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Abstract

Spotless days (SLDs) as well as CMEs in the decay phase of the solar cycle are believed to be a good
predictor of the forthcoming cycle. A sequential increase in SLDs is observed since cycle 21, and
cycle 24 has highest number of SLDs (since cycle 14), regarding it as one of the weakest cycles, which
offer a unique opportunity to probe the CME characteristics that occurred during SLDs (hereafter
CMEg; p), in a statistical sense. Here, we investigate the CMEg; p during the descending phases of solar
cycles 23 (2004-2008) and 24 (2015-2019). The fraction of CMEs that occurred on SLDs is found to be
14 and 11%, for cycles 23 and 24, respectively, compared to the total CMEs that occurred in the afore
mentioned durations. An increase in the number of CMEg; j, is revealed after 2004. Further, CMEg; p
that occurred on the visible side of the solar disk are found to be slower, smaller in width, and carrying
low Kinetic energy and mass compared to the entire population of CMEs. The distribution of annual
evolution of speed, angular width and acceleration of the CMEg; p with the CMEs that occurred on the
non-SLD days (hereafter CMEy,,-s.p) for the descending phases shows that the CMEg;  are different
from the CME,,,,-1p in terms of characteristics (such as speed, width and acceleration) which also
exhibits solar cycle dependence. A comparative analysis of CMEg;p kinematics of cycle 23 and 24
shows that the weakest cycle 24 has wider and more massive events. In contrast, other parameters
of CMEg; p such as speed, acceleration and Kinetic energy do not have a disparate nature. CMEg; p
in both the cycles 23 and 24 are similar in nature in a statistical sense. Therefore, this investigation
suggests that SLDs, and hence the sunspot number, may not be a sufficient candidate to predict
the solar eruptive activities (e.g. CMEs). On the other hand, our analysis of the relation between
the strength of the geomagnetic storm and probable candidate parameters revealed Dst index to
be very well correlated with the product of V and Bz.

Keywords: Sunspots; Spotless days (SLDs); Coronal mass ejections (CMEs); Flares; prominence

1. Introduction

The study of solar irradiance and eruptive activity is extremely important in context to their relationship with
solar dynamo and space weather changes (Haigh, 2007; Charbonneau, 2010). The eruptive activities on the sun,
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including solar flares and CMEs, influence space weather (Jain, 1986; Haigh, 2007; Pulkkinen, 2007; Charbonneau,
2010; Pesnell, 2012; Tsuda, 2015; Kleimenova et al., 2018; Baker et. al., 2018; Labonville et al., 2019). It is well
accepted that magnetic flux and helicity is released during the solar eruptive activities, such as CMEs and flares
(Parker, 1979; Kulsrud, 1998; Biskamp et al., 2000; Priest et al., 2000; Priest et al., 2002; Compagnino et al., 2017;
Choithani et al., 2018; Vemareddy, 2021). Active regions are one of the primal source locations of CMEs and flares,
however, frequency and magnitude depends on their magnetic configuration, shear, flux and available free magnetic
energy (Choithani et al., 2018; Parker, 1979; Kulsrud, 1998; Biskamp et al., 2000; Priest et al., 2000; Priest et al., 2002;
Compagnino et al., 2017; Vemareddy, 2021).

Notwithstanding the fact that CME occurrence rate and sunspot numbers are strongly correlated, from
2004 (SOHO/LASCO data) a significant enhancement in CME counts is observed in comparison to that seen in the
sunspot number (Gopalswamy, 2006; Petrie, 2015; Michalek et al., 2019; Mishra et al., 2019). Chen et al. (2011)
studied the location of 224 CME for year 1997-1998 and concluded that about 63% of the CMEs are related with
active regions, at least about 53% of the active regions produced one or more CMEs, and particularly about
14% of ARs are CME-rich (3 or more CMEs were generated during one transit across the visible disk). Michalek
et al. (2019) concluded that the decrease in heliospheric pressure (magnetic + plasma) and change in magnetic
pattern of solar corona may be the reason to enhance the CME’s rate occurrence. According to the Petrie (2015) and
Mishra et al. (2019), this increment in CME count is because of the large numbers of smaller ejections from higher
latitude. On the other hand, Gopalswamy et al. (2006, 2003a, 2003b), also concluded that this enhancement is due
to the CMEs which cannot be directly associated with sunspots. Further Mishra et al. (2019) also confirm that the
active sunspot regions are a subset source location of the CMEs.

Eruptive activities which originate outside the sunspot region are scarce. Dodson and Hedeman (1970) identified
only 7% of all flares during the period of 1956-1968, which are emitted from the plage regions with small or not
identifiable spots. Altas (1994) in the period 1947-1990 observed only 2% of such flare events. Further, CME event
that are not emitted from the sunspot vary in the range of 15% (during 1996-1998 - Subramanian et al., 2001),
21% (during 1997 to 2001 — Zhou et al., 2003), or 37% (1997-1998 — Chen et al., 2011; Wang et al., 2011). Wagner (1984)
used Skylab (1971-1974) and SMM (1979-1981) observations to identify such events (not associated with any feature
such as flare, prominence etc.) and they found 50 and 67% respectively. For Solar cycle 23 (1996-2001), Vr$nak
et al. (2005) observed 545 pairs of CME-flare which has its source as disappearing filaments. Gopalswamy (2006);
for the slightly extended period (1996 to 2006) concluded that the High Latitude CMEs are associated with (polar
crown filaments) spotless eruptions. Ma et al. (2019) claimed such events to be around 33% of the total CMEs that
occurred in the first 8 months of year 2009 and termed them as stealth CMEs. They further found that, these stealth
CMEs are relatively slow CMEs (v < 300 km s™1) and exhibit rather gradual acceleration. D’Huys et al. (2014) studied
40 stealth CMEs during the year 2012.

However, several of such investigations correspond to the CMEg; jy that occurred in the rise phase up to the maximum
of the solar cycle. These events contribute upto 37% of the total population of the CME. On the other hand, St. Cry and
Webb (1991) noted more than 50% of such events during the descending phase solar cycle 21 (1984-1986). It is well
known that solar emissions from non-active region locations are triggered by several phenomenon’s such as activation
and disappearance of filaments, newly appearing flux region, shear, propagation of slow mode of waves from another
active region, large arcade and its instability etc. (Dodson and Hedeman, 1970; Moore et al., 1980; Rausaria et al., 1992;
SerSen et al., 1993; Altas, 1994; Jain et al., 2011; Awasthi et al., 2014). Generally, the complex density distribution of
the magnetic (current) helicity triggers the solar emission in the corona leaving negligible observational signatures
in the photosphere. It has been shown that the released magnetic flux and helicity in the descending phase provides
seed for the next solar cycle (Low, 1996; Lamy et al., 2019; Kakad et al., 2019). Recently, Burud et al. (2021) showed
that the number of spotless days (SLDs) observed during the descending phase of a given cycle is a potential candidate
to forecasting the amplitude of the next solar cycle. Further, CMEs in the descending phase of the solar cycle are also
believed to contain information of the forthcoming cycle (Hawkes et al., 2018). Therefore, in this paper, we investigate
detailed properties of CMEs occurred on SLDs during descending phase of solar cycle 23 and 24 with the aim to identify
the characteristics differences with CME,,,_qiq and further improve their significance as proxy of the next solar cycle.

We use the SOHO/LASCO data set to study and compare the characteristics of CME over the descending phase of
the solar cycle 23 (2004-2008) and 24 (2015-2019). To the best of our knowledge, this is the very first investigation
that utilizes such a large data set for obtaining the CME properties on SLDs and their role in inferring the properties
of the next cycle. This paper is arranged as follows. In Section 2, we describe data sources and in Section 3 we present
results. A brief summary along with discussion has been presented in Section 4.
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Table 1. Previous results of the study of Solar emission that occurred from the non-active regions.

