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ABSTRACT

We investigate the dependence of the occurrence rates of major solar flares (M- and X-class) and front-side halo
coronal mass ejections (FHCMEs), observed from 1996 to 2013, on the solar cycle (SC) phase for six active
MclIntosh sunspot group classes: Fkc, Ekc, Dkc, Fki, Eki, and Dki. We classify SC phases as follows: (1)
ascending phase of SC 23 (1996-1999), (2) maximum phase of SC 23 (2000-2002), (3) descending phase of SC
23 (2003-2008), and (4) ascending phase of SC 24 (2009-2013). We find that the occurrence rates of major flares
and FHCMEs during the descending phase are noticeably higher than those during the other phases for most
sunspot group classes. For the most active sunspot group class, Fkc, the occurrence rate of FHCMESs during the
descending phase of SC 23 is three times as high as that during the ascending phase of SC 23. The potential of each
MclIntosh sunspot group class to produce major flares or FHCMEs is found to depend on the SC phase. The
occurrence rates (R) of major flares and FHCME:s are strongly anti-correlated with the annual average latitude of
the sunspot groups (L): R ~ L% for major flares and R ~ L=2%?> for FHCMEs. This finding indicates the
possible role of large-scale coronal connectivity, e.g., trans-equatorial loops, in powerful energy releases.
Interestingly, this relationship is very similar to that between the volumetric coronal heating rate and X-ray loop
lengths, indicating common energy release mechanisms.
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1. INTRODUCTION

It is well known that solar activity, such as solar flares and
coronal mass ejections (CMEs), follows a trend of the solar
magnetic cycle. For example, the occurrence of CMEs tends to
track the solar cycle (SC) phase and amplitude (Webb &
Howard 1994). Several studies have shown that the epochs of
strong flares or CME activity do not coincide with the
maximum phases of SCs (e.g., Svestka 1995; Bai 2006;
Hudson et al. 2014). In particular, Svestka (1995) compared the
characteristics of solar activity in the descending phases of
several SCs and found that the most outstanding solar events
occur either a few years before or a few years after the
maximum phase. Hudson et al. (2014) studied the variation of
flare productivity per given active region (AR) over the interval
1975-2012 using the Geostationary Operational Environmen-
tal Satellites (GOES) and Reuven Ramaty High Energy Solar
Spectroscope Imager (RHESSI) data. They found that the
number of major flares per AR was approximately constant
during SC 21 and 22 but increased significantly during the
descending phase of SC 23 (2004-2005). They did not provide
reasonable interpretations of this effect.

One conventional way to forecast solar activity (e.g., solar
flares and CMESs) is based on the use of morphological sunspot
group classifications (Bornmann & Shaw 1994; Gallagher
et al. 2002; Wheatland 2004; Li et al. 2008; Colak &
Qahwaji 2009; Lee et al. 2012, 2015; Li & Zhu 2013). A
representative morphological sunspot group classification is the
MclIntosh sunspot group classification (McIntosh 1990). It is
characterized by the following morphological features of
sunspot groups: the presence or distribution of the penumbra
and the length of the sunspot group (Z), symmetry of the
principal spot in the sunspot group (p), and compactness of the
sunspot group (c). Each AR has its own class, which is
determined by the combination of these three morphological

components. For the last several decades, the National Oceanic
and Atmospheric Administration (NOAA) Space Weather
Prediction Center has used the McIntosh sunspot group
classification for 24, 48, and 72 hr solar flare probabilistic
forecasts (Bloomfield et al. 2012; Crown 2012). This
information has been widely utilized by many space weather
agencies worldwide. The Big Bear Solar Observatory has also
provided daily solar activity reports, which include the daily
probability of C-, M-, and X-class flares, based on the
Mclntosh classification (Gallagher et al. 2002). The Automated
Solar Activity Prediction is a probabilistic flare forecasting
system developed by Bradford University, which uses Solar
and Heliospheric Observatory (SOHO) / MDI continuum and
magnetogram images of sunspot groups and automatically
identifies their MclIntosh classes (Colak & Qahwaji 2009). The
above models are based on the assumption that the potential of
groups in each Mclntosh sunspot group class to produce a
major flare or front-side halo CME (FHCME) is independent of
the SC phase. To our knowledge, there has been no systematic
study on the SC phase effect on the occurrence rates of flares
and CME:s for given Mclntosh sunspot group classes.

