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Abstract: We explore the latitudinal distribution of sunspots and pursue to establish a correlation
between the statistical parameters of the latitudinal distribution of sunspots and characteristics of solar
activity. For this purpose, we have statistically analyzed the daily sunspot areas and latitudes observed
from May in 1874 to September in 2016. As results, we confirm that the maximum of the monthly averaged
International Sunspot Number (ISN) strongly correlates with the mean number of sunspots per day, while
the maximum ISN strongly anti-correlates with the number of spotless days. We find that both the
maximum ISN and the mean number of sunspots per day strongly correlate with the the average latitude,
the standard deviation, the skewness of the the latitudinal distribution of sunspots, while they appears to
marginally correlate with the kurtosis. It is also found that the northern and southern hemispheres seem
to show a correlated behavior in a different way when sunspots appearing in the northern and southern
hemispheres are examined separately.
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1. INTRODUCTION

Solar activity triggers changes in the Earth’s system,
which may threaten the human population in the world.
The temporal variability of the solar magnetic field
strength modulates the interplanetary space, in turn the
terrestrial electromagnetical environment manifested in
the disturbance storm time index, the Auroral Elec-
trojet index, influx of energetic particles into the at-
mosphere (Garcia et al. 1984; Kane 2005; de Artigas
et al. 2006; Prestes et al. 2006). Together with galac-
tic cosmic ray penetrating into the troposphere, solar
irradiance variability, such as, the total solar irradiance
and extreme ultraviolet irradiance, links the solar mag-
netic activity to various climatic anomalies or some of
extreme weather events (Tinsley 2000; Puovkin et al.
1997; Svensmark & Friis-Christensen 1997; Hathaway
& Wilson 2004; Haigh 2007; Meehl et al. 2009; Roy &
Haigh 2010; Cho et al. 2012; Mironova & Usoskin 2013;
Gray et al. 2017; Kim & Chang 2019).

The solar magnetic variability is crucial in the field
of theoretical solar research as well as practical appli-
cations. Suggested models of magnetic field generation
should be constrained by the observed conditions. As
sunspots form as soon as the magnetic tube emerges
from the subsurface layer of the Sun, they can be con-
sidered as tracers of freshly emerged magnetic flux tubes
(Pulkkinen et al. 1999). Given that sunspot obser-
vations provide the longest running direct records of
solar activity, a temporal distribution of the observed
sunspots as a proxy of solar activity has been carefully
examined to establish empirical relations.

For example, solar activity with an ∼11 year pe-
riodicity is most well known, though every cycle is
different from each other with its own amplitude, length
and shape. Besides, there are also prolonged intervals of

very low or high activity, which are referred to as grand
minima and maxima (e.g., Usoskin 2017). Moreover,
the solar maximum amplitude appears to anti-correlate
with the duration of ascending phases of a solar cy-
cle, known as the Waldmeier effect (Waldmeier 1935).
The solar maximum amplitude for an odd cycle appears
to correlate with the solar maximum amplitude of the
preceding even cycle, known as the Gnevyshev-Ohl rule
(Gnevyshev & Ohl 1948). However, we note that there
are some exceptions to the Gnevyshev-Ohl rule for the
pairs of cycle 4/5, 8/9 and 22/23 (e.g., Joshi et al. 2006).

Another example of notable features in solar activ-
ity is the solar North-South asymmetry. The asymme-
try between the northern and southern hemispheres has
been found in various indices of solar activity, such as,
sunspot number, sunspot area, flare index (Waldmeier
1971; Roy 1977; White & Trotter 1977; Verma 1988,
1993; Javaraiah 2007; Li et al. 2002; Krivova & Solanki
2002; Zaatri et al. 2006; Joshi et al. 2015; Zharkova &
Shepherd 2022). The solar North-South asymmetry ap-
pears periodic and to be related with the level of the
activity (Chang 2018). Thus, the solar North-South
asymmetry should be reproduced by details of the so-
lar dynamo model in that such a spatial distribution
of sunspots also provides invaluable information on the
physical processes that induce its structure and evolu-
tion.

The latitude of the sunspot generating zone is also
significant characteristic of the spatial distribution of
emerged magnetic flux tubes. Sunspots of a new solar
cycle begin to appear at latitudes of ∼±40◦. As the
solar cycle proceeds, the region of sunspot formation
moves to the equator and the drift rate of the zone of
spotting decreases (Carrington 1860). This behavior
results in the butterfly diagram (Maunder 1904). A
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systematic pattern in the orientation of sunspot groups
was also noted by Hale et al. (1919). According to their
findings, the leading sunspot in both hemispheres which
have the opposite polarity tends to locate closer to the
equator as compared with the following sunspot of the
same group. The tilt angle, which is the angle between
the spotting latitude and the line connecting the leading
to following sunspots in a sunspot group, increases with
latitude, referred to as Joy’s law (e.g., Wang & Sheeley
1989; Howard 1991; Pevtsov et al. 2014).

