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ABSTRACT

It is widely accepted that eruptive phenomena on the Sun are related to the solar magnetic field, which is closely tied to the observed
magnetic concentrations (MCs). Therefore, studying MCs is critical in order to understand the origin and evolution of all forms of
solar activity. In this paper, we investigate the statistics of characteristic physical parameters of MCs during a whole solar cycle by
analyzing magnetograms from 2010 to 2021 observed by the Helioseismic and Magnetic Imager (HMI) on board the Solar Dynamics
Observatory (SDO). We discover that there are differences between large- and small-scale MCs in diffenent phases of the solar cycle.
By analyzing the distributions of the magnetic flux, area, and magnetic energy of MCs, we find that the small-scale MCs obey a
power-law distribution, and that the power indices vary very little with the phases of the solar cycle. However, for the large-scale
MC:s, although they also obey the power-law distribution, the power indices are clearly modulated by the different phases of the solar
cycle. We also investigate the relation between the maximum magnetic field strength (Bp.x) and the area of MCs (S) and find the
same property. The relation for the large-scale MCs is modulated by the phases of the solar cycle, while it is still independent of the
phases of the solar cycle for the small-scale MCs. Our results suggest that small- and large-scale MCs could be generated by different
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physical mechanisms.
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1. Introduction

Solar magnetic fields are closely related to various kinds of solar
activity (Moore et al. 2001; Javaherian et al. 2017). The magnetic
fields originate from the Sun’s global dynamo (Hagenaar et al.
2003; Mackay & Yeates 2012; Charbonneau 2020) and are
transported to the photosphere in the form of flux tubes, for
example via magnetic emergence (Harvey & Martin 1973;
Schrijver etal. 1997; Schrijver & De Rosa 2003; Thornton &
Parnell 2011; Cheung & Isobe 2014). The flux tubes undergo
a random walk (Jiangetal. 2014; Giannattasioetal. 2019;
Giannattasio & Consolini 2021) and evolve into positive- and
negative-polarity magnetic concentrations (MCs; Parnell 2002),
Zwaan (1987), Solanki (1993). Understanding the temporal and
spatial properties of MCs is crucial in order to comprehend the
spatiotemporal variation of the solar magnetic field, which is a
key factor in our understanding of the solar dynamo.

Statistical analysis is a vital tool in the investigation of
MCs and has been extensively used in previous studies (Lin
1995; Schrijveretal. 1997; Hagenaaretal. 1997; Abramenko
& Longcope 2005; Solanki et al. 2006; Canfield & Russell 2007;
Tlatov & Pevtsov 2014; Javaherian et al. 2017), which mainly
focus on the analysis of various parameters associated with
MCs, including their magnetic flux, magnetic field strength, area,

lifetime, and so on (Martin 1988; Lin 1995; Hagenaar et al.
1997; Zhangetal. 1998; Hagenaar 2001; Parnell 2002;
Tlatov & Pevtsov 2014; Muiioz-Jaramillo et al. 2015; Jin & Wang
2015). These parameters may all be used to estimate the fea-
tures of an MC (Sheeley 1966; Harvey & Martin 1973; Spruit
1981; Lin 1995; Hagenaar et al. 1999; Hagenaar 2001; Parnell
2001, 2002; Cameron & Schiissler 2015; Mufioz-Jaramillo et al.
2015). It is revealed that MCs have a wide range of fluxes
and areas (Solanki et al. 2006), ranging from the largest MCs,
called sunspots, which have areas of 2 x 10'° cm? and fluxes of
several 1022 Mx, to the smallest MCs, which are inter-network
magnetic fields, and have areas of just 10'*cm? (Stenflo 1973)
and fluxes of the order 10'¢ Mx (Parnell et al. 2009). MCs vary
significantly across time and space; for example, the well-known
11 year solar cycle indicates that sunspot numbers fluctuate over
11 years (Muller & Roudier 1994; Meunier 2003; Hagenaar et al.
2003; Hathaway 2010, 2015; Mufioz-Jaramilloetal. 2015;
Jin & Wang 2015; Gosi¢ etal. 2016) and the butterfly diagram
of sunspots indicates that sunspots move from mid-latitude to
the equator over 11 years (Maunder 1904). However, in addition
to sunspots that follow an 11 year cycle, there are also some
magnetic structures described in previous works that have no
association with — or a weaker dependence on — the solar cycle
(Hagenaar et al. 2003; Karak & Brandenburg 2016; Rutten 2020;
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Wang et al. 2023). These structures may arise from surface
turbulence dynamo (Cattaneo 1999; Sédnchez Almeida et al.
2003; Pietarila Graham et al. 2010; Cameron & Schiissler 2015;
Borrero et al. 2017; Rutten 2020). Therefore, the mechanism for
generating the solar magnetic field is more complex and may
require the coupling of multiple mechanisms.