In this work, we investigate the dependence of the
occurrence rates of major solar flares and FHCMEs on the
SC phase. This paper is organized as follows: In Section 2, we
describe the data and analysis. Results are shown in Section 3.
Finally, a brief summary and discussion are presented in
Section 4.

2. DATA AND ANALYSIS

In this study, we consider sunspot groups of six McIntosh
classes (Fkc, Ekc, Dkc, Fki, Eki, and Dki), which are the most
productive ones for both major flares and FHCME:s (see Lee
et al. 2012, 2015, who used this classification to forecast soft
X-ray flares and FHCMESs). The sunspot group class data of all
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ARs are available from the NOAA Solar Region Summary
(SRS).3 The characteristics of each AR in the SRS are compiled
from up to six observatories in near-real time. The sunspot
group areas are the total corrected areas of a group in millionths
of the solar hemisphere. The SRS data are issued at 00:30UT
every day.

We consider major X-ray flares (GOES M- and X-class)
using the data from the National Geophysical Data Center
(NGDC),4 which provides soft X-ray flare information, such as
the magnitude, location, and AR number of flares. We could
identify the ARs for the individual flares using the AR number
from the NGDC flare catalog and NOAA SRS data. We
identify FHCMEs in the CME online catalog’ that provides
CME information such as appearance date, time, and angular
width (Yashiro et al. 2004; Gopalswamy et al. 2009). CMEs
have been observed by the Large Angle and Spectrometric
Coronagraph (LASCO) onboard the SOHO since 1996
(Brueckner et al. 1995). To identify the source locations of
FHCMESs, we compare the CME height-time and GOES X-ray
profiles from the SOHO/LASCO CME catalog. To determine
the source location of the FHCMEs, we use the locations of
flares occurring within two hours of the CME launch time. In
the case of uncertain events, we also examine brightening
features from other data, such as SOHO / Extreme Ultraviolet
Imaging images, Solar Dynamics Observatory |/ Atmospheric
Imaging Assembly images, SOHO/LASCO-C2/C3, and
difference images. A more detailed description of our selection
of FHCME:s is given in Lee et al. (2015). CMEs that do not
occur in ARs are excluded from this study. In addition, as it is
difficult to establish whether there was a CME or not during the
data gap, we ignore the data in the data gap periods.

Following the previously developed classification of SC
phases (Chowdhury et al. 2013; Pishkalo 2014; Ravindra &
Javaraiah 2015), we identify the considered time intervals as
follows: (1) the ascending phase of SC 23: 1996-1999; (2) the
maximum phase of SC 23: 2000-2002; (3) the descending
phase of SC 23: 2003-2008; and (4) the ascending phase of SC
24: 2009-2013. For each phase, we calculate the occurrence
rates of major flares and FHCMEs as the number of major
flares and FHCMEs produced in a given class of sunspot
groups, divided by the number of sunspot groups of this class,
and consider their evolution with the SC.

3. RESULTS

3.1. Occurrence Rates of Major Flares and FHCMEs as a
Function of the SC Phase

Figure 1 shows the occurrence rates of major flares and
FHCME:s as a function of the SC phase for the six considered
sunspot group classes. The occurrence rates are determined by
the number of major flares (V") or FHCMEs (Né’h) occurring
during the time interval of interest, divided by the sum of the
daily numbers of ARs of these six classes (st’h) in this time
interval, separately for each sunspot group class. The specific
values of these parameters are given in Table 1. In the case of
the Fkc, Ekc, Dkc, and Dki sunspot group classes, the
occurrence rates of major flares and FHCMEs during the
descending phase of SC 23 are evidently higher than those