Indeed, the observed butterfly diagram has been
compared with a theoretical dynamo-model by testing if
forming region of sunspots is properly drifting equator-
ward from latitudes of ∼±40◦ as observed (e.g., Hath-
away 2011), or by statistically exploring the latitudinal
variation of the location of sunspots with time (Tem-
mer et al. 2002, 2006; Zolotova & Ponyavin 2006, 2007;
Ternullo 2007, 2010; Li et al. 2010). In statistical in-
vestigation of the latitudinal distribution of sunspots,
it has been found that stronger cycles begin at rela-
tively higher latitudes with a wider latitudinal disper-
sion (Li et al. 2002; Solanki et al. 2008; Chang 2012).
Interestingly enough, reported correlations are differ-
ent in two hemispheres. One critical point that must
be kept in mind is that all sunspots are dealt equally in
those kinds of statistical study regardless of their life-
time, or size. Having studied its latitudinal distribution
with the area-weighted butterfly diagram, Chang (2011,
2012, 2015, 2018) found that the latitude distribution of
sunspots appears to follow a bimodal distribution and
confirmed that the level of solar activity correlates with
the median latitude of the spotting zone.

In this paper, we investigate the distribution of the
latitude of sunspots in terms of descriptive statistics. To
begin with, we ignore their temporal and spatial dimen-
sion for the time being as in a conventional approach.
We first compute the statistical parameters for a given
solar cycle directly relating to the 0th to 4th moments
of the latitudinal distribution of sunspots to consider
a shape of the distribution of the latitude of sunspots
belonging to different solar cycles. Then, we attempt to
establish a correlation between the statistical parame-
ters of the latitude distribution of sunspots and char-
acteristics of solar activity. The executed analysis has
been repeatedly carried out for the sunspots appearing
either in the northern hemisphere or in the southern
hemisphere only. Here, unlike previous studies, we par-
ticularly include attributes of solar activity which are
not yet sufficiently considered, such as, sunspot number
per day, the number of spotless days. We also attempt
to answer to a question of how the conclusion depends
on the size of sunspots, which is another merit of this
study. As we know that the butterfly diagram is dom-
inated by small sunspots, statistical properties of the
latitudinal distribution of the observed sunspots may
well be suspected to be determined by small and nu-
merous sunspots, not by large and rare sunspots. In
fact, the half of the total spotted area is covered by less
than ∼10% of groups (the largest ones), on the other
hand, the smallest 65% of the sunspots contribute only

up to ∼10% of the total sunspot area (Ternullo 2007).
This paper is organized as follows. We begin with

a description of the data analyzed in the present paper
and methods to obtain the statistical parameters of the
distribution of the latitude of sunspots in Section 2. We
present the relation among the solar activity parame-
ters describing a solar cycle in Section 3, and discuss
how the statistical parameters of the latitudinal distri-
bution of sunspots are associated with the solar activity
parameters in Section 4. Finally, we summarize the re-
sults and briefly conclude in Section 5.

2. DATA AND STATISTICAL PARAMETERS

We have used for the present analysis the daily sunspot
areas and latitudes obtained from the NASA website1.
The analysed data set covers from May in 1874 to
September in 2016, spanning from the solar cycles 11
to 24. The observed sunspot data from the incomplete
cycles 11 and 24 are used to determine the boundaries
of the solar cycles 12 and 23, respectively. One ought
to use them since sunspots cannot be allocated simply
into a solar cycle in terms of the date of the official
minimum of the sunspot cycles. Indeed, such a naive
criterion is hardly accepted in isolating sunspots for a
given solar cycle in researches of similar purpose of this
paper (e.g., Li et al. 2002; Solanki et al. 2008).