It was suggested in the literature that the energy—frequency
distribution of large- and small-scale MCs may be different. For
instance, Meunier (2003) found that the distribution of small-
area MCs follows a power law, while the distribution of large-
area MCs deviates from this power law significantly. Similarly,
Javaherian et al. (2017) found that the frequency of MC areas is
best described by a broken double log—log linear function. How-
ever, Parnell et al. (2009) suggested that all MCs, regardless of
their flux scale, follow a power-law distribution with an expo-
nent of —1.85 based on observations from both the Michelson
Doppler Imager (MDI, Scherrer et al. 1995) and the Solar Opti-
cal Telescope (SOT, Culhane et al. 2007). These discrepancies
raise the significant question of whether small-scale and large-
scale MCs are modulated by the same or different physical
mechanisms.

Due to limitations in instrument observation duration and
spatial resolution, previous statistical studies have rarely inves-
tigated MCs over a complete solar cycle with high-resolution
data. Investigating MCs at the solar-cycle scale should help us
to better understand their behavior and the underlying phys-
ical mechanisms leading to their production. Since 2010, the
Solar Dynamics Observatory (SDO)/Helioseismic and Magnetic
Imager (HMI, Schou et al. 2012) has been in operation, and has
accrued over 11 years of data, allowing the investigation of MCs
in a complete solar cycle with high spatial resolution and high
signal-to-noise ratio (S/N). In this study, we used high-spatial-
resolution magnetograms obtained by SDO/HMI from 2010 to
2021 to investigate the parametric characteristics of MCs, espe-
cially the variation of the distributions of the physical parameters
of MC:s in different phases of the solar cycle.

The rest of this paper is arranged as follows. The data and
methods used in this study are described in Sect. 2. In Sect. 3,
we investigate the properties of MCs, analyze their variation with
respect to the solar cycle, and explore the relationship between
the area of MCs and the magnetic field strength within them. Our
findings are summarized and discussed in Sect. 4.

2. Data sets and data processing
2.1. Data sets

SDO/HMI (Scherrer et al. 2012) observations use the
Fe16173 A spectral line to provide maps of the line-of-sight
component of the magnetic field averaged over the resolution
element (0.6 arcsec, Schou et al. 2012). We use photospheric
magnetic field strength data observed by SDO/HMI from
2010 to 2021, which cover a complete 11 year solar cycle. The
magnetogram has a pixel area of 0.6 x 0.6 arcsec?. To encompass
an entire solar cycle while taking into consideration data volume
and processing time, we chose June 1-15 and December 1-15
each year to represent the data for that year. We note that,
the b-angle during the time periods we select is quite small
(Zhao et al. 2012), but that this parameter has very little impact
on our dataset, and the primary error in our data comes from the

projection effects, which is fixed by the procedure introduced in
Sect. 2.2.
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Fig. 1. Magnetic field strength per pixel distribution (black step-line By,)
and Gaussian fitting line (gray line B, ). The blue line shows the relative

B"l;ng . The blue dashed line shows the

threshold of 20 Mx cm™2 and the corresponding relative deviation ~0.3.

deviation, which is defined as

Observations near the solar limb tend to be influenced by
the spectropolarimetric sensitivity effect. To avoid the impact
of this effect and to ensure data credibility, Meunier (2003)
chose to consider MCs within a latitude range of 53°. Simi-
larly, Hagenaar et al. (2003) and Parnell et al. (2009) adopted
a latitude range of 60° for MC selection. Following the results
of these authors and considering that sunspots are mainly dis-
tributed within latitudes from —50° to 50° (Hathaway 2015), we
chose a latitude range of —50° to ~50°. Meanwhile, a longitude
range of 20° should be sufficient to completely cover an active
region (Tang et al. 1984), and so we chose the longitude range
of —10° to ~10° as the region of interest (ROI), and we focus
on the MCs within this region in the present paper. Furthermore,
according to the solar rotation speed (Howard 1984), the ROI
turns at least 20 deg every 36 h, and so we chose a 36 h interval
so as to avoid counting MCs twice.