Type of % of the
Period emission event
of Study (no. of over total
events) population

Author Methodology used

1947-1990 Flare 2 Altas (1994)

Dodson and
1956-1968 Flare 7

Hedeman (1970)
1971-1974, CME Solar maximum mission spaceraft
50-67% Wagner (1984)

1979-1981 (58 and 87) and HAO Mark IIT K coronameter

St. 3Cry and Solar maximum mission spaceraft
1984-1986 | CME (73) <50 v P

webb (1991) and HAO Mark IIT K coronameter

Subramanian On-disk signatures in images
1996-1998 CME (32) 15% .

and Dere (2001) from the EUV Imaging Telescope (EIT)
Wang et al. (2011), Magnetic synoptic charts
1997-1998 CME 37% .
Chen et al. (2011) of Michelson Doppler Imager (MDI)
1997-2001 CME (197) 21% Zhou et al. (2003) EIT data
CMEs-flare B. Vr$nak, D. Sudar
1996-2001 .. Goes and SOHO
(544) and D. Ruzdjak (2005)
EUV imager (EUVI) and the
2009 (January-
A + CME 33% Ma et al. (2010) coronagraphs COR1 and COR2
ugus
gust) on board STEREO
2012 CME (40) 2.5% D’Huys et al. (2014)

2. Sources of Data

We identify SLDs using the sunspot number records made available at the Solar Geophysical Data (SGD) reports
ftp://ftp.ngdc.noaa.gov/STP/swpc_products/weekly_reports/PRFs_of SGD/ during descending phase of solar
cycle 23 (2004 to 2008) and 24 (2015-2019). The flare location and its GOES intensity class have been obtained
from the SGD reports, and cross verified with the Hinode flare catalogue (https://hinode.isee.nagoya-u.ac.jp/flare_
catalogue/). The CME data has been obtained from the SOlar Heliospheric Observatory with Large Angle and
Spectrometric Coronagraph Experiment (SOHO/LASCO) CME catalogue (URL: https://cdaw.gsfc.nasa.gov/CME _list/).
We use the CME properties such as linear speed, angular width, acceleration, mass and kinetic energy reported
in this catalogue in the current study. Further, we classify the reported CMEs as front side or back side by analyzing
Extreme Ultra-Violet (EUV) images taken in 195A by SOHO or Solar Dynamics Observatory (SDO) satellites. If
the source location of the CME is found on the visible side of Sun, it is considered as front side CME. It may be
noted that the 195A image data set from EIT/SOHO (Delaboudiniere et al., 1995) is not available from January
2017. Therefore, we employ SDO’s Atmospheric Imaging Assembly (SDO/AIA, Lemen et al., 2012) observations
taken in 193 A for the period January 2017 to December 2019. The temporal cadence of EIT/ SOHO and AIA/ SDO
is 10-20 min and 12 seconds, respectively. The prominence and filament data have been taken from Heliophysics
Feature Catalogue (HFC), at URL: http://voparis-helio.obspm.fr/hfc-gui/index.php in association with the CAII K3
Spectroheliograph of the Meudon Observatory. To identify the relation between solar wind plasma parameters and
Dst indices, the list of hourly values of solar solar wind parameter provided by National Geophysical Data Center
(https://omniweb.gsfc.nasa.gov/form/dx1.html) and Dst indices given by the World Data Center for Geomagnetism,
Kyoto, Japan through its world wide web (https://wdc.kugi.kyoto-u.ac.jp/index.html) were used.


ftp://ftp.ngdc.noaa.gov/STP/swpc_products/weekly_reports/PRFs_of_SGD/
https://hinode.isee.nagoya-u.ac.jp/flare_catalogue/
https://hinode.isee.nagoya-u.ac.jp/flare_catalogue/
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3. Analysis and Results
3.1 Spotless Days (SLDs)

We found that SLDs show an increasing trend as we approach to the solar minimum. Therefore, number of
SLDs increase during descending phase of a given solar cycle as shown in Fig. 1. The Fig. 1 shows a continuous
progression in SLD number during descending phase of cycle 21 to 24. It may be noted that SLDs has been increasing
from cycle 21 through 24. The total number of SLD in cycle 21, 22, 23 and 24 are found to be 254, 289, 537 and 931,
respectively. Therefore, the relative increase in total number of SLDs with respect to previous cycle is estimated
SLDzz = @, .98 (SLD23 = 573 and 1.59 (SLD24 = o13
SLD,, 254 SLD,, 289 SLD,; 573
of SLD compared to the previous three cycles (see Fig. 1). A total of 514 SLDs have been observed during the
descending phase of solar cycle 23, while 623 SLDs (21% larger than former) in the descending phase of cycle 24.

Continual increase in the SLDs count for the descending phase of cycle 21 to 24 is found to be associated with

to be 1.13 (

). The cycle 24 shows the highest numbers

a sequential weakening of magnetic field generation in the solar interior (Georgoulis et al., 2019; Kakad et al., 2019).
The longest recorded period of consecutive spotless days was 52 (July 21-September 10, 2008) in cycle 23 and 36
days (May 19-June 23, 2019) in cycle 24.

From Fig. 1, SLDs recorded during the minimum year of both the cycles (i.e. 2008 and 2019) are found to be
nearly equal (~273). Although, the monthly mean sunspot numbers 3.52 and 2.8 for the minimum year 2008 and
2019 respectively, slightly higher for year 2019. Woods et al. (2022) noted similarities for the minimum of cycle 23
and 24 for the data (SORCE mission) of total solar irradiance and solar spectral irradiance.
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Figure 1. The year wise variation of SLDs during the descending phases of cycle 21-24.

3.2 Characteristics of CMEs which occurred on SLDs (CMEg, p)
3.2.1 Front side CME events on SLDs:

For CMEgp, we investigated the time period covering years 2004-2008 and 2015-2019, respectively, defined
as the descending phase of solar cycles 23 and 24 in Burud et al. (2021). According to the CDAW CME catalogue,
we identified a total of 5702 CMEs (1343 CMEs on SLD) during cycle 23 and 5262 CMEs (933 CMEs on SLD) during
cycle 24, corresponding to an 8.3% decrease (Table 1).
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Next, these events are classified as a backside and frontside events by visually identifying the source location
of the CMEs that are observed in the C2 field-of-view of LASCO coronagraph, on the solar disk by utilizing the
co-temporal EUV images obtained by EIT/SOHO. In particular, the dimming and position angle in C2 image have
been correlated with EIT image for the correct source identification. Fig. 2 exemplifies the cases of frontside (upper

Table 2. Summary of CME events occurred during the descending phase of solar cycle 23 and 24 as per CDAW catalog.

Cycle-23 Cycle-24

SLD CME or(il\é[LED Front—si.de (.IMESLD CME Ogl\éILED Front—si.de (}MESLD
(AlD) (fraction in %) (All) (fraction in %)

2004 | 04 | 1102 14 04 (0.36) 2015 | 00 | 2058 00 00

2005 17 | 1249 61 39 (3.12) 2016 | 34 | 1393 96 61 (4.37)
2006 | 67 | 1046 164 100 (9.56) 2017 | 103 | 786 219 155 (19.72)
2007 | 153 | 1442 493 336 (23.3) 2018 | 210 | 476 224 119 (25)

2008 | 273 | 863 611 321 (37.19) 2019 | 276 | 549 394 254 (46.26)
Total | 514 | 5702 1343 800 (14) Total | 623 | 5262 933 589 (11.1)
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C2: 2005/07/21 0354 EIT: 2005/07/21 02:48C2: 2005/07/21 03:54 _ EIT: 2005/07/21 03:48

Figure 2. Upper panel shows front-side CMEg; p event of 12 November 2007 with unambiguously identifiable source location
on the visible disk of the Sun, while the lower panel shows CMEg;p event of 21 July 2005, for which the source

location could not been identified, and hence considered as back-side event.
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panel) and backside (lower panel) CME events. The left image in this panel is the EUV image obtained from EIT
telescope; the middle image shows the running difference LASCO/ C2 observation while the right image shows
the combination of C2 and EIT images. Arrows on the images denote the identified source locations of CMEs.
In this way, with the help of EUV (EIT-195A and AIA/SDO-193A) images and movies, we have identified a total
of 800 and 589 front side CMEg; p events during the descending phase of cycle 23 and 24, respectively. Frontside
CMEg;p events amounted to 14 and 11% of total CMEs observed during the descending phase of cycle 23 and 24,
respectively.

3.2.2 CMEg, p activity in cycle 23

Table 2 presents that 800 CMEg;p observed during 514 SLDs occurred in the descending phase of solar
cycle 23 (occurrence rate CMEg; p/SLD of 1.55). The annual number of SLD, CMEg;p and fraction of CMEg;p has
an increasing trend towards the solar minimum (see Table 2). Figure 3a illustrates a strong correlation (R = 0.88)
between the number of CMEg;pp and SLD count during each year of descending phase. The average values of CMEg; p
parameters viz. linear speed, angular width, acceleration, Kinetic energy and mass for the period of 2004-2008 were
270 km/s, 23.46°, 7.84 km/s%, 3.8 x 102° erg and 6.5 x 101* gm, respectively. Mittal and Narain (2009) found that
the average values of linear speed, angular width, acceleration, Kinetic energy and mass for all CME observed for
a period (1996-2007) were 435 km/s; 41°; 1.9 x 1030 erg and 1.2 x 101> gm respectively. This implies that CMEg; , are
slower, smaller in width, carries less Kinetic energy and mass than CMEs. The range of the evolution of the average
annual speed (250 to 360 km/s) and angular width (19° to 45°) of CMEg; p event is always less than that for the all
CME (speed = 300 to 450 km/s; angular width = 30° to 60°) parameters over the same period. In contrast, CMEs
occurred in the beginning cycle 24 (in year 2009) exhibited slightly higher angular width (40°) and speed (300 km/s)
(Ma et al., 2010).

