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Abstract—The spatial (latitude) distribution of sunspots is studied, including its dependence on solar
activity. It is shown that the latitude distributions of sunspots for a given year can be approximately
described by the normal law, with its variance being a linear function of the current level of solar activity.
Thus, an increase in activity is accompanied by an expansion of the zone of solar activity, in good agreement
with earlier results. As the solar activity increases, the width of the zone of sunspot generation and the
latitude maximum of the sunspot density grow somewhat more slowly than the number of sunspots, in
agreement with observations. The results obtained can be used to reconstruct the spatial distributions of
sunspots in the past, interpret the magnetic activity of stars, and address the requirements of the dynamo
theory in the form of constraints imposed on models of cyclicity.
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1. INTRODUCTION

To understand cyclic stellar magnetic activity in
general and the solar cyclicity in particular, it is im-
portant to study the relationships between the total
level of activity and the spatial distribution of the
activity tracers—active regions and sunspots. Many-
year detailed observations on the solar activity enable
us to analyze this question for the nearest star.

Several regularities have been discovered for these
relationships. The best known is the Sporer law,
which describes the relationship between the phase of
the 11-year cycle and the mean latitude of sunspots.
[t was shown by Gleissberg [1], by example of a
limited number of cycles, that the width of the spotted
zone also depends on the cycle phase [1]. Some
other relations have also been found, which are briefly
reviewed in [2]. In particular, [2] and the subsequent
work [3] report a close relationship between the lati-
tude size of the sunspot zone and the current level of
sunspot activity. It was shown that the latitude size of
the sunspot zone increases with an increase in activ-
ity. However, the latitude distribution of sunspots and
its dependence on the activity level remained unclear.

The importance of this question is reflected by the
fact that modern theories attribute the distribution of
magnetic fields at the solar surface to the nature of
their generation in the convective zone. In addition,
the quantitative parameters of the observed distribu-
tions enable comparative studies of various theoret-
ical models of the 11-year cycle [4]. In particular,
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the typical latitude size of the sunspot zone can be
compared with the theoretical width of the dynamo
wave (see, for example, [5]).

Note that the relationships between the spatial
distribution of activity and the sunspot indices are
important for the reconstruction of the solar activity
over long time intervals. They provide the opportunity
to reconstruct both the total level of activity and its
spatial distribution [3], including for specific epochs
(the Maunder minimum [6], for example), which is
very important for the development of realistic dy-
namo theories [7].

The interpretation of multi-color photometric im-
ages of late-type stars [8, 9] used to analyze their
cyclic activity is another application of the studies
considered here.

The present work examines the latitude distribu-
tion of sunspots detected during selected time in-
tervals. This differs from the approach of studying
the latitude—time distribution, which usually has the
form of the Maunder butterfly diagrams with certain
features. In our approach, the choice of the time in-
terval used to calculate the parameters of the latitude
distribution is especially important. Earlier studies
have used time intervals roughly equal to the period
of the 11-year solar cycle [4, 10—12] or some fraction
of this period [13—16].

It is well known that the mean annual latitudes
of sunspots vary by 12°—15° over the 11-year cycle.
Other spatial characteristics also change during the
cycle. Consequently, distributions constructed over
intervals of several (up to 11) years do not satisfy the
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Fig. 1. The Maunder butterfly diagram. The grey broken lines indicate the boundary latitudes.

requirement that the statistical parameters of each
sample studied be constant. Therefore, we chose an
interval of one year as the basic time interval used to
calculate the parameters of the latitude distributions,
since the mean latitude varies only insignificantly over
one year; at the same time, this interval ensures that
the data samples are representative.

2. DATA SELECTION AND PROCESSING

For our study, we use the Greenwich Catalog of
sunspot groups and its NOAA/USAF extension for

1874—2006.! Since the sunspots of different cycles
must be considered separately, and these sunspots
can coexist near the solar minima, we determined a
boundary latitude for each year and each hemisphere,
separating the upper sunspots of the new cycle (“up-
per wing”) from the lower sunspots of the old cycle
(“lower wing”).

These sunspots can be separated in various ways.
We used a simple technique based on separation in
latitude (a similar technique is used, for example,
in [4]). We selected the boundary latitudes dividi-
ing the wings based on the best correspondence to
two conditions: (a) if the latitude distribution of the
sunspots for a given year and a given hemisphere
displays two maxima, the boundary latitude must be
located between them; (b) the boundary latitudes for
a selected pair of cycles decrease linearly with time.
Thus, the boundary separating the wings is the set of
broken lines formed by horizontal one-year segments
(see Fig. 1). Our tests show that details of the bound-
ary selection are almost insignificant for our study.