2.2. Method

Starting from the selected data, we use the Clumping method
(Parnell 2002; Hagenaar et al. 2003; DeForest et al. 2007) to
identify MCs automatically. To determine the threshold of the
magnetic field noise that is needed in the Clumping method, we
use all the pixels of the selected magnetograms and plot the dis-
tribution of magnetic field strength per pixel, which is shown as
the black line (Bp) in Fig. 1. We assume that the data can be
divided into Guassian noise (Parnell 2002; Mursula et al. 2021)
and real data, and so we fit the distribution with a Guassian func-
tion (gray line B,) to determine the noise level. The blue line in

Fig. 1 shows the relative deviation defined as ‘B'JB;:%‘. The mag-

nitude of deviation rises with increasing magnetic field strength.
Here we set the threshold as 20 Mx cm~2 and the corresponding
relative deviation reaches 30%, meaning that the noise is suffi-
ciently separated from the data, as shown by the blue dashed line
in Fig. 1.

With the estimated threshold, we assigned the pixels of
MCs that have absolute values of less than 20 Mx cm™ a value
of 0. We then used the IDL function erode with a kernel
of 3 x 3pixels — as suggested by Haralick et al. (1987) and
Hagenaar et al. (2003) — to remove very small clusters and iso-
lated pixels. The results of noise removal and the erode process
are shown in Figs. 2a,b. Finally, we identifed the remaining clus-
ters as MCs. After identification, we kept those MCs located
within the ROI. For the MCs that fall on the boundary of
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Fig. 2. Demonstration of the procedure used to identify MCs. The mag-
netogram is a cut-out from the magnetogram of Fig. 3a. The same region
is marked by the red lines as in Fig. 3. From panel a to panel b we show
the processes of noise removal and the erode method in the clumping
method. Panel ¢ shows the identified MCs from panel b. All MCs have
been colored (positive MCs: warm tones; negative MCs: cold tones).

the ROI, following DeForest et al. (2007), we calculated their
flux-weighted center ((®dx),(®dy)) and discarded those whose
centers are located outside of the ROI. The identification pro-
cess and result are shown in Fig. 2¢. The region outlined in red
is the same as that shown in Fig. 3a. Using the method, we
obtained 199 810 MCs after processing the data from 2010 to
2021. Table 1 provides details of the data.

Additionally, as suggested by Hagenaar et al. (2003), the
observed line-of-sight component flux density ¢(8, 1) is the pro-
jection of the intrinsic flux density, ¢, . Here, ¢, should be per-
pendicular to the solar surface, meaning that

0,1
b, = ¢, 1)

" cos(@)cos(A)’ M

where the angles 6 and A are the latitude and longitude for each
point (x,y) on the disk. The above equation was employed to
correct the observed flux density to the intrinsic flux density.

Similarly, we applied the same treatment (S L= %) to the
areas corresponding to pixels in the magnetograms to obtain the

area of the solar surface.

3. Results
3.1. Distribution of parameters

Using the obtained MC data sets, we performed a statistical
study of the distribution characteristics of the physical param-
eters of the MCs, including three parameters: the total magnetic
flux (®), area (S), and energy (E =3, Zl;—ZOAS ) First, we divided
the detected MCs into two groups based on their polarities. The
distributions of @ for positive and negative MCs are illustrated
by red and blue step lines in Fig. 4al, respectively. Here, the dis-
tribution frequency is normalized by the maximum frequency.
The distribution curves of positive and negative MCs appear
almost identical, and we carried out a Kolmogorov—Smirnov
two-sample test in order to verify that the two distributions
curves are identical; the significance level exceeds 0.99, and
therefore we suggest the two distribution curves are similar. The
distributions of § and E for positive and negative MCs are shown
in panels bl and cl. Similarly, the Kolmogorov—Smirnov test
significance level of the distributions curves of these parameters
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Fig. 3. Magnetograms and averaged sunspot number. Panel a: photo-
spheric solar disk magnetic field observation by HMI on 2 December
2014 12:00:00. The color represents the strength of magnetic field. The
region marked by the red lines shows —50° to ~50° in latitude and —10°
to ~10° in longitude. Panel b: day-averaged sunspot numbers in each
year during the time of data sets. The colors represent the phases: Yel-
low for ascending phase, deep red for maximum phase, blue for declin-
ing phase, and dark blue for minimum phase.