The following is how we define the boundary be-
tween consecutive solar cycles. In Figure 1, we show
the butterfly diagram, in which it can be noticed that
the sunspot cycles overlap each other. That is, the
first sunspots of a new cycle appear at high latitudes,
whereas the last sunspots of an old cycle still appear
near the equator. Hence, sunspots at low latitudes in
the ascending phase of a cycle should not be counted
since they are to be identified as belongings to the pre-
vious solar cycle. Similarly, sunspots at high latitudes
in the descending phase should not be counted since
they are regarded as belongings to the following solar
cycle. Thus, the provisional boundaries between cycles
have been estimated by looking for the one year wide
interval for which the number of sunspots is smallest at
each latitude. Then, an inclined straight line starting
at the point where the latitude-axis coordinate value is
0 and the time-coordinate value is the minimum times
is fit separately for both hemispheres. As a result, this
straight-line is adopted as the boundary between solar
cycles. As an example, we show the boudaries between
the solar cycles 23 and 24 for both hemispheres with the
inclined dashed line in Figure 1. As seen in Figure 1,
the position of boundaries obtained by such a manner
is usually unambiguous.

Having assigned the boundary between consecu-
tive solar cycles, we compute the latitudinal distribu-
tion of the observed sunspots for a specific solar cycle
by summing the butterfly diagram at each latitude bin
over each cycle. In Figure 2, we show the probability
function of the latitudinal distribution of the observed
sunspots normalized such that the total area of the

1http://solarscience.msfc.nasa.gov/greenwch.shtml
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Figure 1. Butterfly diagram constructed with the observed sunspots from May in 1874 to September in 2016, spanning from
the solar cycles 11 to 24. The latitude of the northern and southern hemispheres is denoted by ‘+’ and ‘−’ signs, respectively.

Figure 2. Latitudinal distribution of the observed sunspots.
In the upper panel, the normalized latitudinal distribution
of the sunspots observed from solar cycles 12 to 23, P (l),
is shown. In the lower panel, P (l) of the solar cycle 19 is
shown, as an example of the normalized latitudinal distri-
bution resulting from a single solar cycle.

function is unity. In the upper panel, the normalized
latitudinal distribution of the sunspots observed from
solar cycles 12 to 23, P (l), is presented. In the lower
panel, as an example of the normalized latitudinal dis-
tribution resulting from the observed sunspots during
a single solar cycle, P (l) of the strongest solar cycle
19 is illustrated. The positive and negative latitudes
stand for the northern and southern hemispheres, re-
spectively.

With the latitudinal distribution of the observed
sunspots for each of the solar cycles 12 to 23, we form
the five lowest moments of the latitudinal distribution
of sunspots, respectively. The five lowest moments are
defined as

m0 =

∫ 90◦

0◦
P (l) dl, (1)

m1 =
1

m0

∫ 90◦

0◦
P (l) |l| dl, (2)

mi =
1

m0

∫ 90◦

0◦
P (l) |(l −m1)|i dl, (3)

with i = 2, 3, 4, where P (l) is the normalized latitudinal
distribution of the observed sunspots and l is the lati-
tude. Note that there are practically no sunspots above
∼±60◦. Now, the statistical parameters are related to
the obtained moments as follows:

A = m1, (4)

σ =
√
m2, (5)

s =
m3

σ3
, (6)

k =
m4

σ4
− 3. (7)

Here, A and σ correspond to the average latitude at
which sunspots are commonly located during a given
cycle, and the standard deviation measuring a width
of the latitudinal distribution of sunspots. Parameters
s and k correspond to the skewness and the kurtosis,
both of which describe the shape of the distribution.
In other words, the skewness is zero when the profile
is symmetric and positive if the profile is skewed more
towards the equator. By definition, the kurtosis is zero
for a Gaussian profile, positive for a more peaked pro-
file and negative for a more box-like profile. Basically,
we have done computations for the two hemispheres,
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Table 1
Correlation coefficients of solar activity parameters

r rs τ

maximum ISN vs spots per day 0.97 (2.4× 10−7) 0.97 (1.3× 10−7) 0.91 (3.9× 10−5)
maximum ISN vs time of rise −0.49 (0.107) −0.58 (0.047) −0.38 (0.089)
maximum ISN vs duration −0.45 (0.152) −0.33 (0.295) −0.18 (0.403)
maximum ISN vs spotless days −0.75 (0.005) −0.77 (0.003) −0.64 (0.004)
spots per day vs time of rise −0.55 (0.064) −0.57 (0.052) −0.38 (0.090)
spots per day vs duration −0.47 (0.119) −0.37 (0.243) −0.22 (0.330)
spots per day vs spotless days −0.85 (4.5× 10−4) −0.87 (2.6× 10−4) −0.73 (0.001)
time of rise vs duration 0.57 (0.052) 0.45 (0.141) 0.38 (0.085)
time of rise vs spotless days 0.49 (0.104) 0.56 (0.059) 0.41 (0.066)
duration vs spotless days 0.55 (0.064) 0.45 (0.143) 0.25 (0.265)