Table 3 presents the annual average distribution of these CMEg;p parameter. The annual average can be
calculated by considering the total number of CMEg; in corresponding year; then averaging the parameter with
respect to this number for the same time period. Table 3 illustrates the annual average linear speed (c.f. Fig. 3b)
and angular width of CMEg; p, which gradually decreased (from 360 to 250 km/s, and 44 to 20 degrees, respectively).
Further we have delineated the CMEgp in three groups with respect to linear speed: slow (v <300 km/s);
intermediate (300 < v < 600 km/s) and fast (v > 600 km/s). We found 539 (67%), 241 (30%) and 19 (2.3%) events
with slow, intermediate and fast speed respectively. This reveals that a significant fraction of the CMEg, are of
slow in nature. These slow CMEs experience a drag force from their interaction with the ambient solar wind, which
can cause their speed to either decrease or remain constant during propagation (Webb et al., 2012). Out of the
539 slow CMEg;p, 69% of the slow CMEs have accelerated, while the rest 31% decelerated. This result is in good
agreement with Yashiro et al.,(2004) and Du et al.,(2021). The 63% of CMEg;p events having intermediate speed
exhibited acceleration as they propagate while the rest 35% decelerated. On the other hand, an equal number (9) of
fast CMEg; p exhibited acceleration and deceleration. Kinetic energy (Fig. 3c¢) and mass (Fig. 3d) distribution shows
the continuous increase up to 2006; although an abrupt decrease is observed during 2007, which subsequently
increased again during the minimum year 2008. It is to note that the Kinetic energy and mass data is available only
for 272 events in the CDAW catalogue.

In addition, as per the scheme of Gao and Li (2009), CMEg; p events are further subdivided into two categories
based on the signs of accelerating (positive) and decelerating (negative) events.

The annual average acceleration as seen in Fig. 3e and Table 3 shows the continuous increment during the
descending phases of the solar cycle except the year 2005 (for acceleration) and 2005, 2007 (for deceleration).
The digits above each of the bar in Fig. 5e represent the total number of events recorded in that year. The number
of acclerated CMEg;p is almost double than that of the decelerated events. The minimum year 2008 has the same
average value (32.30 km/s2) for both types (accelerating/decelerating) of events. Our result is in agreement with
Compagnion et al. (2017), who reported average annual acceleration to be negative (positive) for the year which has
higher (lower) activity. Slow CMEs (less than 400 km/s in outer corona) are effected by the propelling force rather
than the retarding force (a drag force due to the solar wind) and vice versa (Gao and Li, 2009; Webb et al., 2012).
In our investigation, most of the CMEg; events have speeds less than 400 km/s and hence they are accelerated.
Our results are in agreeement with the previous results (St. Cyr et al., 2000; Yashiro et al., 2004; Gao and Li 2009,
Kay et al., 2022).
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Table 3. The annual variation of parameters of the front-side CMEg; p during the descending phase of solar cycle 23.

e AW g Spect NS, A Kite e et
[gm] [erg] [km/s?] [km/s?]
2004 21.5 360.5 2 0.67 2.4 (01) -8 (02)
2005 44.17 342.02 5.3 1.35 37.29 (24) ~121 (06)
2006 36.17 290.16 9.52 6.05 18.66 (60) | —-33.80 (36)
2007 19.92 249.74 3.81 1.13 21.87 (214) | -18.91(118)
2008 20.71 275.3 7.71 5.69 3234 (219) | -32.26(99)

S
~
—
o
o~—
—_
D
~

Avg. mass (X10'*gm)
@

0 o,
@

29

=3

=3
o
iad

»

N
JAvg. accleration (km/s%)
2
il

2
S
1

X}

2

Avg. Kinetic Energy (x
o

o

0 50 100 815% 200 250 30 2004 2005 2006 2007 2008

T T T T T
2004 2005 2006 2007 2008 2004 2005 2008 2007 2008

2004 2005 2006 2007 2008
Years Years Years

Figure 3. The distribution of kinematic properties of the CMEg;p in a given year of the descending phase of cycle:
(a) distribution of SLDs and CMEg; p, (b) average linear speed, (c) average Kinetic energy, (d) average mass and
(e) average acceleration (red) and decelerration (black colour).

In order to delineate the parameters of CMEg;p events from that of all CMEs that took place in the same
period of analysis with taking into account the exclusion of selection bias, we adopted the same methodology
used by D’Huys et al. (2014). In this regard, since in the year 2004, we observed only 4 CMEg; p out of 1102 CMEs,
we prepared 717 samples of 4 CMEs, selected in a random manner (i.e. 65% of total CME events observed by the
CDAW catlogue) and calculated mean speed for each of the set. Figure 4 shows the plot of the distribution of mean
speed, angular width and acceleration of these randomly chosen 717 samples. We find that the speed range of
the randomly selected samples is in between 179-926 km/s, which is generally higher than the average speed of
CMEg;p events (red colour). The average speed of the CMEs in the sample (428 km/s; blue colour) amounts to be
~ 15% higher than that of the CMEg;p (360.5 km/s; red colour; c.f. Table 4). Similar inferences can be made from
the analysis done for other years (c.f. Table 4). Therefore, this exercise reveals that the characteristics of CMEg;p
are not strongly affected by the selection bias, and may have a different kinematical nature than the CME events
that occurred on the non-SLD days. We also found the annual averaged width of CMEg; p to be little lower to that
obtained for the samples. It is evident from Figs. 4a and 4b and Table 4 that the CMEg;p event possess lower speed
and width except minimum year. During the descending phase from 2004 to 2008, the rate of decrease in CME
samples, average speed (20 to -3%) and width (64 to —3%) is higher when compared with that of CMEg; p. Sunspot
number, a proxy of the Solar cycle plotted green in Fig. 4. Figure 4c reveals that the average acceleration has
anticorrelation with the solar cycle progression. While the CMEg;p events exhibited both the acceleration and
deceleration during propagation, majority of the events exhibited acceleration. Hence our result strongly support
the result of Compagnion et al. (2017).
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Table 4. The characteristics of the distribution of the CMEs having the sample size same as CMEg;p observed in that

particular year.

Speed Width Acceleration
Year No. of the set [km/s] [degree] [km/s2]
(no. of the CMEg; p) I ElL
) SLD)  sample events
Avg. Range Avg. Range Avg. Range
2004 (04) 717 428 179-926 60.6 17-233
2005 (39) 816 429.5 409-448 60.2 13-114 1.56 -729t0 516
2006 (100) 684 320 305-331 38 26-54.3 5.57 —-365 to 694.4
2007 (336) 944 255 247-261 23.4 20-28 5 —231.6 to 352
2008 (321) 571 267 257-277 20 17-24 7.99 -331.2 to 389
(a) (b) (c)
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Figure 4. Comparison of average speed (a), Width (b) and Acceleration (c) distribution of the set of the randomly selected
samples of the total annual number of CMEs events (blue colour) and CMEg; p (red colour). Sunspot number, a
representative of Solar cycle, is plotted in green colour.

3.2.3 CMEg, p activity in cycle 24

Table 2 presents 589 CMEs associated with 556 SLDs observed during the descending phase of solar cycle 24
(2015-2019). Similar to cycle 23, number of SLD, CMEg;p and fraction of CMEs were increasing towards sunspot
minimum (see Table 2). The SLD and CMEg;p has a high correlation with occurrence rate of 1.05 (c.f. Fig. 5a).
The average values for the CMEg;p parameters (over the period 2016-2019; as the year 2015 has zero SLD) linear
speed, angular width, acceleration, Kinetic energy and mass were 266 km/s, 31.90°, 11.67 km/s2, 2.27 x 1030 erg
and 7.22 x 1014 gm respectively. Table 5, represents the annual average values of CMEg;, parameters for the period
2015-2019. The average annual speed, width of the CMEg; p ranging from 233 to 314 km/s, 22° to 46°; while for all the
CMEs (over the same period) it ranges between 250 to 330 km/s; 38° to 52° respectively (Lamy et al., 2019). Hence it
has been clear from Table 5 that, the CMEg;  events has lower speed and angular width. The average annual linear
speed (c.f. Fig. 5b) and angular width (see Table 5) of CMEg; p, is continuously decreases from 2016 to 2019. Among
589 CMEg; p, 406, 162 and 20 events were categorized as the slow, intermediate and high speed respectively. Out
of these 406 slow speed events; 272 (67%) and 134 (33%) were accelerated and decelerated respectively. For event
with intermediate speed; 105 (64%) and 57 (36%) were accelerated and decelerated respectively. On the other hand,
an equal number of fast CMEs are accelerated and decelerated. We found Kinetic energy and mass values for only
300 events in the database. The Figs. 5c and 5d show the variation of average Kinetic energy and mass of the CMEg; p.
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Like cycle 23, Kinetic energy and mass shows the continuous increasing trend up to the year 2017 has a sudden
drop for the year 2018 and again an increase for year 2019. The annual average acceleration continuously increases
towards the solar minimum (see Table 5). Similar to cycle 23, CMEgp events are divided as decelerating (black)
and accelerating (red). A continous increasing trend has been observed in both types of acceleration up to the
solar minimum. The digits above each of the bar in Fig. 5e represents frequency of events observed in that year.
The accelererating events are almost twice as frequency as the decelerating event in the same year. While the annual
average acceleration has positive values. The CME driving force is inversely proportional to the sunspot activity.
Therefore, acceleration (deceleration) of CME event depends on the weak (strong) solar activity (Du, 2021). While
the mean values of CME speeds during SLD and non-SLD exhibited a declining trend in the descending phase of
the solar cycle, a continual increase in the acceleration is spotted in general. This may possibly be associated with
the effect of drag force exerted by the solar wind on slow CMEs (Kay et al., 2022)
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Figure 5. The distribution of kinematic properties of the CMEg;p in a given year of the descending phase of cycle:
(a) distribution of SLDs and CMEg; p, (b) average linear speed, (c) average Kinetic energy, (d) average mass and
(e) average acceleration (red) and decelerration (black colour).

