a separate SA index
and analyze the behavior of the N and S activity using
the DPS method. As a reference series for the sunspot
areas in the N and southern hemispheres [Y (t) in (3)],
we use our series from the ESAI database for 1821–
1995 (see Section 1). As the reconstructing series
X(t), we use the last version of the series of the total
sunspot area over a 400-year interval [15] with the
addition of the epoch of the Maunder minimum [13].
To linearize the phase space, we took the square root
of the annual average values of the area as in, e.g.,
[13].

The results of the reconstruction (sunspot area in
the N hemisphere) are described in the interval 1821–
2005 by the correlation coefficient ρ = 0.977, and in
the S hemisphere by ρ = 0.970.

Let us check the values obtained using the asym-
metry of the two hemispheres (1). In our recon-
structions for the individual hemispheres, we did not
use the values of q during the Maunder minimum
from Ribes and Nesme-Ribes [16]. Let us calculate
q for the reconstructed values and compare with
the observations from this paper. For the five-year-
averages, the correlation coefficient is ρ = 0.702 with
regression coefficients a = −0.06 ± 0.23 and b =
0.93 ± 0.33 (y = a + bx); i.e., these are statistically
indistinguishable from 0 and 1, respectively (Fig. 1).
We consider this to be a good result in view of the
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Fig. 2. Comparison of the model latitude values with
independent test observations during the Maunder mini-
mum (squares). The vertical lines show the 3σ confidence
intervals of the model.

sparse information about the Maunder minimum and
incomplete knowledge about the NS asymmetry in
general. The total correlation coefficient between the
reconstructed q values and all the observed values is
0.875.

Let us now proceed to an interesting SA index: the
mean latitude of sunspot formation.

5. MEAN LATITUDE OF SUNSPOT
FORMATION

The Spörer law concerns the drift of the sunspot-
formation zone from latitudes 30◦−40◦ at the begin-
ning to 0◦−5◦ at the end of the 11-year cycle; thus,
the time sweep of the sunspot formation latitudes has
a characteristic pattern known as the “Maunder but-
terflies” [2]. This fundamental law has been confirmed
not only for the Sun but also, through modeling of
broadband photometric data, for a number of other
stars [17].

We carried out earlier in [18] a 400-year re-
construction of the average sunspot latitudes with-
out separation into hemispheres, i.e., ϕ̄ = (|ϕ̄N | +
|ϕ̄S |)/2. We will now carry out this reconstruction
for the hemispheres separately (ϕ̄N and ϕ̄S) using
the DPS method and the observed values of these
parameters for 1853–1984 from our ESAI database.

The obtained correlation coefficients between the
model and observations are ρ = 0.833 for the northern
hemisphere and ρ = 0.852 for the southern hemi-
sphere. The data on the Maunder minimum were not
included.

As a test of this reconstruction, we again used
the independent data of Ribes and Nesme-Ribes [16]

ASTRONOMY REPORTS Vol. 54 No. 5 2010
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Fig. 3. Model Maunder butterflies in the global Maunder
minimum of solar activity (dark areas) and a comparison
with the observations of 1671–1718 (gray circles). The
vertical rectangles show 1σ and 3σ confidence intervals
for the model in latitude.

during the Maunder minimum (Fig. 2). Note that our
reconstruction correctly reflects the average decrease
in the absolute values of the latitudes when approach-
ing this epoch. However, the reconstructed values
seem to be ∼10% greater than the observed ones.
Recall that our construction for the DPS model did
not use data for the Maunder minimum. Therefore,
the results seem satisfactory, though for our subse-
quent analysis we multiplied the model latitudes for
the Maunder minimum by a factor of 0.9.

6. SPATIAL DISTRIBUTION OF ACTIVITY
DURING THE MAUNDER MINIMUM

We will now use the results obtained to proceed to
the overall objective of this research: reconstruction
of the spatial distribution of SA during the Maunder
minimum.

We established in [19] for the 11-year SA cycle
a tight relation between its manifestations in time
(the Schwabe–Wolf law) and in space (the Spörer–
Maunder law). More specifically, we showed that the
width of the Maunder butterflies in the 11-year cycle
depends on the current level of activity.

Applying the DPS method (to take into account
the dependence on longer cycles than the 11-year
mean) and using the results obtained above, we re-
constructed Maunder butterfly diagrams including
(and this is the main point) the deep Maunder min-
imum of SA. Figure 3 demonstrates a comparison of
the obtained pattern with the observations according
to Ribes and Nesme-Ribes [16]. We can see that
our approach to this reconstruction is successful: the
model pattern matches the observed pattern well, and
correctly reproduces its characteristic features.

7. CONCLUSION

In this paper, we have studied the possibility of
reconstructing the SA spatial distribution in the past,
on a 400-year timescale. In our construction of math-
ematical models using the DPS method, we used only
observations of the 19th–20th centuries, whereas the
observation of the French school (Picard, de la Hire)
in 1671–1718 summarized by Ribes and Nesme-
Ribes [16] were used as comparison data. The re-
sults (shown mainly in Fig. 3) provide hope for the
future development of reliable knowledge about SA
variations in the past. It seems that we can now
reconstruct not only the general SA level on long
timescales, but also specific aspects of its develop-
ment: sunspot dominance in either hemisphere, the
drift and latitude spread of the sunspot-formation
zone, and peculiarities in the spatial distribution of
the activity at peculiar epochs such as the Maunder
minimum.
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