for positive and negative MCs are greater than 0.99. This indi-
cates that the distributions of the studied characteristic param-
eters for the positive and negative MCs are similar. Therefore,
positive and negative MCs are combined in the following analy-
sis rather than separated.

The fluctuations in solar activity over the course of the com-
plete solar cycle could be measured in terms of the day-averaged
sunspot numbers, which are shown in Fig. 3b and are represented
by a solid circle. The day-averaged sunspot numbers in each
year were calculated with the observed sunspot numbers over the
entire solar disk in June 1-15 and December 1-15 of each year.
To further study the variation of MCs with the solar cycle, we
divided the MCs into four parts based on the solar-cycle phase
and day-averaged sunspots numbers with respect to our data sets:
2010-2011 and 2021 (ascending phase), 2012-2014 (maximum
phase), 2015-2017 (declining phase), and 2018-2020 (minimum
phase). The different phases are labeled with different colors in
Fig. 3b: yellow for ascending phase, deep red for maximum
phase, blue for declining phase, and dark blue for minimum
phase. The corresponding day-averaged sunspot numbers during
the four phases are 48.1, 98.3, 35.6, and 8.6, respectively, which
were the average number of sunspots with the same color in
Fig. 3b. The numbers of the recognized MCs in these four phases
are listed in Table 1. The distributions of magnetic flux @, area S,
and energy E for the different phases are depicted in Figs. 4a2—
c2, where the ascending, maximum, declining, and minimum
phases are represented by yellow, deep red, blue, and dark blue
colors, respectively. As shown in Fig. 4a2, the distribution of ®
can be roughly divided into two sections. The distribution of ®
for the different solar-cycle phases is nearly identical for MCs
with small @, indicating that the distributions of the parameters
of the MCs with small @ should vary very little during the solar
cycle. Indeed, the results of a Kolmogorov—Smirnov two-sample
test show that the four distribution curves of the parameters of
the MCs are identical: the minimum significance level exceeds
0.98 in each case. However, when @ is large, there are significant
differences in the distributions of @ for MCs in different solar-
cycle phases: curves become steeper from maximum phase (deep
red), to ascending phase (yellow), to declining phase (blue), and
then to minimum phase (dark blue). The Kolmogorov—Smirnov
test significance level of the four distribution curves gives a min-
imum value of less than 0.2, confirming that the distributions
of the parameters of the MCs with large @ are different. The
critical values that divided the distribution curves into two sec-
tions is approximately ®. = 5.5 x 10'8 Mx, as shown by the
red dashed line in Fig. 4a2. We call this kind of distribution a
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Table 1. Number of MCs during the different phases of the solar cycle.

Phase Ascending Maximum Declining Minimum
Year 2010~2011 and 2021 2012~2014 2015~2017 2018~2020
Phase-averaged sunspot numbers 48.1 98.3 35.6 8.6
Date June 1-15 and December 1-15

Cadence (h) 36

Latitude -50° ~ 50°

Longitude -10° ~ 10°

Number of magnetic elements 47937 51319 47393 43546
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Fig. 4. Histogram of the physical parameters of the MCs in our data set. The parameters from left to right are magnetic flux (®), area (S), and
magnetic energy (E). Top (al, bl, c1): red line represents the distributions of positive MCs and blue line represents distributions of negative MCs.
Bottom (a2, b2, c2): distributions of parameters corresponding to different phases in the solar cycle. The curves corresponding to different phases
are signed with different colors. For the ascending, maximum, declining, and minimum phases, the corresponding colors are yellow, deep red,
blue, and dark blue. The gray dashed line shows the power-law fitting of the distributions of the parameters of the MCs with small parameters.
Dashed colored lines show power-law fits to the distributions of the parameters of the MCs with large parameters in different phases. The power
index for each phase is given in the legend. The red dashed line indicates the broken point.