Table 5. The annual variation of CDAW detected CME parameters on SLDs during the descending phase of solar cycle 24
(2015-2019).

ARITED BN A Bl mI::Zse iafgl“ AZ::T;g; I:iln(;t"ic ac?(;‘eel;:l%?on dc?Zleel;z%‘ieon
[degree] fln/s] [gm] [erg] [km/s?] [kn/s?]
2016 46 296.4 5.09 4.68 19.07 (40) —-23.64 (20)
2017 44.19 313.79 15.9 67 27.28 (86) —-20.25 (54)
2018 28.12 261.32 1.85 11.3 34.08 (73) -35.05 (45)
2019 22.79 232.16 3.04 0.56 38.55(171) —-28.73 (82)

Like the cycle 23, using the same methodology the comparison between the different characteristics of CMEg;p
and CME for the same year is done and the results are summarised in the Table 6. Figure 6 and Table 6, demonstrate
that the average annual value of speed, width of CMEg; j follows the solar cycle; Sunspot number, a representative
of Solar cycle, is plotted in green. While the acceleration has an anticorrelation with the solar cycle (see the Fig. 6c).
For the year 2019, the clear difference between speed, angular width and acceleration of two data sets (i.e. CMEs-blue
and CMEg; p-red) has been observed.
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Figure 6. Comparison of average speed (a), Width (b) and Acceleration (c) distribution of the set of the randomly selected
samples of the total annual number of CMEs events (blue colour) and CMEg; , (red colour). Sunspot number,
a representative of Solar cycle, is plotted in green colour.

Table 6. The characteristics of the speed distribution of the CMEs detected by the CDAW having sample size same as CMEg;
observed in that particular year.

No. of the set Speed [km/s] Width [degree] Acceleration [km/s2]
b of the CME
(no. of the CMEg; p)

sample events Avg. Range | Avg. Range | Avg. Range
2016 (96) 905 306 265-367 | 63.36 42-87 5.47 —705 to 425
2017 (219) 511 307 276-355 44 36-53 8.57 | -237.7to 509.7
2018 (224) 309 259 245-272 | 30.2 26-35 10.78 -719 to 689
2019 (394) 357 254 | 243-262 | 29.9 26-32 8.38 | —-564.3t0437.3

3.2.4 Geomagnetic storms associated with the CMEg, p

The interplanetary manifestations of CMEs, i.e. magnetic cloud and Corotating Interaction Region are the most
geoeffective interplanetary phenomena (Gonzalez et al., 1994; Yermolaev and Yermolaev 2010). On the other hand,
southward component of the interplanetary magnetic field with magnitude >10 nT with a long-duration (few or
more hours) impact, will affect Earth’s geomagnetic field. This decrease in the Earth’s geomagnetic field is recoreded
as the disturbance storm time index (Dst). Further, the solar wind parameters such as interplanetary magnetic field,
plasma temperature, plasma density, plasma speed, plasma pressure, etc., are statistically correlated with the Dst
index (Maltsev and Rezhenov, 2003).

The linear speed and width of CME (if Earth directed) is a key factor to calculate the strength and time of
occurrence of geomagnetic storm (Kim et al., 2017; Dumbovi¢ et al., 2015; Schwenn, 2005; Zhang et al., 2007).
The observations of solar wind plasma parameters at 1 AU, shows that even though the slow speed and narrow
events can also reach to Earth, may produce geomagnetic storms (Kilpua et al., 2014; Nitta, 2017).

Therefore, we have classified our data set of CMEg; in three different groups with respect to linear speed:
slow (v < 300 km/s); intermediate (300 < v < 600 km/s) and fast (v > 600 km/s). Both cycles have upto 68 and 64%
of slow and Intermediate speed CMEg; p events has been accelerated during propagation respectively.

One of the probable reasons for the weak geomagnetic activity is the interaction of slow CMEs with the
large-scale solar wind structures or preceding CMEs during the propagation. On the other hand, the induced
electric field Ey = VBz and its influence on magnetospheric-ionospheric system also plays an important role
in producing storms and substorms (Lakhina et al., 2011; Nikolaeva et al., 2011). Despite, there is lack of one-to-one
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association of storm intensity with the flare and CME occurance (Dumbovi¢ et al, 2015; Liu et al., 2016). As listed
in Table 7, a total of 13 (SC23) and 10 (SC24) events are probably responsible for producing the minor geomagnetic
storms (Dst,;, between -30 and -86 nT).

Table 7 lists the corresponding CMEg; p and IMF parameters, which seems to be responsible for the geoeffectiveness.
The Bz value ranges from —4 to —11 nT, solar wind speed from 350 to 676 km/s, while the linear speed of the CMEg; p
lies between 180 to 430 km/s. However, we did not find any significant statistical relation between CME parameters
such as angular width, linear speed and speed at 20 solar radii. The linear speed of the CMEg;p is less than or equal
to the solar wind speed (400 km/s) may have been increased as they reach 1 AU (see Table 7). The linear speed of
CME depends on the free energy of the source and is modified by the interaction with the solar wind. The product
V and Bz exhibited a good correlation with the Dst index as seen in the Fig. 7 with a relation of

Dst=-0.01V Bz - 12. H

Solar wind speed and the southward magnetic field component of CME determine the strength of the storm as
given by Eq. (1), Gopalswamy et al. (2009).

w
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Figure 7. The relation between the product of By (southward component of Interplanetary magnetic field), Speed of the
solar wind with the Dst index. They has good correlation coefficient (R = 0.54).
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Table 7. The list of the Geomagnetic storms linked with CMEg; p events and its parameters.

CMESLD IMF Parameters
tme AN e R BV D
| [km/s] [km/s]

24-10-2005 | 02:54:05 34 159 566 24-10-2005 =77 356 =37
27-10-2005 18:54:05 29 188 844 27-10-2005 -9.2 368 -74
18-02-2006 | 11:54:04 37 242 0 18-02-2006 -6.7 548 -36
17-05-2006 | 08:30:05 7 329 — 17-05-2006 -8.1 376 -38
06-08-2006 | 15:30:04 29 252 0 06-08-2006 -9.2 429 -48
12-02-2007 | 09:30:04 39 402 350 12-02-2007 -4.8 606 -41
20-03-2007 14:26:04 23 349 188 20-03-2007 -9.6 373 =72
23-10-2007 14:30:04 8 429 0 23-10-2007 -5.6 429 -53
11-01-2008 | 00:30:04 10 295 440 11-01-2008 -6.9 443 -34
07-03-2008 | 02:54:05 33 205 181 07-03-2008 -10.6 481 -86
11-07-2008 | 09:54:17 36 186 307 11-07-2008 -7.2 498 -34
07-08-2008 | 00:30:04 15 225 1131 07-08-2008 -4.3 653 -33
02-09-2008 | 08:06:04 12 306 940 02-09-2008 -8.7 488 -51
19-07-2017 14:00:05 8 194 708 19-07-2017 -5.6 517 -36
09-10-2017 | 05:36:05 104 327 416 09-10-2017 -7.2 383 -53
03-11-2017 | 23:12:12 29 208 384 03-11-2017 -11 405 -82
03-12-2017 | 02:12:05 11 268 420 03-12-2017 -11.1 354 -51
18-04-2018 | 07:24:05 9 323 229 18-04-2018 -13.5 426 -78
19-09-2018 | 08:24:05 41 406 1198 19-09-2018 -7.1 365 -53
02-11-2018 16:00:06 46 276 0 02-11-2018 -7.1 412 -57
04-08-2019 17:36:05 37 431 136 04-08-2019 -7.9 489 -53
28-08-2019 | 09:48:05 84 167 187 28-08-2019 -6 632 -52
26-09-2019 | 01:36:14 26 125 352 26-09-2019 -5.7 554 -56
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3.2.5 Association of CMEg 4 with other solar activity:

CME events are generally associated with other solar activity such as flare, eruptive prominences, filament
disappearances, helmet streamer disruptions and blowouts (Munro et al., 1979; Kahler, 1992; Hundhausen, 1993;
Harrison, 1991). We check different datasets described as in Section 2 for the association of solar activity with
corresponding CMEg;p. We have tried to establish a correlation only if both the activities occur within a time
difference of 1 hour. Further we studied characteristics of such events associated with CMEg; p events.