We describe the solar activity using the sunspot
group index, whose daily value is defined as the num-
ber of groups observed on the disk on a given day.
For the interval of the Greenwich Catalog, the mean

'http://solarscience.msfc.nasa.gov/greenwch.
shtml

annual sunspot group indices G [3] are close to the
corresponding GSN indices, to within a multiplica-
tive factor [17, 18]. The indices G can be used to de-
scribe the solar activity of both the total disk and of a
selected latitude interval, in particular, of an individual
wing. For a given year and hemisphere, we have from
two (if there is only one wing in each hemisphere) to
four partial indices, whose sum equals the full index
G. Since the latitude zones corresponding to the
sunspots of the old and new cycles overlap with time,
the curves of the partial indices can intersect each
other near the solar minima (see Fig. 2).

Having selected a particular year and wing, we
consider a subset of sunspot groups that is charac-
terized by a mean heliographic latitude ¢¢ and the
density of the latitude distribution of sunspots p(¢).
Thus, for a given year and wing, the number of
sunspot groups n in the latitude interval [¢q, ¢o] is

P2
n=G / o6 — do)do,
b1

where G is the partial index of the number of sunspots
for the selected wing, ¢¢ is the mean latitude, and
p(¢) is the relative (reduced to zero mean latitude)
density of the latitude distribution of sunspots.

Let us first examine some mean features of the
resulting annual distributions. For this purpose, we
averaged the relative distributions of each hemisphere
over all the observations and found the relative
latitude distributions for the northern and southern
hemispheres (see Fig. 3). For each distribution, we
calculated the variance o2 = ((¢ — ¢9)?) and two
higher moments, namely, the skewness ~v; = ((¢ —
$0)3) /o3 and the kurtosis v5 = ((¢ — ¢o)*)/o* — 3.
These parameters are presented in the table. Note
that in both hemispheres the distributions have simi-
lar forms that is close to the normal distribution.

ASTRONOMY REPORTS Vol. 55 No. 10 2011



FORM OF THE LATITUDE DISTRIBUTION OF SUNSPOT ACTIVITY 913

G(N)
8_

AN

Qe

S

NN

AN Nl

1880 1900 1920

1940

1960 1980 2000

Years

Fig. 2. Partial sunspot group indices for the northern, G (), and southern, G (S), hemispheres. The black curves correspond

to even solar cycles, and grey curves to odd cycles.
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Fig. 3. Relative latitude distributions of sunspot groups for the northern (dark) and southern (light) hemispheres. The curve
shows the normal distribution whose variance corresponds to the sunspots of the entire disk.

3. RELATIONS
BETWEEN THE PARAMETERS
OF THE SUNSPOT GROUP
DISTRIBUTIONS AND THE ACTIVITY
LEVEL

To examine the dependence of the sunspot distri-
butions on the activity level, we divided all the annual
latitude distributions into groups corresponding to
partial indices G ranging irom G to G + 1 for a given
year and wing (where Go = 0,...,7), and construct

ASTRONOMY REPORTS Vol.55 No. 10 2011

the relative sunspot distribution for each range (see
Fig. 4). The distributions for the various activity levels
are approximately normal, with their deviations from
normality tending to increase with increasing activity
level.

We also calculated the statistical moments o2, 41,
and 5 introduced above for each annual distribution.
Figure 5 presents the dependence of these moments
on the partial index G. The dependence is strongest
for the variance o (the linear correlation coefficient
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Fig. 4. Relative latitude distributions of sunspot groups for various activity levels Go < G < Go + 1. The numbers shown
above the histograms indicate the lower limits G of each activity range, while the numbers shown in parentheses correspond

to the variance of the distribution o for each range (in square degrees). The curves correspond to normal distributions with
the variance o2.

o2, deg?

Fig. 5. Statistical moments of the annual latitude distributions a2, 41, and 2 as functions of the activity level G.
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Fig. 6. Linear regression fits for the statistical moments of the annual latitude distributions o2, v1, and +2 as functions of the
activity level G.
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Fig. 7. Density distributions of the sunspot groups for the observed Maunder diagrams (top) and the “quasi-reconstructions”
of these diagrams (bottom). The distance between the contours of equal density corresponds to a step of 0.0365 deg™'days~*.

r = 0.81), in good agreement with our earlier conclu-
sions [2]; the higher moments are almost independent
of the activity level (r =0.28 for v; and r =0.11
for v2).

Let us represent the results obtained in an-
other form, by averaging the statistical moments of
the sunspot distributions over each activity range
[Go,Gop + 1] used above. Figure 6 presents the
linear regression fits obtained, with the vertical bars
showing the rms deviations for each activity range.