3 fip: //ftp.swpc.noaa.gov/pub/warehouse /

www.ngdc.noaa.gov /stp/space-weather/solar-data/solar-features /solar-
flares /x-rays/goes/xrs/
3 http:/ /cdaw.gsfc.nasa.gov/CME_list/
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Figure 1. Occurrence rates of major flares (N" /N") and FHCMEs (N2" /N&™)
for six McIntosh sunspot group classes as a function of the SC phase. Here NIE"‘
is the number of major flares, Ngh is the number of FHCMEs, and NSph is the
sum of the daily numbers of ARs of these six classes in each SC phase. The

uncertainty of the occurrence rates (u) is calculated as o = \/ “(1\1153;"/ 2

during the other phases. In the case of the Fkc class, in
particular, the occurrence rate of major X-ray flares during the
descending phase of SC 23 (1.38) is three times as high as that
during the ascending phase of SC 23 (0.39). The occurrence
rate of FHCMEs during the descending phase of SC 23 (0.27)
is two times as high as that during the ascending phase of SC
23 (0.13). This effect is most significant for the most major-
flare- and CME-productive sunspot group classes (Fkc, Ekc,
and Dkc), which correspond to large, asymmetric, and compact
sunspot groups (Lee et al. 2012, 2015). However, even though
there are such noticeable differences in occurrence rates,
existing forecast models (e.g., Gallagher et al. 2002; Colak &
Qahwaji 2009; Falconer et al. 2011; Lee et al. 2012, 2015) do
not include this effect.

3.2. Annual Occurrence Rates of Major Flares and FHCMEs

Figure 2 shows the occurrence rates of major flares and
FHCME:s as a function of year, i.e., the variation of the annual
occurrence rates, for all six sunspot group classes combined.
The annual occurrence rates are calculated as the total numbers
of major flares (NVg™) or FHCMEs (N&™) divided by the the
sum of the daily numbers of ARs of these six classes (N$"™"), for
a given year. The numbers include sunspot groups of all six
considered classes. As shown in the figure, the annual
occurrence rates of major flares and FHCMEs during the
descending phase are significantly higher than those during the
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Table 1
Occurrence Rates of Major Flares and FHCMEs
Phase Fke Ekc Dkc Fki Eki Dki
1996-1999 0.39 0.34 0.00 0.22 0.16 0.20
16/ 12/ (0/6) @®/37)  (9/56)  (4/20)
41) 35)
2000-2002 0.77 0.42 0.31 0.50 0.20 0.21
82/ (44/ (8/26) 60/ 38/ @1/
107) 105) 121) 191) 101)

2003-2008 1.38 0.70 0.64 0.23 0.24 0.24

©8/ 63/ (42/66) (6/26)  (18/ a3/
71) 90) 75) 55)
2009-2013  0.92 0.47 038 0.71 0.15 0.20
@6/ 56/ (0/52) (/) (10/  (3/40)
50) 120) 65)
Phase Fke Ekc Dke Fki Eki Dki

1996-1999 0.12 0.00 0.00 0.03 0.04 0.00
@3 ©/17) 04 (1/33)  (2/46)  (0/11)

2000-2002 0.21 0.09 0.04 0.07 0.06 0.10

@/ © a4y ®/ a2/ o/

104) 103) 114) 187) 99)

2003-2008  0.27 0.18 021 0.04 0.05 0.11
as/ (16/  (14/66) (1/24)  (3/61)  (6/53)
56) 87)

2009-2013  0.13 0.18 0.14 0.00 0.06 0.10

(6/46) @1/ sy O/ @64 (4/40)
119)

Note. The top and bottom tables show the occurrence rates of major flares and
FHCMESs, respectively, for six sunspot group classes as a function of the SC
phase. The numerator represents the number of major flares or FHCMEs for
each phase. The denominator represents the number of ARs for a given sunspot
group class for each phase.

other phases, which are different from the trend of monthly
sunspot areas. In particular, the annual occurrence rates of both
kinds of energy releases have the highest values in 2005.

3.3. Occurrence Rates of Major Flares and FHCME:s as a
Function of the Annual Average Latitude of Sunspot Groups

In general, during the initial phase of a SC, sunspots appear
at mid-latitude. Then, with the development of the SC, the
location of the consecutively appearing sunspots moves toward
the equator, a phenomenon illustrated by the butterfly diagram.
Thus, the occurrence rates of major solar energy releases may
show some scaling with the annual average latitude of
sunspots, L. Let us define occurrence rate as the event number
per time interval, divided by the number of ARs during this
time interval, denoting it Rg ¢, where the indices correspond to
major flares and FHCMES, respectively. Let us look for the
dependence of the occurrence rates Rpc on L in the form

Rgc oc L, ey

where « is a constant exponent.