It is believed that the flares, which are not accompanied by CME events, have higher temperature, since the
amount of magnetic energy release is used to heat the plasma predominately. On the other hand, for the CME
associated flares events, large part of energy released is utilized in accelerating the ejecting particles (Yashiro
et al., 2006). Vrsnak, Sudar, and Ruzdjak (2005) and Bein et al. (2012) observed the similarities in the acceleration of
the CME event emitted from spotless regions and active-region CMEs associated with weak flares of SXR-class A, B
and C and concluded weakest acceleration. With the reference to this we studied the flare activity that is associated
with the CMEg;p. A total 94 and 226 flares (<C class) occurred on SLD during the descending phase of cycle 23
and 24, respectively. Out of this, the source location of only 26 (56) flares have been identified on the visible side of
the solar disk for cycle 23 (24). Further, all these flares have not been found to be accompanied by CMEs and vice
versa. As listed in Table 7, only 6 and 9 B-class flares were associated with the CMEg; p in cycle 23 and 24 respectively.
Usually, the CMEs associated with the flare with high flux (=C class) have larger mass, speed, and width while low
flux flare (<C class) do not show any clear trend (Lamy et al., 2019). Similarly, our data set of Flares on SLDs (Table 8)
do not shows any systematic trend in its parameters for both cycles.

From the set of 800 (589) CMEg; p events, only 47 (22) was associated with prominences in cycle 23 (24). Munro
et al. (1979) and Gopalswamy et al. (2003b), have shown that the prominence with minimum height of 1.2 solar
radii can produces CME. During the rising phase (1996 to 1998) of solar cycle 23, Subramanian and Dere (2001)

Table 8. List of the flares accompanied by (CME)gq4.

Cycle 23 Cycle 24

Start time CME CME CME Start time CME CME CME

Flare date "\ niM) [HH:MM:SS] width speed | 5F Flar€date iy niM] [HH:MM:SS] width speed
no. (class) no. (class) UT

UT UT [Degree] [km/s] UT [Degree] [km/s]
11/10/2004 26/06/2016
1 /107 20:11 20:30:06 20 408 | 1 /06/ 10:46 10:48:05 8 492
(B1.1) (B2.1)
2 1471072006 02:14 03:30:06 33 217 | 2 26/06/2016 15:57 17:00:05 33 323
(BL.3) (B3.8)
3 15/06/2007 04:35 05:06:04 12 297 |3 27/06/2016 09:42 10:36:05 99 356
(B2.0) (B5.8)
08/09/2007 28/10/2016
4 00:13 01:31:41 34 98 4 21:16:00 21:36:05 5 272
(B3.0) (B2.1)
5/04/2 4/01/2017
5 05/04/2008 01:47 02:26:04 11 166 | 5 04/01/20 02:35 02:48:23 23 375
(B1.3) (B1.8)
6 26/04/2008 13:54 14:30:04 281 515 | 6 10/0172017 10:25 11:00:05 130 150
(B3.8) (B7.3)
11/06/2017
7 01:07 02:00:05 93 304
(B1.5)
21/11/2017
8 /11720 1:58 02:48:05 31 236
(B1.7)
9 06/07/2019 21:16 21:48:05 52 110
(B3.2)
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found 15% of such CMEs events were linked with prominence eruptions. As shown in Table 9, CMEg;p events
associated with prominence has higher average angular width and linear speed (c.f. Table 3, 5 and 9). Current
results are in agreement with the pervious result of Lamy et al. (2019) who studied the properties of CME event
associated with prominence eruptions for cycle 23 and 24. The numbers of CMEg; p associated with the prominence
has anticorrelation with the solar cycle; while angular width and speed follows the solar cycle. There is no distinct
and markable difference in the properties of CMEg; p associated with the prominence.

Table 9. The summary of the properties of CMEg; p the associated with prominence.

Cycle 23 Cycle 24
No. of Mean Average Average Average Kinetic o Mean Average Average Average Kinetic
eve;n . AW Speed mass x 104 energy x 10%° : AW. Speed massx 104 energy x 102
[degree] [km/s] [gm] [erg] [degree] [km/s] [gm] [erg]

2005| 4 50.75 | 391.75 1.03 0.69 2016 | 2 51 215.5 0.65 1.93
2006 | 10 40.1 330.9 14.5 13.9 2017 2 13.5 318
2007 | 17 20.05 | 238.82 3.52 1.83 2018 | 11 31.18 | 181.27 0.96 0.28
2008 | 16 20.5 | 290.18 6.6 2.8 2019| 07 12.14 | 219.42

4. Summary and discussion

The progression of increase in the SLD number has been observed from the solar cycle 21 to 24. In consequence,
the cycle 24 shows the highest numbers of SLD as measured with the previous three cycles. The descending phase
of cycle 23 and 24 noted 514 and 623 SLDs respectively, exhibits an increase of 21% (109). This continual increase
in the SLDs from cycle 21 to 24 indicates, sequential weakening of magnetic field generation in the solar interior
(Georgieva et al., 2017; Kakad et al., 2019). Similarly various researcher studied the different photospheric activity
and solar magnetic field which evidence that the cycle 23 and 24 is likely to be the part of a series of 2-4 successive
weak and long cycles may be the part of the “new grand minimum” (Yousef, 2003; Feynman et al., 2011; Pevtsov
et al., 2014). The number of SLD (Burud et al., 2021) and Magnetic helicity released (Hawkes et al., 2018) in the
descending phase of a cycle can be a useful tool to prediction of solar activity in the next cycle. The helicity ejected
by CMEs affect the differential rotation (DeVore, 2000). In this connection we studied the CMEg; p activity and its
characteristics in detail. Further SOHO/LASCO provide a chance to analyzes and compare the properties of the
CMEg p. The result of comparative analysis summarizes as follows:

1) During the descending phase of the cycle 24, the SLD are increased by the 21% in contrast to that CME occurrence
rate decreased by only 8.3%. One of the reasons for this discrepancy is the CME that occurred on SLD.

2) The number of SLD, CMEg, and average annual acceleration of CMEg;p has anticorrelation with the sunspot
activity while average annual linear speed and angular width are well correlated with solar cycle.

3) The SLD and CMEg;p has a high correlation with the occurrence rate of CMEg;p is 1.55 and 1.05 for cycle 23 and

24 respectively.

4) CMEgp events in cycle 24 has higher angular width and Kinetic energy but same speed and mass as that of the

cycle 23.

5) The accelerated events are almost double in frequency compared to the decelerated event. It has shown
anticorrelation with the solar cycle progression.
6) Very few numbers of solar flare, prominence were associated with CMEg;p. On the other hand, in rare cases

CMEg; p will produces minor geomagnetic storms.
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The fraction of CMEs that occurred on SLDs; known as CMEg; pp is found to be 14 and 11%, for the descending phases
cycles 23 and 24, respectively. Our analysis shows that the existence of sunspots is not a sufficient condition solar
eruptive activity our result agrees with the Gopalswamy et al. (2010) and Vourlidas and Webb (2018). Hence solar
emissions may have sources rather than the active regions. After the polar field reversal in year 2004, the strength
of polar magnetic field and radial magnetic field has decreased (Petrie, 2015; Wang, 2009) which reduces heliosphere
pressure. This may explain the observational result that CME in cycle 24 were wider and estimated to carry higher
mass and Kinetic energy (Michalek et al., 2019; Gopalswamy et al., 2015).

Further, we compare the characteristics such as speed, width, and acceleration of this sample size of CMEg;p
with the all CME that occurred in the descending phase by using the technique purposed by D’Huys et al. (2014).
The analysis revealed that the CMEg;p properties are, in general, do not show any clear distinction from the
randomly selected events that occur on the non-SLDs. Thus, establishing the unique nature of the events, and
rejecting a possibility of the selection bias. The average values of speed, width, and acceleration of the CMEg;p
always less than but do not have any distinct difference from that of the all-CME distribution expect minimum
phase. This proves that the CMEgp are slower, smaller in width. The annual variation of the speed and width of
the CMEgp follows the solar cycle; while the acceleration shows the anticorrelation. Our result conforms the
result obtained by Du (2021); the CME acceleration depends more on the strength of solar activity not on the
CME’s speed. The annual average values of CME speeds and widths during SLD and non-SLD exhibited a declining
trend in the descending phase of the solar cycle, a continual increase in the acceleration is spotted in general.
This may possibly be associated with the effect of drag force exerted by the solar wind on slow CMEs (Kay, 2022).
We further found the intensity of the storm to be well correlated with the product V and Bz. Besides, although
it is crucial to investigate the CME properties in the spotless days, the investigation over several solar cycles
is deemed necessary to attain statistical significance for its prediction based on source properties (e.g., sunspot
numbers, flares, etc.).

Data availability statement. Data can be downloaded at:
ftp://ftp.ngdc.noaa.gov/STP/swpc_products/weekly_reports/PRFs_of SGD/
https://hinode.isee.nagoya-u.ac.jp/flare_catalogue/.
https://cdaw.gsfc.nasa.gov/CME_Llist/.
http://voparis-helio.obspm.fr/hfc-gui/index.php
https://omniweb.gsfc.nasa.gov/form/dx1.html
https://wdc.kugi.kyoto-u.ac.jp/index.html

Acknowledgements. Authors received the data from the Heliophysics Feature Catalogue (HFC), CDAW catalog, SGD report
and Hinode flare catalogue. The LASCO CME catalog is generated and maintained at the CDAW Data Center by NASA
and The Catholic University of America in cooperation with the Naval Research Laboratory. Cooperation received
from President, KSV is sincerely acknowledged. A.K.A. is supported by the National Science Centre, Poland grant
No. 2023/49/B/ST9/02409. We earnestly thank the referee for valuable remarks which improved the paper.