Linear correlation coefficient r, a Spearman rank-order correlation value rs, and Kendall’s τ , resulting from combinations of the
maximum of the monthly averaged International Sunspot Number (maximum ISN), the duration defined by minimum-to-minimum
(duration), the duration of ascending phase (time of rise), the mean number of sunspots per day (spots per day), the number of spotless
days (spotless days). Rejection probabilities are included in parentheses.

separately. For results of the sunspots appearing in
the two hemisphere, we use unsigned latitudes of the
observed the sunspots appearing in both hemispheres.
Note that in some previous reports studying moments
of the distribution the total mi is simply defined as
an arithmetic average of moments resulting from two
hemispheres: mi = (mi,N +mi,S)/2 (e.g., Solanki et al.
2008).

3. TEMPORAL DISTRIBUTION

Before investigating the statistical parameters of the
latitudinal distribution of sunspots, we first examine
the relationship among the solar activity parameters
describing a solar cycle, such as, the maximum of
the monthly averaged International Sunspot Number
(ISN) available at SILSO2, the total duration defined by
minimum-to-minimum, the duration of ascending phase
from the starting minimum to the maximum for a given
solar cycle, the mean number of sunspots per day, the
number of spotless days. We calculate Pearson’s linear
correlation coefficient r and the single-sided probability
that |r| has an equal or greater value than its observed
in the null hypothesis, which are listed in Table 1.

We find that the maximum ISN highly correlates
with the mean number of sunspots per day, while the
maximum ISN highly anti-correlates with the number
of spotless days. Not surprisingly, the mean number of
sunspots per day highly anti-correlates with the num-
ber of spotless days. In the meantime, the maximum
ISN marginally anti-correlates with the total durations
and the duration of ascending phase, which is expected
from the Waldmeier effect. In addition, the number of
spotless days also marginally correlates with both the
total durations and the duration of ascending phase.
To perform supplementary statistical tests of data sets,
we have carried out the Spearman rank-order correla-
tion test, returning a correlation coefficient rs and the
single-sided chance probability P (rs, N) that N pairs of

2http://sidc.be/silso/datafiles

uncorrelated variables would yield a value of rs equally
or more discrepant than the one obtained from the
data set. We have also calculated Kendall’s τ and the
chance probability Pτ whose meaning is similar to that
of P (rs, N). While Pearson’s correlation assumes lin-
ear relationships between variables, Spearman’s corre-
lation assesses monotonic relationships whether or not
the variables are linear. Spearman’s rank correlation
basically gives the measure of monotonicity of the rela-
tion between variables. Furthermore, the Kendall rank
correlation coefficient is a statistic used to measure the
ordinal association between two measured quantities,
which is the relationship between rankings of different
ordinal variables. General trends of test results are sim-
ilar to those of the Pearson’s linear correlation test. The
results of non-parametric hypothesis tests are also listed
in Table 1.

4. LATITUDINAL DISTRIBUTION

In Table 2, we list the correlation coefficients with the
rejection probability resulting from combinations of the
average latitude, the standard deviation, the skewness,
and the kurtosis. All the statistical parameters are cal-
culated with data sets of the sunspots appearing in
both hemispheres. Based on linear correlation coeffi-
cients r summarized in Table 2, all the statistical pa-
rameters correlate remarkably with each other in gen-
eral. It is found, in particular, that the average lati-
tude highly correlate with both the standard deviation
and the skewness, and that the skewness highly corre-
late with both the standard deviation and the kurto-
sis. While, the kurtosis marginally correlate with the
average latitude and the standard deviation with some-
what high chance probabilities. It is interesting to note
that correlations coefficients between the average lat-
itude and the standard deviation are nearly 1 with 0
chance probability. That is, for a solar cycle with the
center of wings of a higher (lower) latitude, its wing
is naturally broad (narrow) and yet peaked (boxy) to-
wards the lower latitude in the butterfly diagram. This

http://sidc.be/silso/datafiles
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Table 2
Correlation coefficients of statistical parameters

r rs τ

Aall vs σall 0.99 (4.5×10−10) 0.99 (4.1×10−9) 0.94 (2.1×10−5)
Aall vs sall 0.77 (0.003) 0.62 (0.031) 0.39 (0.070)
Aall vs kall 0.49 (0.104) 0.38 (0.217) 0.24 (0.272)
σall vs sall 0.83 (0.001) 0.64 (0.026) 0.45 (0.039)
σall vs kall 0.47 (0.119) 0.39 (0.199) 0.24 (0.272)
sall vs kall 0.60 (0.037) 0.52 (0.080) 0.42 (0.055)

Linear correlation coefficient r, a Spearman rank-order correlation value rs, and Kendall’s τ , resulting from combinations of the average
latitude (A), the standard deviation (σ), the skewness (s), and the kurtosis (k), all of which are calculated with data sets of the sunspots
appearing in both hemispheres. Rejection probabilities are included in parentheses.

