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ABSTRACT

According to the modified Zurich classification, sunspot groups are classified into seven
different classes (A, B, C, D, E, F and H) based on their morphology and evolution. In this
classification, classes A and B, which are small groups, describe the beginning of sunspot
evolution, while classes D, E and F describe the large and evolved groups. Class C describes
the middle phase of sunspot evolution and the class H describes the end of sunspot evolution.
Here, we compare the lifetime and temporal evolution of flaring and non-flaring active regions
(ARs), and the flaring effect on ARs in these groups in detail for the last two solar cycles
(1996 through 2016). Our main findings are as follows: (i) Flaring sunspot groups have longer
lifetimes than non-flaring ones. (ii) Most of the class A, B and C flaring ARs rapidly evolve
to higher classes, while this is not applicable for non-flaring ARs. More than 50 per cent of
the flaring A, B and C groups changed morphologically, while the remaining D, E, F and H
groups did not change remarkably after the flare activity. (iii) 75 per cent of all flaring sunspot
groups are large and complex. (iv) There is a significant increase in the sunspot group area in
classes A, B, C, D and H after flaring activity. In contrast, the sunspot group area of classes E
and F decreased. The sunspot counts of classes D, E and F decreased as well, while classes A,
B, C and H showed an increase.

Key words: Sun: activity — (Sun:) sunspots — Sun: flares.

sunspots appear at high latitudes, with occasional spots appearing

1 INTRODUCTION up to 40-45° off the equator, then drift towards the equator over

Solar spots are regions on the solar disc with strong magnetic
fields that generally appear in groups called active regions (ARs).
Sunspots appear darker than their surroundings because convec-
tion is partially suppressed by strong magnetic fields (Priest 2014).
They have a characteristic pattern of emergence, evolution and de-
cay. At the onset of their development, they appear as a small group
of pores, and their development peaks within 3—10d, after which
they gradually disappear. The size of a sunspot varies in the range
5-50Mm (Parnell et al. 2009), while their lifetime varies from a
fraction of a day to up to 3 months, or even longer. Sunspots tend to
emerge within the equatorial belt, also called the active belt, which
lies between +35° heliographic latitude. The latitude of sunspots
varies with the solar activity cycle. At the beginning of a cycle,
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time (Maunder 1904; Solanki 2003). Typically, the lifetime of a
sunspot increases linearly with its maximum size (Gnevyshev 1938;
Waldmeier & Bachmann 1955).

Their morphology, evolution, size, presence of the penumbra,
complexity, longitudinal extension and interior spot distribution
all define the sunspot classification. The first classification was
based on the sunspot shape by Cortie (1901). Later, Waldmeier &
Bachmann (1955) introduced the Zurich classification schema,
which is based on sunspot morphology and evolution. Finally, the
Zurich classification was further modified by McIntosh (1990) to
include properties of an AR such as the number and development of
sunspots within a group and the presence of umbra and penumbra.
Mclntosh (1990) found that this scheme is better at describing the
flare productivity of ARs. The three-parameter classification com-
bines the advantages of evolutionary and magnetic classifications.
Its drawback is that the data are hard to interpret. Perhaps that is
why many statistical properties have not been studied so far, and
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the evolutionary path of a group in the three-dimensional space of
these classes has not been elucidated. On the other hand, this classi-
fication scheme has become the basis for many forecasting systems,
especially in the United States.

Solar flares explosively release large amounts of energy in the
form of particles and radiation, varying from radio waves to gamma-
rays. The amount of radiant energy depends on the intensity and
duration of a flare and can be quantified based on their intensity
measured in the hydrogen alpha (6563 A) spectral line and the soft
X-ray (SXR) spectral range (1-8 A). The hydrogen alpha classifica-
tion is derived from the size of a flare area and its peak brightness.
The SXR classification is a base-10 magnitude system supported by
the radiation flux measured by the Geostationary Operational En-
vironmental Satellite (Aschwanden & Freeland 2012). Each higher
class of a flare exhibits a peak of SXR emission 10 times greater
than the previous one. All solar flares can be separated into five
classes: A, B, C, M and X. In this statistical study, we considered
only flare events of SXR class C and higher, which could potentially
be geoeffective.

Various studies show a well-pronounced relationship between the
sunspot group classifications and the solar flare activity (Kleczek
1953; Lee et al. 2012; Eren et al. 2017, and references therein).
Kilcik et al. (2011) found that time variations of the large group
set that includes classes D, E and F better describe the number of
solar flares and coronal mass ejections during a solar cycle than
the small one does. Lee et al. (2012) separated sunspot groups into
two categories with a large or small area. They further divided
these two categories into three sub-groups (decreasing, steady and
increasing) according to changes in area. They found that flaring
increases noticeably with increased sunspot group area. Recently,
Eren et al. (2017) analysed each modified Zurich class, focusing on
their flare production potential, and found that about 80 per cent of
flares are produced by large or complex groups.