References

Altas, L. (1994). Spotless flare activity, Sol. Phys., 151, 169, doi:10.1007/BF00654089.

Awasthi, A. K., R. Jain and W. Uddin (2014). Probing the energetics of the emission during precursor and main phases
of Solar flares, 40th COSPAR Scientific Assembly, 40, D2-5, doi:10.1093/mnras/stt2032.

Baker, D. N., P.]. Erickson, J. F. Fennell, ]. C. Foster et al. (2018). Space weather effects in the Earth’s radiation belts,
Space Sci. Rev., 214, 1, doi:10.1007/s11214-017-0452-7.

Bao, S.and H. Zhang (1998). Patterns of current helicity for solar cycle, 22, Astrophys. J.,496, 1,143, doi:10.1086/311232.

Bein, B. M., S. Berkebile-Stoiser, A. M. Veronig, M. Temmer et al. (2012). Impulsive acceleration of coronal mass
ejections. II. Relation to soft X-ray flares and filament eruptions, Astrophys. J., 755, 1,44, doi:10.1088/0004-637X/
755/1/44.

Biskamp, D. and W. C. Miiller (2000). Scaling properties of three-dimensional isotropic magnetohydrodynamic
turbulence, Phys. Plasmas, 7, 12, 4889, doi:10.1063/1.1322562.

15


ftp://ftp.ngdc.noaa.gov/STP/swpc_products/weekly_reports/PRFs_of_SGD/
https://hinode.isee.nagoya-u.ac.jp/flare_catalogue/
https://cdaw.gsfc.nasa.gov/CME_list/
http://voparis-helio.obspm.fr/hfc-gui/index.php
https://omniweb.gsfc.nasa.gov/form/dx1.html
https://wdc.kugi.kyoto-u.ac.jp/index.html
https://doi.org/10.1007/BF00654089
https://doi.org/10.1093/mnras/stt2032
https://doi.org/10.1007/s11214-017-0452-7
http://doi.org/10.1086/311232
http://doi.org/10.1088/0004-637X/755/1/44
http://doi.org/10.1088/0004-637X/755/1/44
https://doi.org/10.1063/1.1322562

Dipali Burud et al.

Burud, D. S., R. Jain, A. K. Awasthi, S. Chaudhari et al. (2021). Spotless days and geomagnetic index as the predictors
of solar cycle 25, Res. Astron. Astrophys., 21,9, 215, doi:10.1088/1674-4527/21/9/215.

Charbonneau, P. (2010). Dynamo models of the solar cycle, Living Rev. Sol. Phys., 7, 1, 1, doi:10.12942/1rsp-2010-3.

Chen, C., Y. Wang, C. Shen, P. Ye et al. (2011). Statistical study of coronal mass ejection source locations: 2. Role of
active regions in CME production, J. Geophys. Res.-Space, 116, A12, doi:10.1029/2011JA016844.

Choithani, V., R. Jain, A. K. Awasthi, G. Singh et al. (2018). Study of temporal and spectral characteristics of the X-ray
emission from solar flares, Res. Astron. Astrophys., 18, 10, 121, doi:10.1088/1674-4527/18/10/121.

Compagnino, A., P. Romano and F. Zuccarello (2017). A statistical study of CME properties and of the correlation
between flares and CMEs over solar cycles 23 and 24, Sol. Phys., 292, 1, 5, doi:10.1007/s11207-016-1029-4.

Cliver, E. W. and H. S. Hudson (2002). CMEs: How do the puzzle pieces fit together?, J. Atmos. Sol.-Terr. Phy., 64, 2,
231, doi:10.1016/S1364-6826(01)00086-4.

Delaboudiniere, ]. P., G. E. Artzner, J. Brunaud, A. H. Gabriel et al. (1995). EIT: extreme-ultraviolet imaging telescope
for the SOHO mission, The Soho mission, 291, doi:10.1007/BF00733432.

Démoulin, P. (2007). Recent theoretical and observational developments in magnetic helicity studies, Adv. Space
Res.-Series, 39, 11, 1674, doi:10.1016/j.asr.2006.12.037.

DeVore, C. R. (2000). Magnetic helicity generation by solar differential rotation, Astrophys.]., 539, 2,944, doi:10.1086/
309274.

D’Huys, E., D. B. Seaton, S. Poedts and D. Berghmans (2014). Observational characteristics of coronal mass ejections
without low-coronal signatures, Astrophys. J., 795, 1, 49, doi:10.1088/0004-637X/795/1/49.

Dodson, H. W. and E. R. Hedeman (1970). Major Ha flares in centers of activity with very small or no spots, Sol. Phys.,
13,401-419, doi:10.1007/BF00153560.

Du, Z. (2021). Variations in the Correlations of Acceleration and Force of Slow and Fast CMEs with Solar Activity
during Solar Cycles 23-24, Sol. Phys., 296, 2, 34, d0i:10.1007/s11207-021-01778-5.

Dumbovié¢, M., A. Devos, B. Vr$nak, D. Sudar et al. (2015). Geoeffectiveness of coronal mass ejections in the SOHO
era, Sol. Phys., 290, 579, doi:10.1007/s11207-014-0613-8.

Feynman, J. and A. Ruzmaikin (2011). The Sun’s strange behavior: Maunder minimum or Gleissberg cycle?, Sol.
Phys., 272, 351, doi:10.1007/s11207-011-9828-0.

Gao, P. X. and K. J. Li (2009). A cyclic behavior of CME accelerations for accelerating and decelerating events, Res.
Astron. Astrophys., 9, 10, 1165, doi:10.1088/1674-4527/9/10/008.

Georgieva, K., A. Kilcik, Y. Nagovitsyn and B. Kirov (2017). The ratio between the number of sunspot and the number
of sunspot groups, Geomagn. Aeronomy+, 57, 776 doi:10.1134/S001679321707009X.

Georgoulis, M. K., A. Nindos and H. Zhang (2019). The source and engine of coronal mass ejections, Philos. T.R. Soc.
A, 377,2148, 20180094, doi:10.1098/rsta.2018.0094.

Gonzalez, W. D, J. A. Joselyn, Y. Kamide, H. W. Kroehl et al. (1994). What is a geomagnetic storm? J. Geophys. Res.-
Space, 99, A4, 5771, doi:10.1029/93]JA02867.

Gopalswamy, N., A. Lara, S. Yashiro and R. A. Howard (2003a). Coronal mass ejections and solar polarity reversal.
Astrophys. J., 598, 1, L63, doi:10.1086/380430.

Gopalswamy, N., M. Shimojo, W. Lu, S. Yashiro et al. (2003b). Prominence eruptions and coronal mass ejection:
a statistical study using microwave observations. Astrophys. J., 586, 1, 562, doi:10.1086/367614.

Gopalswamy, N. (2006). Coronal mass ejections of solar cycle 23, J. Astrophys. Astron., 27, 243, doi:10.1007/
BF02702527.

Gopalswamy, N. (2009). The CME link to geomagnetic storms, Proceedings of the International Astronomical Union,
A. G. Kosovichev, A. H. Andrei and J.-P. Rozelot, 5, S264, 326, doi:10.1017/S1743921309992870.

Gopalswamy, N., S. Akiyama, S. Yashiro and P. Mikeld (2010). Coronal mass ejections from sunspot and non-sunspot
regions, In Magnetic Coupling between the Interior and Atmosphere of the Sun, S. Hasan, R. Rutten (eds),
Springer, Berlin, Heidelberg, 289, doi:10.1007/978-3-642-02859-5_24.

Gopalswamy, N., H. Xie, S. Akiyama, P. Mikela et al. (2015). The peculiar behavior of halo coronal mass ejections in
solar cycle 24, Astrophys. J. Lett, 804, 1, .23, doi:10.1088/2041-8205/804/1/L23.

Haigh, J. D. (2007). The Sun and the Earth’s climate, Living Rev. Sol. Phys., 4, 1, doi:10.12942/Irsp-2007-2.

Harrison, R. A. (1995). The nature of solar flares associated with coronal mass ejection, Astron. Astrophys., 304, 585,
Bibliographic Code: 1995A&A...304..585H.

Hawkes, G.and M. A. Berger (2018). Magnetic helicity as a predictor of the solar cycle, Sol. Phys., 293, 1,doi:10.1007/
$11207-018-1332-3.