Figure 3 shows the relationship between the occurrence rates
of major flares and FHCMESs and the annual average latitude of
sunspot groups of all the six classes under consideration. We
approximate the log—log dependences by linear functions. There
is a strong anti-correlation between these parameters. Both
correlation coefficients in the logarithm are —0.91 for major
flares and FHCMEs. We find that the major flare and FHCME
occurrence rates scale according to the latitude to the power of
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Figure 2. Occurrence rates of major flares (Ng™/N$™) and FHCMEs
(N&™/NE™) as a function of year. The solid blue line shows the monthly
sunspot area from 1996 to 2013. The uncertainty of the occurrence rates (1) is

_pd-p
calculated as 0 = \/ g

ARs of these six classes in a given year.

ann

, where N¢

is the sum of the daily numbers of

a = 2.07 and 2.42, respectively. The uncertainties are calculated
by the root mean square errors. We do not consider the data of
the second ascending period (2009-2013) for the linear fit line
because each SC could have different characteristics.

4. SUMMARY AND DISCUSSION

In this study, we investigate the dependence of the
occurrence rates of major flares and FHCMEs, observed in
the time interval from 1996 to 2013, on the SC phase for six
active Mclntosh sunspot group classes: Fkc, Ekc, Dkc, Fki,
Eki, and Dki. This time interval includes four SC phases: the
ascending, maximum, and descending phases of SC 23 and the
ascending phase of SC 24.

The main results of this study are summarized as follows.
First, for the most major-flare- and FHCME-productive sunspot
group classes (Fkc and Ekc), which are characterized by large,
asymmetric, and compact sunspot groups, the occurrence rates of
major flares and FHCMEs during the descending phase of SC
23 are higher than those during the other phases. In particular,
the occurrence rate of FHCMEs during the descending phase of
SC 23 for the most active sunspot group class, Fke, is found to
be three times as high as that during the ascending phase of SC
23. Second, the annual occurrence rates of major flares and
FHCMEsS are the highest in 2005. Third, the occurrence rates of
major flares and FHCMEs are strongly anti-correlated with the
annual average sunspot group latitude. Our results support the
assumption made in previous studies (Bornmann & Shaw 1994;
Gallagher et al. 2002; Wheatland 2004; Li et al. 2008; Colak &
Qahwaji 2009; Lee et al. 2012, 2015; Li & Zhu 2013) that the
potential of groups in each McIntosh sunspot group class to
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Figure 3. Occurrence rates (Rg,c) of major flares and FHCMES as a function of
the annual average latitude (L) of the sunspot groups. The red triangles are the
occurrence rates of the flares and CMEs. The solid blue line is a linear fitting
line in the log-log plot neglecting the data in the second ascending phase
(2009-2013). The error bars are calculated by the rms errors. Years with the
number of ARs below ten (i.e., 1996, 1997, 2006, 2007, 2008, 2009, and 2010)
are excluded.

produce a major flare or FHCME is independent of the SC
phase. Our results indicate that the smaller the annual latitude,
the higher the expected occurrence rates of major flares and
FHCME:s. This effect should be taken into account in the
development of forecast models of solar flares and CMEs.

The established increase in the occurrence rates of major
flares in the descending phase of the SC in comparison with
those in other phases is consistent with previously published
findings (e.g., Aschwanden 1994; Svestka 1995; Bai 2006;
Yang et al. 2014). We also find that the FHCME occurrence
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rates have a similar tendency. The established increase in
occurrence rates demonstrates that this effect is not a simple
reflection of the increase in surface magnetic flux and that the
probability of an AR producing a major flare or a CME is
controlled by an additional factor that varies with the SC, even
for ARs of the same MclIntosh class. Therefore, we note that
the effect of the SC phase has to be considered when solar flare
or CME forecast models are developed.

To explain the variation of the flare occurrence rate with the
SC, several possibilities have been proposed (Bai 2006; Chen
et al. 2011; Le et al. 2014; McIntosh & Leamon 2014). In
particular, Bai (2006) and Le et al. (2014) suggested that the
high flaring activity during the descending phase of SC 23
could be associated with the occurrence of super ARs.
However, Chen et al. (2011) showed that the number of super
ARs is not dominant in the descending phase of SC 23 in the
time interval of SC 19-23. McIntosh & Leamon (2014) linked
this period of enhanced activity with the latitudinal-temporal
interaction of toroidal magnetic flux systems. They found that
the number of delta-spot ARs appears to be weighted during
the descending phase of SC 23. They deduced that these delta-
spot regions form as a consequence of intra- and extra-
hemispheric activity band interaction, which results from the
mixing polarity of ARs.