Table 3
Correlation coefficients of latitude distribution of sunspots and characteristics of solar activity

r rs τ

maximum ISN vs Aall 0.89 (8.4×10−5) 0.90 (5.9×10−5) 0.75 (0.001)
maximum ISN vs σall 0.88 (1.5×10−4) 0.90 (5.9×10−5) 0.76 (0.001)
maximum ISN vs sall 0.70 (0.011) 0.64 (0.026) 0.45 (0.039)
maximum ISN vs kall 0.59 (0.043) 0.58 (0.048) 0.42 (0.054)
spots per day vs Aall 0.91 (4.2×10−5) 0.91 (4.1×10−5) 0.79 (0.001)
spots per day vs σall 0.91 (3.7×10−5) 0.91 (4.2×10−5) 0.79 (0.001)
spots per day vs sall 0.79 (0.002) 0.69 (0.011) 0.54 (0.013)
spots per day vs kall 0.55 (0.065) 0.53 (0.075) 0.33 (0.131)
time of rise vs Aall −0.35 (0.263) −0.45 (0.141) −0.34 (0.119)
time of rise vs σall −0.32 (0.304) −0.42 (0.174) −0.28 (0.202)
time of rise vs sall −0.28 (0.377) −0.39 (0.199) −0.28 (0.202)
time of rise vs kall −0.11 (0.733) −0.15 (0.645) −0.09 (0.671)
duration vs Aall −0.33 (0.302) −0.24 (0.455) −0.15 (0.486)
duration vs σall −0.35 (0.266) −0.29 (0.358) −0.17 (0.256)
duration vs sall −0.34 (0.295) −0.18 (0.578) −0.12 (0.577)
duration vs kall −0.07 (0.824) −0.09 (0.778) −0.06 (0.782)
spotless days vs Aall −0.84 (0.001) −0.84 (6.4×10−4) −0.69 (0.001)
spotless days vs σall −0.88 (2.3×10−4) −0.84 (0.001) −0.69 (0.001)
spotless days vs sall −0.89 (7.0×10−5) −0.67 (0.017) −0.52 (0.019)
spotless days vs kall −0.47 (0.128) −0.37 (0.236) −0.24 (0.272)

Linear correlation coefficient r, a Spearman rank-order correlation value rs, and Kendall’s τ , calculated with the solar activity param-
eters and the statistical parameters of the latitudinal distribution of the observed sunspots. Note that the statistical parameters are
calculated with data sets of the sunspots appearing in both hemispheres. Rejection probabilities are included in parentheses.

profile of the latitudinal distribution becomes possible
when the first sunspots of a new cycle begin to emerge
at much higher (relatively lower) latitudes and sunspots
crowd the lower (almost uniformly) latitude region.

To investigate how the statistical parameters of the
latitudinal distribution of sunspots are associated with
the solar activity parameters, we calculate the correla-
tion coefficients with the rejection probability between
the solar activity parameters and the statistical pa-
rameters of the latitudinal distribution of the observed
sunspots and summarize the results in Table 3. As
shown in Table 3, both the maximum ISN and the mean
number of sunspots per day highly correlate with the
statistical parameters relating to the 1st to 3rd mo-
ments of the distribution function, even though they
appears to marginally correlate with the kurtosis. What

it implies is that when the solar cycle is strong the pro-
files are skewed such that the latitudinal distribution
is peaked closer to the equator while sunspots are dis-
tributed in a long tail at higher latitudes. This finding
is confirmed with the number of spotless days. The
number of spotless days show similar behaviors, except
that they are anti-correlated. As for the total duration
and the duration of ascending phase, however, rejection
probability is too high to draw any statistical conclu-
sions.