16


http://doi.org/10.1088/1674-4527/21/9/215
https://doi.org/10.12942/lrsp-2010-3
https://doi.org/10.1029/2011JA016844
https://doi.org/10.1088/1674%E2%80%934527/18/10/121
https://doi.org/10.1007/s11207-016-1029-4
https://doi.org/10.1016/S1364-6826(01)00086-4
https://doi.org/10.1007/BF00733432
http://dx.doi.org/10.1016/j.asr.2006.12.037
http://doi.org/10.1086/309274
http://doi.org/10.1086/309274
http://doi.org/10.1088/0004-637X/795/1/49
https://doi.org/10.1007/BF00153560
https://doi.org/10.1007/s11207-021-01778-5
https://doi.org/10.1007/s11207-014-0613-8
http://dx.doi.org/10.1007/s11207-011-9828-0
http://doi.org/10.1088/1674-4527/9/10/008
http://doi.org/10.1134/S001679321707009X
https://doi.org/10.1098/rsta.2018.0094
https://doi.org/10.1029/93JA02867
http://dx.doi.org/10.1086/380430
http://doi.org/10.1086/367614
https://doi.org/10.1007/BF02702527
https://doi.org/10.1007/BF02702527
https://doi.org/10.1017/S1743921309992870
http://doi.org/10.1007/978-3-642-02859-5_24
http://doi.org/10.1088/2041-8205/804/1/L23
https://doi.org/10.12942/lrsp-2007-2
http://doi.org/10.1007/s11207-018-1332-3
http://doi.org/10.1007/s11207-018-1332-3

Eruptive activities on spotless days in SC23 and SC24

Hundhausen, A. J. (1993). Sizes and locations of coronal mass ejections: SMM observations from 1980 and 1984-1989,
]. Geophys. Res.-Space, 98, A8, 13177, doi:10.1029/93JA00157.

Jain, R. (1986). A new approach for predicting proton events, Mon. Not. R. Astron. Soc., 223, 4, 877, doi:10.1093/
mnras/223.4.877.

Jain, R., A. K. Awasthi, A. S. Rajpurohit and M. J. Aschwanden (2011). Energy-Dependent Timing of Thermal Emission
in Solar Flares, Sol. Phys., 270, 137, doi:10.1007/s11207-011-9754-1.

Kahler, S. W. (1992). Solar flares and coronal mass ejections, Annu. Rev. Astron. Astr. 30, 113, doi:10.1146/annurev.
aa.30.090192.000553.

Kakad, B., A. Kakad, D. S. Ramesh and G. S. Lakhina (2019). Diminishing activity of recent solar cycles (22-24) and
their impact on geospacer, J. Space Weather Spac., 9, A1, doi:10.1051/swsc/2018048.

Kay, C., T. Nieves-Chinchilla, S.]. Hofmeister and E. Palmerio (2022). Beyond basic drag in interplanetary CME
modeling: Effects of solar wind pileup and high-speed streams, Space Weather, 20, 9, p.e2022SW003165,
doi:10.1029/2022SW003165.

Kilpua, E. K.]., M. Mierla, A.N. Zhukov, L. Rodriguez et al. (2014). Solar sources of interplanetary coronal mass
ejections during the solar cycle 23/24 minimum, Sol. Phys., 289, 3773-3797, doi:10.1007/s11207-014-0552-4.

Kim, R., ]. Y. Park, ]. H. Baek and B. G. Kim (2017). Different Responses of Solar Wind and Geomagnetism to Solar
Activity during Quiet and Active Periods, AAS/Solar Physics Division Abstracts# 48, 48, 404, Bibliographic
Code: 2017SPD....4840404K.

Kleimenova, N. G., A. Odzimek, S. Michnowski and M. Kubicki (2018). Geomagnetic storms and substorms as space
weather influence on atmospheric electric field variations, Sun and Geosphere, 13, 1, 101, doi:10.31401/
SunGeo.2018.01.14.

Kulsrud, R. M. (1998). Magnetic reconnection in a magnetohydrodynamic plasma, Phys. Plasmas, 5, 5, 1599,
doi:10.1063/1.872827.

Labonville, F., P. Charbonneau and A. Lemerle (2019). A dynamo-based forecast of solar cycle 25, Sol. Phys., 294, 6,
82,d0i:10.1007/s11207-019-1480-0.

Lakhina, G. S. and B. T. Tsurutani (2016). Geomagnetic storms: Historical perspective to modern view, Geosci. Lett.,
3,1,doi:10.1186/s40562-016-0037-4.

Lamy, P. L., O. Floyd, B. Boclet, ]. Wojak et al. (2019). Coronal mass ejections over solar cycles 23 and 24, Space Sci.
Rev., 215, 1-129, doi:10.1007/s11214-019-0605-y.

Lemen, J. R., A. M. Title, D. ]. Akin, P. F. Boerner et al. (2012). The atmospheric imaging assembly (AIA) on the solar
dynamics observatory (SDO), Sol. Phys., 275, 17, doi:10.1007/s11207-011-9776-8.

Liu, J. and H. Zhang (2006). The magnetic field, horizontal motion and helicity in a fast emerging flux region which
eventually forms a delta spot, Sol. Phys., 234, 21, doi:10.1007/s11207-006-2091-0.

Liu, Y. D., H. Hu, C. Wang, J. G. Luhmann et al. (2016) On Sun-to-Earth propagation of coronal mass ejections:
I1. Slow events and comparison with others, Astrophys. J. Suppl. S., 222, 23, doi:10.3847/0067-0049/222/2/23.

Low, B. C. (1996). Solar activity and the corona, Sol. Phys., 167,217, doi:10.1007/BF00146338.

Ma, S., G. D. R. Attrill, L. Golub and J. Lin (2010). Statistical study of coronal mass ejections with and without distinct
low coronal signatures, Astrophys. J., 722, 1, 289, doi:10.1088/0004-637X/722/1/289.

Maltsev, Y. P. and B. V. Rezhenov (2003). Relation of the Dst index to solar wind parameters, Int. J. Geomagn. Aeron,
4,1,1-9.

Michalek, G., N. Gopalswamy and S. Yashiro (2019). On the coronal mass ejection detection rate during solar cycles 23
and 24, Astrophys.J., 880, 1, doi:10.3847/1538-4357/ab26a7.

Mishra, W., N. Srivastava, Y. Wang, Z. Mirtoshev et al. (2019). Mass loss via solar wind and coronal mass ejections
during solar cycles 23 and 24, Mon. Not. R. Astron. Soc., 486, 4, 4671, doi:10.1093/mnras/stz1001.

Mittal, N. and U. Narain (2009). On some properties of coronal mass ejections in solar cycle 23, New Astron, 14, 3,
341, doi:10.1016/j.newast.2008.10.004.

Moore, R. L. and B.]. Labonte (1980). The filament eruption in the 3B flare of July 29, 1973: Onset and magnetic
field configuration, In Symposium-International Astronomical Union, Dryer M, Tandberg-Hanssen E (eds),
Springer, Dordrecht, 91, 207, doi:10.1007/978-94-009-9100-2_32.

Munro, R. H.,]. T. Gosling, E. Hildner, E. MacQueen et al. (1979). The association of coronal mass ejection transients
with other forms of solar activity, Sol. Phys., 61, 201, doi:10.1007/BF00155456.

17


https://doi.org/10.1029/93JA00157
https://doi.org/10.1093/mnras/223.4.877
https://doi.org/10.1093/mnras/223.4.877
http://doi.org/10.1007/s11207-011-9754-1
https://doi.org/10.1146/annurev.aa.30.090192.000553
https://doi.org/10.1146/annurev.aa.30.090192.000553
http://doi.org/10.1051/swsc/2018048
https://doi.org/10.1029/2022SW003165
http://dx.doi.org/10.1007/s11207-014-0552-4
https://ui.adsabs.harvard.edu/link_gateway/2018SunGe..13..101K/doi:10.31401/SunGeo.2018.01.14
https://ui.adsabs.harvard.edu/link_gateway/2018SunGe..13..101K/doi:10.31401/SunGeo.2018.01.14
https://doi.org/10.1063/1.872827
https://doi.org/10.1007/s11207-019-1480-0
http://doi.org/10.1186/s40562-016-0037-4
https://doi.org/10.1007/s11214-019-0605-y
https://ui.adsabs.harvard.edu/link_gateway/2012SoPh..275...17L/doi:10.1007/s11207-011-9776-8
https://doi.org/10.1007/s11207-006-2091-0
http://doi.org/10.3847/0067-0049/222/2/23
https://doi.org/10.1007/BF00146338
http://doi.org/10.1088/0004-637X/722/1/289
http://doi.org/10.3847/1538-4357/ab26a7
https://dx.doi.org/10.1093/mnras/stz1001
https://ui.adsabs.harvard.edu/link_gateway/2009NewA...14..341M/doi:10.1016/j.newast.2008.10.004
https://doi.org/10.1007/978-94-009-9100-2_32
http://doi.org/10.1007/BF00155456

Dipali Burud et al.

Nikolaeva, N. S., Y. I. Yermolaev and I. G. Lodkina (2011). Dependence of geomagnetic activity during magnetic
storms on the solar wind parameters for different types of streams, Geomag. Aeronomy, 51, 49, doi:10.1134/
S0016793211010099.

Nitta, N. V. and T. Mulligan (2017). Earth-affecting coronal mass ejections without obvious low coronal signatures,
Sol. Phys., 292, 1, d0i:10.1007/s11207-017-1147-7.

Parker, E. N. (1979). Cosmical Magnetic Fields: Their Origin and their Activity, International Series of Monographs
on Physics, Oxford University Press, Oxford; New York.