“two-segment” power-law distribution. To quantitatively study
the differences between the distributions of the physical
parameters of MCs with small and large ®, we performed a
power-law fit of the distribution curves of small and large @,
considering that the distribution of the physical parameters of
MCs was frequently described as a power-law distribution in
earlier investigations (Das & Das Gupta 1982; Tang et al. 1984;
Hagenaar 2001; Parnell 2002; Meunier 2003; Hagenaar et al.
2003; Parnell et al. 2009, 2014; Thornton & Parnell 2011; Ilida
2012; Javaherian et al. 2017). For small ® MCs, we fit their dis-
tribution curves for different phases separately, and the power
indices for the maximum phase, ascending phase, declining
phase, and minimum phase are —1.58, —1.64, —1.63, and —1.71,
respectively. Similarly, we estimate the power-law indices for S
and E, and the relationship between the indices and the average
sunspot numbers are plotted in Fig. 5a, where the solid trian-
gle denotes @, the solid diamond denotes S, and the solid cir-
cle denotes E. The figure shows that there might be almost no
relationship between the power indices of the physical parame-
ters of the small-scale MCs and the sunspot numbers. This sug-
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gests that the physical parameters of small-scale MCs could be
largely independent of the solar cycle. This result is consistent
with the recent findings of Wang et al. (2023), who show that
active regions with weaker flux have a weaker cycle dependence.
Furthermore, as the distributions of small-scale MCs for differ-
ent phases are close to each other, we also try to fit them together
and obtain a power index of —1.64, as shown by the gray dashed
line in Fig. 4a2.

For MCs with large @, we fit the distribution curves for each
of the physical parameters for the different phases separately, and
the fitting results are shown in Fig. 4 by the dashed lines colored
according to solar-cycle phase. The power indices for the max-
imum phase, ascending phase, declining phase, and minimum
phase are —1.92, —1.99, —2.07, and —2.27, respectively. We plot
the obtained power indices for the four phases as a function of
the average sunspot number during the corresponding phases,
and the error bars represent the 1o fitting error, which is shown
in Fig. 4. The graph shows a clear positive correlation between
power index and sunspot number, with a Pearson correlation
coeflicient of around 0.91. This suggests that the solar cycle has
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physical parameters of MCs. Panel a: power indices of the physical
parameters of small-scale MCs. Panel b: power indices of the physi-
cal parameters of large-scale MCs; the power indices are the same as
those in Fig. 4.

a significant influence on the distributions of the physical param-
eters of MCs with large @. Our analysis of S and E yields similar
results: the distributions of MCs with small S and small E vary
very little with solar-cycle phase, while the distributions of MCs
with large S and large E exhibit significant differences between
different solar-cycle phases. The critical values of S and E are:
S¢ = 5.5ppm (millionths of a solar disk) and E. = 3 X 1047,
Similarly, we estimate the power-law indices for S and E, as dis-
played in Figs. 4b2 and c2, and the relationship between index
and average sunspot number is plotted in Fig. 5b, where the solid
diamond denotes S and the solid circle denotes E. The correla-
tion coefficients between the power-law indices and the sunspot
numbers are separately calculated, and the results for S and E
are 0.91 and 0.9, respectively, indicating that the solar cycle also
greatly modulates the MCs with large S and large E.

The different varying trends of the distributions of the phys-
ical parameters of the large- and small-scale MCs with the solar
cycle are consistent with the explanation that these two groups
of MCs are generated by different mechanisms.

3.2. Relationships between parameters

The magnetic field distribution within an MC is often considered
as a two-dimensional Gaussian distribution (Meyer et al. 2011;
Meyer & Mackay 2016), which is controlled by two parameters:
the maximum magnetic field strength By.x = MAX{B} and the
area S of the ME. This implies that the relationship between
these two characteristics is also critical for comprehending the
ME. The distributions of the number density of MCs in the phase
space of Bnax and S are shown in Figs. 6al—a4, which depict
the number densities of MCs in ascending, maximum, declin-
ing, and minimum phases, respectively. The number density of
the contours increases from the outside to the interior. To quan-
tify the association between By,,x and S, we split the MCs into
20 groups based on the value of S, with each group containing
the same number of MCs, and then compute the median By, for
each group and highlight it with an asterisk in Figs. 6al—a4. The
relationship between the median of Bp,,x and S can be fitted by
a square-root function:

Bnn(S) = ax VS +5, )
where @ and g are the fitting coefficients. Clearly, larger « rep-
resents a steeper curve, meaning that the Bp,x of an MC is more
likely to be larger. The black solid line in Fig. 6 represents the fit-
ted curve. We examine the fitted coefficient @ versus the sunspot

numbers for different phases, as plotted by the cross symbols
in Fig. 6a5, and blue circles denote the corresponding sunspot
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numbers. A strong correlation is clearly seen between sunspot
number and a@. As a result, the connection between By, and S
of MCs correlates to the solar cycle and the fitting coefficient &
may be used as a proxy for solar activity.

As concluded in Sect. 3.1, small-scale MCs are not mod-
ulated by the solar cycle. Here, we further examine the cor-
relation between B, and S for small-scale MCs at various
solar cycle phases. We filter out the MCs with @ smaller than
®, = 5.5 10'® Mx and perform a similar analysis on them. The
result are shown in panels b1-b4 of Fig. 6. Similarly, we divide
these MCs into ten groups according to the values of S, with the
same number of MCs in each group, and we obtain the median
Biax for each group. We fitted the meridian B, using Eq. (2),
and the fitting coefficients « are plotted in panel b5 along with
the sunspot numbers at different solar-cycle phases. The figure
shows that the relationship between Bp,x and S of MCs with
small @ scarcely varies with solar-cycle phase. These results fur-
ther confirm that small-scale MCs are independent of the solar
cycle.

4. Conclusion and discussion

We analyzed the magnetic field data over a 12 year period from
2010 to 2021, and extracted MCs using an automatic identifi-
cation method. We used these data to study the evolutionary
characteristics of the physical parameters of MCs with respect

A87, page 5 of 9



Song, A., et al.: A&A, 682, A87 (2024)

to the solar cycle. Our main results can be summarized as fol-
lows:

1. The distributions of the magnetic flux @, area S, and mag-
netic energy E for positive- and negative-polarity MCs are
very similar.

2. MCs with different parameters can be divided into two
groups based on their parameter values. During the solar
cycle, these two groups display differing evolutionary traits.
Both groups follow power-law distributions, but the power
index for small-scale MCs is almost constant over the differ-
ent phases of the solar cycle, while it varies considerably for
large-scale MCs. The corresponding sunspot numbers and
the power-law indices of the larger-scale MCs throughout
various solar-cycle phases are strongly correlated. The crit-
ical values that distinguish the two groups: magnetic flux
O, = 5.5x10' Mx, area S . = 5.5 ppm, and magnetic energy
E.=3x10"1J.

3. The maximum magnetic field strength (Bp,x) of MCs is cor-
related with their area (§), and the dependence of Bp,x on S
changes with the solar-cycle phase.

These results show that the solar cycle has little bearing on
the distributions of the physical parameters of small-scale MCs,
meaning that small-scale MCs are likely generated by physical
mechanisms unrelated to the solar cycle. On the other hand, the
distributions of the physical parameters of large-scale MCs are
greatly influenced by the solar cycle, which raises the possibil-
ity that large-scale MCs are generated by physical mechanisms
related to the solar cycle.

In previous analyses of MCs parameters, most studies ana-
lyzed all scales of MCs together. Our results imply that the prop-
erties of small-scale and large-scale MCs with respect to the
solar cycle differ significantly, and as a result, should be studied
individually. This result suggests that a two-segment power-law
may be more appropriate for investigating the frequency distri-
butions of the physical parameters of MCs. According to our
findings, the critical values of @, S, and E, are all significantly
lower than the typical scale of active regions and reach the scales
of the network magnetic field. This suggests that in our MC data
set, in addition to sunspots and active regions, some magnetic
features on the quiet Sun, such as network magnetic field, are
also modulated by the solar cycle. As introduced in Sect. 1,
the magnetic field generated by the global dynamo exhibits an
11 year cycle, while the magnetic field produced by surface tur-
bulent dynamo should hardly be related to the solar cycle. We
therefore propose that small-scale MCs, which show almost no
variation with the solar cycle, may originate from the surface
turbulent dynamo, while the large-scale MCs strongly correlated
with the solar cycle may be generated by the global dynamo.