As pointed out above, the northern and southern
hemispheres behave rather differently due to the North-
South asymmetry of solar activity. Consequently, our
focus moves to test if statistical tendency is reproduced
when the statistical parameters are calculated using
the sunspots appearing in the northern and southern
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Table 4
Correlation coefficients of statistical parameters from each hemisphere

r rs τ

AN vs σN 0.95 (0.002) 0.94 (3.9×10−6) 0.82 (0.001)
AN vs sN 0.08 (0.804) −0.23 (0.471) −0.12 (0.583)
AN vs kN −0.17 (0.601) 0.08 (0.795) 0.16 (0.492)
σN vs sN 0.23 (0.466) −0.02 (0.948) 0.01 (0.973)
σN vs kN −0.02 (0.942) 0.21 (0.512) 0.16 (0.493)
sN vs kN 0.71 (0.010) 0.72 (0.008) 0.61 (0.006)
AS vs σS 0.88 (0.001) 0.91 (4.1×10−5) 0.75 (0.001)
AS vs sS 0.51 (0.091) 0.47 (0.124) 0.30 (0.170)
AS vs kS 0.45 (0.142) 0.44 (0.151) 0.30 (0.170)
σS vs sS 0.77 (0.003) 0.67 (0.017) 0.48 (0.028)
σS vs kS 0.41 (0.188) 0.37 (0.226) 0.24 (0.272)
sS vs kS 0.51 (0.092) 0.53 (0.075) 0.39 (0.074)

Similar to Table 2, linear correlation coefficient r, a Spearman rank-order correlation value rs, and Kendall’s τ , resulting from com-
binations of the average latitude (A), the standard deviation (σ), the skewness (s), and the kurtosis (k), except that these statistical
parameters are due to the sunspots appearing only in one hemisphere.

Table 5
Correlation coefficients of solar activity parameters and statistical parameters from the northern hemisphere

r rs τ

maximum ISN vs AN 0.82 (0.001) 0.82 (0.001) 0.67 (0.003)
maximum ISN vs σN 0.80 (0.002) 0.75 (0.005) 0.61 (0.006)
maximum ISN vs sN 0.28 (0.375) 0.03 (0.914) 0.03 (0.891)
maximum ISN vs kN 0.13 (0.688) 0.27 (0.391) 0.18 (0.410)
spots per day vs AN 0.87 (0.001) 0.86 (0.001) 0.70 (0.002)
spots per day vs σN 0.82 (0.001) 0.80 (0.001) 0.64 (0.003)
spots per day vs sN 0.28 (0.371) 0.03 (0.931) 0.01 (0.987)
spots per day vs kN 0.02 (0.959) 0.23 (0.470) 0.15 (0.492)
time of rise vs AN −0.26 (0.411) −0.35 (0.260) −0.25 (0.258)
time of rise vs σN −0.21 (0.515) −0.19 (0.558) −0.13 (0.571)
time of rise vs sN −0.08 (0.796) 0.13 (0.678) 0.09 (0.671)
time of rise vs kN 0.17 (0.601) −0.27 (0.393) 0.19 (0.396)
duration vs AN −0.24 (0.446) −0.14 (0.671) −0.06 (0.780)
duration vs σN −0.39 (0.208) −0.28 (0.388) −0.18 (0.403)
duration vs sN −0.40 (0.203) −0.21 (0.511) −0.15 (0.486)
duration vs kN −0.11 (0.739) 0.09 (0.761) 0.13 (0.577)
spotless days vs AN −0.84 (0.001) −0.86 (0.001) −0.73 (0.001)
spotless days vs σN −0.83 (0.001) −0.85 (0.001) −0.67 (0.002)
spotless days vs sN −0.29 (0.363) 0.09 (0.779) 0.09 (0.680)
spotless days vs kN 0.02 (0.953) −0.04 (0.879) −0.06 (0.783)

Similar to Table 3, linear correlation coefficient r, a Spearman rank-order correlation value rs, and Kendall’s τ , calculated with the
solar activity parameters and the statistical parameters of the latitudinal distribution of the observed sunspots only in the northern
hemispheres.

hemispheres, respectively. In Table 4, similar to Ta-
ble 2, we list the correlation coefficients with the re-
jection probability resulting from combinations of the
average latitude, the standard deviation, the skewness,
and the kurtosis due to the sunspots appearing only in
one hemisphere. Significant correlations between the
average latitude and the standard deviation, and be-
tween the skewness and the kurtosis are recovered in
both hemispheres. On the other hand, the correlated
behavior between the standard deviation and the skew-