Pesnell, W. D. (2012). Solar cycle predictions (invited review), Sol. Phys., 281, 507, doi:10.1007/s11207-012-9997-5.

Priest, E. R., C. R. Foley, ]. Heyvaerts, T. D. Arber et al. (2000). A method to determine the heating mechanisms of
the solar corona, Astrophys. J., 539, 2, doi:10.1086/309238.

Priest, E. R. and T. G. Forbes (2002). The magnetic nature of solar flares, Astron. Astrophys. Rev., 10, 4, 313-377,
doi:10.1007/s001590100013.

Petrie, G.J. (2015). Solar magnetism in the polar regions, Living Rev. Sol. Phys., 12, 1, doi:10.1007/lrsp-2015-5.

Pevtsov, A. A, L. Bertello, A. G. Tlatov, A. Kilcik et al. (2014). Cyclic and long-term variation of sunspot magnetic
fields, Solar Origins of Space Weather and Space Climate, 157, doi:10.1007/s11207-012-0220-5.

Pulkkinen, T. (2007). Space weather: Terrestrial perspective, Living Rev. Sol. Phys., 4, 1, 1, d0i:10.12942/Irsp-2007-1.

Rausaria, R. R., S. M. Aleem and K. S. Raman (1992). On the triggering of a spotless double-ribbon flare, Sol. Phys.,
142,131, doi:10.1007/BF00156637.

Rust, D. M. and A. Kumar (1994). Helical magnetic fields in filaments, Sol. Phys., 155, 69, doi:10.1007/BF00670732.

Schwenn, R., A. Dal Lago, E. Huttunen and W. D. Gonzalez (2005). The association of coronal mass ejections with
their effects near the Earth. Ann. Geophys.-Germany, 23, 3, 103, doi:10.5194/angeo-23-1033-2005.

Sersen, M. and B. Valni¢ek (1993). Spotless flares and type II radio bursts, Sol. Phys., 145, 339, doi:10.1007/BF00690660.

St. Cyr, O. C. and D. F. Webb (1991). Activity associated with coronal mass ejections at solar minimum: SMM
observations from 1984-1986, Sol. Phys., 136, doi:10.1007/BF00146543.

St. Cyr, O. C,, S. P. Plunkett, D.]. Michels, S. E. Paswaters et al. (2000) Properties of coronal mass ejections: SOHO
LASCO observations from January 1996 to June 1998, ]. Geophys. Res., 105, A8, 18, doi:10.1029/1999]A000381.

Subramanian, P. and K. P. Dere (2001). Source regions of coronal mass ejections, Astrophys. J., 561, 1, 372,
doi:10.1086/323213.

Tsuda, T., M. Shepherd and N. Gopalswamy (2015). Advancing the understanding of the Sun-Earth interaction — the
Climate and Weather of the Sun-Earth System (CAWSES) II program. Progress in Earth and Planetary Science,
2,1-18, doi:10.1186/s40645-015-0059-0.

Vemareddy, P. (2021). Successive injection of opposite magnetic helicity: evidence for active regions without coronal
mass ejections, Mon. Not. R. Astron. Soc., 507, 4, 6037, doi:10.1093/mnras/stab2401.

Vourlidas, A. and D. F. Webb (2018). Streamer-blowout coronal mass ejections: their properties and relation to the
coronal magnetic field structure, Astrophys. J., 861, 2, 103, doi:10.3847/1538-4357/aaca3e.

Vrsnak, B.,D. Sudar and D. Ruzdjak (2005). The CME-flare relationship: Are there really two types of CMEs?, Astron.
Astrophys., 435, 3, 1149, doi:10.1051/0004-6361:20042166.

Wagner, W.]. (1984). Coronal mass ejections, Annu. Rev. Astron. Astr., 22, 267. Bibliographic Code:
1984ARA&A..22..26TW.

Wang, Y. M., E. Robbrecht and N. R. Sheeley (2009). On the weakening of the polar magnetic fields during solar
cycle 23, Astrophys. J., 70, 2, 1372, doi:10.1088/0004-637X/707/2/1372.

Wang, Y., C. Chen, B. Gui, C. Shen et al. (2011). Statistical study of coronal mass ejection source locations:
Understanding CMEs viewed in coronagraphs, J. Geophys. Res.-Space, 116, A4, doi:10.1029/2010JA016101.

Webb, D. F.and T. A. Howard (2012). Coronal mass ejections: Observations, Living Rev. Sol. Phys., 9, 1, 1,d0i:10.12942/
Irsp-2012-3.

Woods, T. N., ]. W. Harder, G. Kopp and M. Snow (2022). Solar-cycle variability results from the solar radiation and
climate experiment (SORCE) mission, Sol. Phys., 297, 4, 43, doi:10.1007/s11207-022-01980-z.

Yashiro, S., N. Gopalswamy, G. Michalek, O. C. St. Cyr et al. (2004). A catalog of white light coronal mass ejections
observed by the SOHO spacecraft, J. Geophys. Res.-Space, 109, A7, doi:10.1029/2003JA010282.

Yashiro, S., S. Akiyama, N. Gopalswamy and R. A. Howard (2006). Different power-law indices in the frequency
distributions of flares with and without coronal mass ejections, Astrophys.J., 650, 2,.L143,doi:10.1086/508876.

18


http://doi.org/10.1134/S0016793211010099
http://doi.org/10.1134/S0016793211010099
https://doi.org/10.1007/s11207-017-1147-7
https://doi.org/10.1007/s11207-012-9997-5
http://doi.org/10.1086/309238
https://ui.adsabs.harvard.edu/link_gateway/2002A&ARv..10..313P/doi:10.1007/s001590100013
https://ui.adsabs.harvard.edu/link_gateway/2015LRSP...12....5P/doi:10.1007/lrsp-2015-5
http://doi.org/10.1007/s11207-012-0220-5
http://doi.org/10.1088/1674-4527/21/9/215
http://doi.org/10.1088/1674-4527/21/9/215
https://doi.org/10.1007/BF00156637
https://doi.org/10.1007/BF00670732
http://doi.org/10.5194/angeo-23-1033-2005
http://doi.org/10.1007/BF00690660
https://doi.org/10.1007/BF00146543
https://doi.org/10.1029/1999JA000381
http://doi.org/10.1086/323213
https://doi.org/10.1186/s40645-015-0059-0
https://doi.org/10.1093/mnras/stab2401
http://doi.org/10.3847/1538-4357/aaca3e
https://ui.adsabs.harvard.edu/link_gateway/2005A&A...435.1149V/doi:10.1051/0004-6361:20042166
https://ui.adsabs.harvard.edu/link_gateway/2009ApJ...707.1372W/doi:10.1088/0004-637X/707/2/1372
https://doi.org/10.1029/2010JA016101
http://doi.org/10.12942/lrsp-2012-3
http://doi.org/10.12942/lrsp-2012-3
https://doi.org/10.1007/s11207-022-01980-z
http://doi.org/10.1029/2003JA010282
http://doi.org/10.1086/508876

Eruptive activities on spotless days in SC23 and SC24

Yermolaev, Y. L., N. S. Nikolaeva, I. G. Lodkina and M. Y. Yermolaev (2010). Specific interplanetary conditions for
CIR-, Sheath-, and ICME-induced geomagnetic storms obtained by double superposed epoch analysis, Ann.
Geophys.-Germany, 28, 12, 2177, doi:10.5194/angeo-28-2177-2010.

Yousef, S. (2003). Cycle 23, the first of weak solar cycles series and the serious implications on some Sun-Earth
connections, In: Proceedings of ISCS, European Space Agency esa. SP-535. ESA SP PUBL, Tatranska Lomnica,
Slovak Republic, 535, 177, Bibliographic Code: 2003ESASP.535..177Y.

Zhang, J., I. G. Richardson, D. F. Webb, N. Gopalswamy et al. (2007). Solar and interplanetary sources of major
geomagnetic storms (Dst < —100 nT) during 1996-2005, J. Geophys. Res.-Space, 112, A10, doi:10.1029/
2007JA012321.

Zhang, M. and N. Flyer (2008). The dependence of the helicity bound of force-free magnetic fields on boundary
conditions, Astrophys. J., 683, 2, 1160, doi:10.1086/589993.

Zhou, G., ]. Wang and Z. Cao (2003). Correlation between halo coronal mass ejections and solar surface activity,
Astron. Astrophys., 397, 3, 1057, doi:10.1051/0004-6361:20021463.

*CORRESPONDING AUTHOR: Dipali BURUD,
Sh. M. M. Patel Institute of Sciences and Research,
Kadi Sarva Vishwavidyalaya, Gandhinagar, India
e-mail: dipali.burud135@gmail.com

© 2025 the Author(s). All rights reserved.

Open Access. This article is licensed under a Creative Commons Attribution 4.0 International

19


https://doi.org/10.5194/angeo-28-2177-2010
http://doi.org/10.1029/2007JA012321
http://doi.org/10.1029/2007JA012321
http://doi.org/10.1086/589993
https://ui.adsabs.harvard.edu/link_gateway/2003A&A...397.1057Z/doi:10.1051/0004-6361:20021463
mailto:dipali.burud135@gmail.com