The relationship established in our study between the
occurrence rates of major flares and FHCMEs and the annual
average latitude of sunspot groups may indicate the role of
long-distance magnetic connectivity in the dependence of
occurrence rates on the SC phase. In particular, the annual
average latitude of sunspot groups determines the average
length of trans-equatorial loops (TLs). A TL is a coronal loop
connecting two separate ARs located in the opposite hemi-
spheres (e.g., Tsuneta 1996; Pevtsov 2000). It has been found
to be a common phenomenon, with up to one-third of all ARs
exhibiting TLs in soft X-ray images (Pevtsov 2000). Therefore,
our results may be a statistical indication that large-scale
magnetic connectivities highlighted by TLs are important for
producing solar activity such as major flares and FHCME:s.
There have been many studies on the topology of the large-
scale solar magnetic field structure (e.g., Babcock 1961;
Hansen & Hansen 1975) and the relationship between the
occurrence of solar flares / CMEs and large-scale magnetic
connectivity (e.g., Antiochos et al. 1999; Khan & Hudson 2000;
Wang & Sheeley 2003; Wang et al. 2007; Zhou et al. 2007; Fu
& Welsch 2016). In particular, Dalla et al. (2007) established
that the flaring rate (weakly) increases with the appearance of a
new AR within 12° of the pre-existing flaring AR. Also, it has
been reported that the interaction of ARs increases as sunspots
move toward the equator (Mclntosh & Leamon 2014;
MclIntosh et al. 2014). Such interactions may be related to
the reconnection of magnetic fields that belong to different
ARs, and the subsequent formation of large-scale structures
such as TLs, which play an important role in triggering flares
and CMEs (Khan & Hudson 2000). Moon et al. (2002) showed
that sympathetic flares are more frequent in TLs than in loops
connecting two ARs in the same hemisphere. Chen et al. (2006)
examined the relation between the number of soft X-ray TLs
and that of ARs each year from 1991 to 2001. They found good
correlations of the TL numbers with SC indices, with the
increase in TL number during the descending phase of SC 22 in
comparison to other phases of SC 22. The effect of the
dependence of flaring activity on AR separation and
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connectivity may be understood in terms of the interaction of
magnetic energy between these ARs (Fu & Welsch 2016).

Interestingly, we obtain the relationship between the
occurrence rates of major flares/FHCMEs and the annual
average latitude, Rg ~ L% for major flares and Rc ~ L=242
for FHCMESs. There are many relationships in solar physics and
elsewhere that have power-law fittings with indices of —2. In
particular, several studies have attempted to determine whether
the frequency distribution of microflares and other small-scale
solar brightening is the same as that of solar flares (e.g.,
Aschwanden & Charbonneau 2002; Li et al. 2012). Klimchuk
& Porter (1995) and Porter & Klimchuk (1995) determined the
dependence of the volumetric coronal heating rate Q on the soft
X-ray loop lengths, O o L%, with a most probable value of o of
—1.95 and a 90% confidence interval of —3.11 < a < —0.95.
This scaling was found to be consistent with the nanoflare
heating model by Parker (1983, 1988). A series of follow-up
studies demonstrated that the scaling exponent is in the range
of —3.11 and —1 (e.g., Mandrini et al. 2000; Warren &
Winebarger 2006; Gontikakis et al. 2008; Lundquist
et al. 2008). All those studies addressed non-flaring loops.
However, considering that non-flaring heating is caused by
small-scale flaring events, and assuming a power-law energy
distribution of the flare frequency, we deduce that the
occurrence rate of flares should have similar ocL“ scaling with
the magnetic field line length. This scaling is found in our
study. Thus, the consistency between the results we obtain for
major flares and those of previous studies of small-scale
coronal heating may imply the universality of the energy
release mechanism from small-scale to large-scale magnetic
reconnection. Furthermore, this relationship may imply that
large-scale magnetic reconnections via TLs are important for
producing major flares and FHCME:s, especially during the
descending phase of SCs.
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