ness can be found from the sunspots appearing in the
southern hemisphere, but not in the northern hemi-
sphere. Accordingly, when the correlation coefficients
between the solar activity parameters and the statistical
parameters are calculated with the sunspots appearing
in the northern and southern hemispheres separately, it
is found that the correlated behavior between the skew-
ness and the solar activity parameters becomes weaker.
In particular, it is difficult to determine whether they
are statistically correlated based on the sunspots in the
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Table 6
Correlation coefficients of solar activity parameters and statistical parameters from the southern hemisphere

r rs τ

maximum ISN vs AS 0.91 (4.1×10−5) 0.93 (1.1×10−5) 0.81 (0.001)
maximum ISN vs σS 0.86 (0.001) 0.89 (8.4×10−5) 0.75 (0.001)
maximum ISN vs sS 0.51 (0.090) 0.57 (0.051) 0.36 (0.099)
maximum ISN vs kS 0.54 (0.068) 0.54 (0.071) 0.36 (0.099)
spots per day vs AS 0.87 (0.001) 0.86 (0.001) 0.72 (0.001)
spots per day vs σS 0.89 (0.001) 0.89 (0.001) 0.72 (0.001)
spots per day vs sS 0.63 (0.030) 0.66 (0.018) 0.45 (0.039)
spots per day vs kS 0.54 (0.072) 0.55 (0.062) 0.39 (0.074)
time of rise vs AS −0.43 (0.165) −0.49 (0.105) −0.37 (0.089)
time of rise vs σS −0.39 (0.216) −0.51 (0.089) −0.41 (0.066)
time of rise vs sS −0.19 (0.549) −0.38 (0.221) −0.31 (0.157)
time of rise vs kS −0.09 (0.778) −0.08 (0.802) −0.06 (0.777)
duration vs AS −0.42 (0.172) −0.32 (0.317) −0.18 (0.403)
duration vs σS −0.28 (0.371) −0.18 (0.577) −0.12 (0.577)
duration vs sS −0.14 (0.658) −0.18 (0.585) −0.15 (0.486)
duration vs kS −0.15 (0.638) −0.14 (0.663) −0.09 (0.676)
spotless days vs AS −0.74 (0.006) −0.69 (0.013) −0.57 (0.009)
spotless days vs σS −0.81 (0.001) −0.85 (0.001) −0.69 (0.002)
spotless days vs sS −0.78 (0.003) −0.75 (0.005) −0.54 (0.014)
spotless days vs kS −0.48 (0.114) −0.42 (0.174) −0.24 (0.272)

Similar to Table 3, linear correlation coefficient r, a Spearman rank-order correlation value rs, and Kendall’s τ , calculated with the
solar activity parameters and the statistical parameters of the latitudinal distribution of the observed sunspots only in the southern
hemispheres.

northern hemisphere in that the chance probability is
significantly high. The results are summarized in Ta-
bles 5 and 6. We have further calculated correlation
coefficients between the statistical parameters obtained
from one particular hemisphere and others from the
other hemisphere or from both hemispheres. Gener-
ally speaking, combinations involving the the average
latitude and the standard deviation end up with sig-
nificantly correlated behavior. It turns out, however,
that the skewness and and the kurtosis commonly re-
sult in uncorrelated relations, or that other correlations
are insignificant with high rejection probabilities.

Finally, we attempt to address an effect of the
sunspot size on the statistical behaviors. Conspicuous
sunspots tend to show up around the solar maximum so
that it is not so easy to find them in a long descending
phase. Consequently, while the standard butterfly dia-
gram is overwhelmed by small and numerous sunspots,
larger and yet rare ones are apt to be distributed in a
restricted regions of narrow latitude bands (Ternullo
2007; Chang 2011). For this reason, it is presumed
that the latitudinal distribution of larger sunspots is
inevitably affected. To make sure that this expecta-
tion becomes true, we classify the observed sunspots on
the basis of its area and allocate the assorted sunspots
into corresponding bins from the largest to the small-
est sunspot. As one may predict, in a bin for small
sunspots there is a multitude of sunspots while in a bin
for large sunspots there are a few sunspots. In Figure 3,
we show the latitudinal distribution from the different
sample of sunspots acquired by replotting the butterfly

diagram using information on the observed sunspot area
during the sunspot cycles 12 to 23. From top to bot-
tom, the distribution results from the sunspots in 60%,
70%, 80%, 90% of the number of bins counted in or-
der from the top bin which is designated for the largest
sunspot, respectively. In Figure 4, as an example of the
latitudinal distributions of observed sunspots during an
individual solar cycle, we show them resulting from the
solar cycle 19.