McCloskey, Gallagher & Bloomfield (2016) investigated varia-
tions in sunspot group classification and flaring rates from 1988 to
1996 and found an increase in the flaring rates for upward evolv-
ing ARs (from small to large, and simple to complex). Kilcik et al.
(2018) analysed temporal and periodic variations of flaring and non-
flaring ARs, and found that their behaviour differed during the last
two solar cycles. In this study, we further investigate the lifetime
evolution and morphological changes in sunspot groups based on
the first parameter of the modified Zurich classes (A, B, C, D, E, F
and H), separately for flaring and non-flaring ARs.

Here we focus on the observed morphological variations, mea-
sured using the Zurich class 1 d after flaring activity. The article is
structured as follows. In Section 2, we describe the data sets and the
methods used. In Section 3, we present our analysis and results. A
discussion and conclusion are given in Section 4.

2 DATA AND METHODS

The data used in this study were taken from the Space Weather
Prediction Center of the National Oceanographic and Atmospheric
Administration (NOAA) for the time period from 1996 January
through 2016 August. We separated the data into two categories
based on their flaring activity. The sunspot groups having at least
one flaring event during their lifetime were counted as flaring ARs
and the ones with no flaring event during their lifetime belong to
the non-flaring category. Also note that we considered ARs only
within £70° of the heliographic longitude to eliminate the effect of
projection on the sunspot classification, spot counts and group area
measurements. According to this criterion, in total 4529 ARs were
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Table 1. Average lifetimes of flaring and non-flaring ARs according to their
modified Zurich classes.

Modified ~ Number of Average Number of Average
Zurich flaring lifetime (d), non-flaring lifetime (d),
class ARs flaring ARs ARs non-flaring ARs
A 86 7.55 500 3.33

B 241 6.99 809 3.59

C 464 8.19 645 4.70

D 505 8.48 301 5.15

E 121 10.55 9 9.56

F 27 10.30 1 10.00

H 310 9.80 510 7.78

analysed: 1754 of them were flaring ARs and 2775 belonged to the
non-flaring set. As a first step, we compared their lifetimes (Section
3.1). Secondly, we analysed the temporal evolution of each class of
ARs and compared it to their flare production (Section 3.2). Finally,
we considered the evolution of the Zurich class after a flaring event
(Section 3.2).

3 ANALYSIS AND RESULTS

3.1 Lifetime of flaring and non-flaring ARs

As we mentioned above, the lifetime of sunspots and sunspot groups
varies from a fraction of a day to a few months. Note that here we
used the NOAA AR number as a reference. When an AR first
appears, it is assigned a NOAA number, then when it reappears
during the next rotation of the Sun, this number changes. Therefore
we limited the lifetime of ARs with maximum 13 d. In general,
flaring ARs in all classes exhibit longer lifetimes than the non-
flaring ones. ARs of classes A, B, C and D live nearly twice as
long as non-flaring ARs, while the lifetimes of E and F groups are
comparable and the longest for both flaring and non-flaring sets.
The average lifetimes of flaring and non-flaring ARs are given in
Table 1.

3.2 Evolution of flaring and non-flaring ARs

We analysed all modified Zurich classes during their lifetime to
reveal their evolution pattern (see Figs 1 and 2).

Each plot in these figures shows the long-term evolution of a
Zurich class during the 11-d period after the first appearance on
the visible solar disc. For example, on day O (not shown in the
plot), some ARs were of class A. On day 1, some of the class A
ARs were re-classified as class B, C, D or H, while some fraction
remained in class A (upper left plot of Fig. 1). For this group of
initially small flaring ARs, as time passes, more and more of them
evolve upward towards class D (left column). If a flaring AR starts
as class B or C, then it will most probably evolve to class C or D
by the next day and these will most likely be their peak classes.
Non-flaring A, B and C groups do not exhibit such a rapid shift in
morphology and the majority of them remain in their initial class
with a small fraction gradually migrating towards higher classes
as time passes (left column, Fig. 1). In both sets of ARs, class H
shows a significant downward migration towards simpler magnetic
classes.