As introduced in Sect. 2.2, the Clumping method involves
the use of a threshold, and it seems that the threshold may
have some influence on the statistical results of MCs. Many
previous studies questioned the effect of this threshold value
on the results of the Clumping method. For example, Meunier
(2003) discussed the impact of the threshold on MC identifica-
tion and found that the conclusions remained consistent regard-
less of whether the threshold was set at 25 G or 40 G. To assess
the impact of threshold values on our results, we adjusted the
thresholds and repeated the analyses of this paper; the results are
presented in Appendix A. Although, the threshold used in the
Clumping method could result in a reduced number of identi-
fied small-scale MCs (Parnell et al. 2009) and different thresh-
old values could lead to variations in the identification number
of small-scale MCs, we find that the statistical results remain
similar, which is consistent with Meunier (2003). This suggests
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that the selection of threshold values has little influence on the
conclusions of our study.

We note in Fig. 6 that the By, of the MCs saturates at large
values of §, and we posit that this saturation may be caused by
the filling factor of the magnetic field. Parnell et al. (2009) pro-
posed that small MCs have narrower magnetic flux tubes than
large MCs. Therefore, the observed magnetic flux density is
smaller than the actual magnetic field strength inside the flux
tube at small sizes because the filling factor is less than 1. As
the scale grows, the filling factor also grows. When the scale of
ME reaches the size of a sunspot, the filling factor approaches
1, resulting in an observed magnetic flux density equivalent to
the actual magnetic field intensity within the flux tube, which
is ~1000G. This phenomenon explains the finding that By,
rapidly grows when S is small, and saturates at ~1000 G when S
is big. Also, in addition to the saturation of By, at high values
of S, we observe a lower cutoff of B,,x, which means there are
no MCs with large S but small By,,x. The mechanism behind this
phenomena is unknown. Further research will be needed to fully
understand the physical causes. In future work, we plan to use
data observed by satellites, such as the Space-based Solar Obser-
vatory (ASO-S, Gan et al. 2019), to further investigate MCs.
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Appendix A: Effect of the threshold used in the
Clumping method

We adjusted the threshold value to 15G or 25G in order to mon-
itor the effects of changes to this threshold in our analysis. First,
the distributions of the MC parameters are plotted in Figure A.1.
Panels (d), (e), and (f) represent Figure 4 (a2, b2, c2) in the
paper, in which the threshold was set at 20G; panels (a), (b),
and (c) depict the results when the threshold is adjusted to 15G;
while the panels (g), (h), and (i) show the results with a threshold
of 25G. We find that the parameter distributions obtained with
different threshold values are similar: all of them could be fit-
ted using the two-segment power-law function mentioned in the
Section 3.1; the distributions of large-scale MCs always exhibit
an obvious variation with the solar cycle, while the distribution
of small-scale MCs remains almost unchanged with respect to
the solar cycle.

Second, the relationship between sunspot numbers and the
power index of MC physical parameters is plotted in Figure A.2.

Panel (b) shows the original Figure 5 (b) in the Section 4, while
panels (a) and (c) depict the results obtained by modifying the
threshold to 15G and 25G, respectively. With different thresh-
old values, the power indices of large-scale MCs still exhibit a
clear correlation with sunspot number, and the change in trend
remains similar.

Third, the coefficients corresponding to different threshold
values are illustrated in Figure A.3. Panels (c) and (d)show the
original Figure 6 (a5, b5), while panels (a) and (b) and panel (e)
and (f) depict the results obtained by modifying the threshold to
15G and 25G, respectively. Similarly, for the cases with different
threshold, the coefficients for all the MCs (left three panels) still
exhibit a strong correlation with solar cycle, whereas those for
the small-scale MCs (right three panels) are barely affected by
the solar cycle.

Therefore, as demonstrated above, the major conclusions in
our paper are not influenced by the value of the threshold used
in the Clumping method.
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Fig. A.1. Distributions of parameters corresponding to different phases in the solar cycle. (a, b, ¢): The threshold value T = 25G. (d, e, f), (g, h, i):

Same as (a, b, ¢), but for T = 20G and 15G, respectively.
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