The dependence of the variance on G is well de-
scribed by the linear relation
03(G) = (6.0 +0.3)G + (14.5 £ 1.5) deg®.

The relations between GG and deviations from a normal
distribution, 41 and =9, are less pronounced. How-
ever, the asymmetry ratio v, tends to increase and
the excess 79 to decrease with increased activity. The
corresponding linear regression fits take the forms

v1(G) = (0.030 £ 0.007)G + (0.30 + 0.03)

and
Y2(G) = —(0.11 £ 0.04)G + (0.8 £ 0.2).

The slight increase in the asymmetry results from
the expansion of the sunspot zone to higher latitudes
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with increasing activity, whereas this zone remains
constrained by the equator from lower latitudes.

Thus, to first approximation, the latitude distribu-
tions obey normal laws with the density

1 e
A= ororqy® @ dees ()
where
0%(G) = 6.0G + 14.5 deg®. (2)

To illustrate practical applications of (2), we used this
dependence to make a mathematical model (“quasi-
reconstruction”) of the Maunder butterifly diagram as
follows. We assumed that the density of sunspot
groups obeys (1), took the middle latitudes ¢y from
the observations, and calculated the variance o2 us-
ing (2) for the known activity levels G. The density

Parameters of the latitude distributions of sunspots in the
N and S hemispheres

Hemisphere ¢g, deg o2, deg? T Y2
N 15.0 37.9 0.21 —1.65
S 14.8 37.1 0.23 —1.67



916

1.0f

0.8F

0.6

0.4

0.2

T

IVANOV et al.

-30

30 60
¢, deg

Fig. 8. Correlation r(¢) between the density of sunspot groups pos(¢, t) for the diagram observed at a given latitude ¢ and
the corresponding pqr(¢,t) for the “quasi-reconstruction” of the Maunder diagram (bold curve). The thin curve shows the
correlation between pobs (¢, ¢) and the number of sunspot groups in the selected hemisphere.
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Fig. 9. Dependence of the latitude maxima of the sunspot density pmax on the activity level G satisfying the formula (3) (curve)

and the observed dependence (points).

diagram obtained this way is shown at the bottom
of Fig. 7, and the observed Maunder diagram is pre-
sented at its top. The observed diagram differs from
the reconstructed one only in some small feature of
the density distributions and a few rare events ob-
served at the outer borders of the “butterfly wings,”

which are not described by the normal distribution. To
analyze the similarity between the calculated and ob-
served diagrams, we can extract the densities corre-
sponding to given latitudes ¢ ( pobs (¢, t) and pqr(¢,t))

and determine the correlation between the time series
obtained. Figure 8 presents the resulting correlation

ASTRONOMY REPORTS Vol.55 No. 10 2011



FORM OF THE LATITUDE DISTRIBUTION OF SUNSPOT ACTIVITY

coefficient as a function of latitude. Within latitudes
5° < ¢ < 30°, the reconstructed and observed densi-
ties agree well, and the correlation coefficient exceeds
0.9. It is interesting to compare this quantity with
the correlation between pyhs(¢,t) and the index of
sunspot groups for the given hemisphere G' shown
in the same plot. The latter is considerably lower
for all latitudes, except for the center of the “royal
zone” (12°—18°), where the density behavior is the
same as that of the sunspot group index.

The latitude density of sunspots p(¢) takes its
maximum near the mean latitude of sunspots ¢y and
decreases with distance from this latitude. In the
approximation used, the dependence of the latitude
maximum of the sunspot density pmax on the activity
level G directly follows from the distribution law (1)
and (2) and takes the form

= ¢ deg™!. (3)
V27 (6G + 14.5)

Thus, the maximum sunspot density pmay is to grow

more slowly than the sunspot index G with increasing

sunspot activity, in good agreement with the observa-
tions (see Fig. 9).

Pmax (G)

4. CONCLUSIONS

To first approximation, the annual distribution of
sunspot groups on latitude obeys the normal law, with
the variance being a linear function of the activity
level G. Thus, the latitude size of the spotted zone
increases with increasing activity, in agreement with
the results presented in [2, 3]. There are some small
systematic deviations of the latitude distribution of
the sunspots from the normal law: the distribution
is somewhat broader than the normal distribution
in periods of low activity, and the asymmetry of the
distribution increases with increasing activity.

Both the characteristic width of the sunspot
zone o and the latitude maximum of the sunspot
density pmax grow more slowly than the activity
level G.

Finally, we note again that the behavior obtained
can be used to impose constraints on models of the
solar and stellar cyclicity. These laws can also be
applied to reconstruct the spatial distribution of the
activity over the solar disk in the past using the avail-
able activity levels.
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