According to Fig. 2, flaring groups of class D, E or Fdo not change
classification drastically during their evolution. Instead, there is a
slow upward and downward migration from the original class com-
bined with a gradual disappearance. When we look at the evolution
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Figure 1. Evolution of Zurich class during the lifetime of ARs, plotted
separately for flaring (left) and non-flaring (right) ARs for classes A, B, C
and H of small ARs. See details in the text.

of non-flaring ARs (Figs 1 and 2, right), they mainly remain in the
same classification during their lifetime. Note that their lifetimes
are shorter than those of flaring ARs.

3.3 Flaring effect on sunspot groups

To investigate how flaring affects the class evolution of ARs, we
considered all flaring episodes (each episode may include one or
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Figure 2. Evolution of Zurich class during the lifetime of ARs, plotted
separately for flaring (left) and non-flaring (right) ARs for classes D, E and
F of large ARs. See details in the text.

more flares) in all flaring ARs and followed the evolution of their
class. Altogether, 4312 flaring episodes occurred in all classes of
sunspot groups (Fig. 3).

For flaring ARs, the maximum in the distribution of flares occurs
for class D. In MclIntosh (1990), the maximum of the distribution is
for groups of class F. This difference is probably because McIntosh
(1990) took into account only strong flares of classes M and X. In
our figure, all flares of class Cy and higher were taken into account.
On the other hand, this may be a specific trait of low activity in
cycles 23 and 24.

We recorded changes in the modified Zurich class, average
sunspot counts (SSCs) and sunspot areas (SSAs) that occurred be-
tween the flaring day and the day after the flare event (Table 2). The
table shows the percentage of ARs of a given initial class (leftmost
column) that changed class. For example, there were 53 flaring
events in class A groups and there was no classification change
in 36 percent of these ARs, while 64 percent of them changed
(18.9 per cent evolved to B, 22.6 percent to C, 18.9 percent to D
and 3.8 per cent to H). The general tendency seen in this table is that
most of the class A and B groups rapidly evolved to higher classes
(C and D). Starting from class C, the tendency changes and the
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Figure 3. Distribution of flaring ARs according to their modified Zurich
class.

majority of the groups remain in their original class after a flaring
event. For SSCs and SSAs, all but class F showed a similar trend.
The SSC and SSA magnitude increases with ARs evolving upward
to a higher class. These two parameters rapidly decrease when the
transition to class H occurs.

4 CONCLUSIONS AND DISCUSSIONS

We investigated the lifetime and morphological evolution of sunspot
groups observed during solar cycles 23 and 24 (from 1996 to 2016)
in terms of their modified Zurich classification. We also investigated
the effect of flaring on sunspot group evolution. Our main findings
are as follows:

1. Flaring sunspot groups live longer than non-flaring ones. In all
cases, the lifetime of class H ARs is longer than that of classes A,
B, CandD.

2. Most of the class A, B and C flaring ARs rapidly evolve to
higher classes, but this is not applicable for non-flaring ARs. More
than 50 per cent of flaring A, B and C groups changed morpholog-
ically, while the remaining D, E, F and H groups did not change
remarkably after flare activity.

3. 75 per cent of all flaring sunspot groups are large and complex
(modified Zurich classes D, E and F).

4. There is a significant increase in the sunspot group area in
classes A, B, C, D and H. In contrast, the sunspot group area of
classes E and F decreased after flaring activity. The sunspot counts
of D, E and F groups decrease as well, while the A, B, C and H
groups showed an increase.

For very energetic flares (classes M and X) of sunspot groups
observed from 1996 January to 2003 June, Ternullo et al. (2006)
analysed the heliographic coordinate, sunspot number, sunspot area,
Zurich class, etc. They found that flaring groups have longer life-
times than non-flaring ones. We used here a flare threshold, the X-
ray class C, and arrived at a similar conclusion that flare-producing
ARs live longer.

McCloskey et al. (2016) concluded that the flaring rate increases
when ARs observed between 1988 and 1996 evolve to a higher
Zurich class and the flaring rate decreases for the downward evo-
lution. Our analysis based on solar cycles 23 and 24 (1996 through
2016) confirms their results but only for small sunspot groups. When
we consider the evolution of large sunspot groups (classes D, E and
F), the upward and downward evolutions are balanced. Also, most
of these sunspot groups did not change their classification during
the 24 h following flare occurrence.

Eren et al. (2017) calculated the flare production potential for
each modified Zurich class separately using similar data as we

Table 2. Temporal evolution between the flaring day and the day after flaring for all classes of flaring ARs. SSC and
SSA in the leftmost column describe the average variation of sunspot counts and area, respectively.