With the different sample of sunspots in 40%, 50%,
60%, 70%, 80%, 90% of the number of bins counted in
order from the top bin, we have reiterated the whole
procedures up to recalculations of the correlation coef-
ficients with the rejection probability between the so-
lar activity parameters and the statistical parameters
of the latitudinal distribution. It has been found that
correlated tendency we discussed above is reproduced
down to the data sets of the observed sunspots in 60%
of the number of bins counted in order from the top bin.
It should be stressed, however, that this aspect should
be understood by the fact that 50% of the number of
bins from the top bin comprises the sunspots less than a
couple of percent of total number of sunspots. In other
words, when one is reviewing the relation between the
solar activity parameters and the statistical parame-
ters of the latitudinal distribution for sets of the largest
sunspots as done here, s/he is apt to find that the rejec-
tion probability becomes too high to propose any solid
statistical conclusions. In this sense, we come to con-
clude that the statistical parameters of the latitudinal
distribution seemingly correlate with the solar activity
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Figure 3. Latitudinal distributions from the different sam-
ple of sunspots acquired by replotting the butterfly diagram
with assorted sunspots by size, which are observed during
the sunspot cycles 12 to 23. From top to bottom, the distri-
bution results from the sunspots in 60%, 70%, 80%, 90% of
the number of bins counted in order from the top bin which
is designated for the largest sunspot, respectively. The bins
are assigned by sunspot area.

parameters up to sizable sunspots, and that conclusions
for the largest sunspots are drawn with due care. It
is because this does not necessarily mean that largest
sunspots are randomly scattered regardless of the level
of solar activity.

5. SUMMARY AND CONCLUSIONS

The temporal and spatial distributions of the observed
sunspots provide much information on the physical pro-
cesses inducing the solar magnetic field’s structure and
evolution, as they immediately form when the mag-
netic tube emerges to the surface of the Sun. In-
vestigating the latitudinal distribution of sunspots, we
have attempted to establish a correlation between the
statistical parameters of the latitudinal distribution
of sunspots and characteristics of solar activity. For
this purpose, we have statistically analyzed the daily
sunspot areas and latitudes observed from May in 1874
to September in 2016. To see if the northern and south-

Figure 4. Similar to Figure 3, except that the sunspots are
observed during the solar cycle 19.

ern hemispheres of the Sun behave rather differently, we
have repeatedly carried out the whole analysis with the
sunspots only appearing either in the northern hemi-
sphere or in the southern hemisphere. We have also
attempted to address a question of how the conclusion
depends on the size of sunspots.

Our main findings are as follows:
(1) The maximum ISN strongly correlates with the

mean number of sunspots per day, while the maximum
ISN strongly anti-correlates with the number of spotless
days. The mean number of sunspots per day strongly
anti-correlates with the number of spotless days. The
maximum ISN marginally anti-correlates with the total
durations and the duration of ascending phase, and the
number of spotless days also marginally correlates with
not only the total durations but also the duration of
ascending phase.

(2) The average latitude strongly correlate with
both the standard deviation and the skewness, and the
skewness also strongly correlate with both the stan-
dard deviation and the kurtosis. While, the kurtosis
marginally correlate with the average latitude and the
standard deviation.

(3) Both the maximum ISN and the mean number
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of sunspots per day strongly correlate with the statis-
tical parameters including the the average latitude, the
standard deviation, the skewness, while they appears to
marginally correlate with the kurtosis. The number of
spotless days show similar behaviors, except that they
are anti-correlated.

(4) For the sunspots observed in only one of either
hemispheres, significant correlations between the aver-
age latitude and the standard deviation, and between
the skewness and the kurtosis are recovered. The cor-
related behavior between the standard deviation and
the skewness can be found from the sunspots appear-
ing in the southern hemisphere, but not in the northern
hemisphere.

(5) With the data sets of the observed the sunspots
down to 60% of the number of bins counted in order
from the top bin, the statistical parameters of the lat-
itudinal distribution seemingly correlate with the so-
lar activity parameters. As for the set of the largest
sunspots the rejection probability is too high to draw
any solid statistical conclusions.

Therefore, we propose that the mean number of
sunspots per day and the number of spotless days are a
good indicator of solar activity. One may conclude that
for a strong solar cycle the profiles are peaked such that
the latitudinal distribution is skewed closer to the equa-
tor while sunspots are distributed farther up to higher
latitudes. It is also concluded that the statistical pa-
rameters of the latitudinal distribution seemingly cor-
relate with the solar activity parameters up to sizable
sunspots. It should be pointed out, however, that con-
clusions for the sample of the largest sunspots are drawn
with due care.
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