Class A B C

(No. of cases)

A (53) 35.8percent 18.9percent 22.6percent
SSC 0.3 2.3 35
SSA 0.3 4.0 28.3

B (157) 11.5percent 31.1percent 26.1 percent
SSC —24 0.7 2.3
SSA —53 0.4 30.5

C (638) 24percent 39percent 48.4percent
SSC -32 -1.5 —0.1
SSA —-19.3 —21.2 —-1.9

D (1475) O.1percent I.l1percent 10.8percent
SSC —10 —1.6 —1.7
SSA —85.0 —25.0 —21.1

E (1172) 0 per cent 0 per cent 2.9 per cent
SSC - - —5.4
SSA - - —44.4

F (587) 0 per cent 0 per cent 1.4 per cent
SSC - - —0.1
SSA - - —35.0

H (230) 4.8percent 3.0percent 25.2percent
SSC 0.0 —0.3 2.6
SSA —12.7 —10.0 2.8

D E F H
18.8 percent  Opercent 0 per cent 3.8 per cent
7.5 - - 0.0
44.0 - - 5
25.5percent 1.3 percent 0 per cent 2.5 per cent
7.1 7.0 - -0.8
66.0 130.0 - 10
33.1percent 3.3percent 0.5percent 8.5percent
3.7 4.0 53 —2.6
38.1 65.7 433 —10.1
73.0percent 129percent 0.9percent 1.1percent
1.4 4.6 9.14 —4.9
233 66.8 172.9 —38.1
79percent 80.4percent 8.4percent 0.3 percent
-2.1 0.6 4.3 —5.5
—14.8 7.0 50.8 —33.8
l.4percent 10.1percent 87.1percent 0.2percent
—4.6 —0.3 -0.9 =5
3.8 —27.8 —-12 -90.0
11.7percent 3.5percent 1.3 percent 50.4 percent
5.4 7.3 14.0 0.0
57.4 18.8 3733 —-0.8
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used. Their data cover the period between 1996 and 2014, while
the data that we used in this study cover the period between 1996
and 2016. They found that the flare production potential of large
sunspot groups (D, E and F) is about eight times higher than for the
other classes (A, B, C and H). They also found that about 80 per cent
of all flares occur in the large and complex sunspot groups. In this
study, we confirmed their results by using sunspot group numbers
and further found that 75 per cent of all flaring sunspot groups are
large and complex.

Earlier, Kilcik et al. (2011, 2014) concluded that the number of
flares increases when the size and complexity of a sunspot group
increases. In this study, we showed the effects of the size and com-
plexity of sunspot groups and flares. As shown in Table 2, each
sunspot group evolves differently after the occurrence of flares.
Moreover, each sunspot group has different variations of sunspot
number and sunspot area. From these results, it can be inferred that
sunspot groups show different temporal variations. Large sunspot
groups (D, E and F) decrease according to the temporal evolution
of average variations of sunspot number while other sunspot groups
(A, B, C and H) show an increase. There is a significant increase
in the sunspot group area of groups A, B, C, D and H. In contrast,
the sunspot group areas of E and F groups decrease after flaring
activity.

The occurrence rate of solar flares and the sunspot classification
with sunspot number and area changes were studied by Lee et al.
(2012) from 1996 January to 2010 December. First, they divided
sunspot groups into two categories as small and large, then these
two categories were divided into three sub-categories (decreasing,
steady and increasing) according to the change of area. They found
that 11 sunspot classes in the McIntosh sunspot group classification
schema produced most of the observed flares. Our results confirm
this using sunspot group number and area and that 75 per cent of
the flaring sunspot groups are large or complex (D, E and F). It can
also be inferred from our results that small sunspot groups are in
the increasing sub-group while large sunspots are in the steady or
decreasing sub-groups.

Finally, according to the data analysed, solar flares occur in de-
veloping ARs and flaring ceases or significantly subsides when
development is arrested. This is consistent with the idea that new
emerging flux is needed (or helicity injection) to fuel the energy re-
lease that occurs in the form of flares and coronal mass ejection. For
a large flare, the emergence of a sufficiently large flux (>1013 Wb)
and large ascent rate >109 Wb s~! (Ishkov 1998) are required. This
rapid upward evolution of flaring ARs is in accord with earlier
findings that the ARs prone to produce X-class flares emerge with
a very steep (>2) magnetic power spectrum (Abramenko 2005;
Abramenko & Yurchyshyn 2010). This means that flaring ARs are
born bad and destined to produce big flares at the emergence stage
(Abramenko 2005; Abramenko & Yurchyshyn 2010). A practical
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application of this analysis is that it may help us to predict which
newly born ARs may develop into flare-producing ARs. The class
A and B sunspot groups that display flaring activity have higher
chances of developing into mature class D, E and F structures ca-
pable of producing strong eruption and geomagnetic events.
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