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Abstract This study aims at investigating surface magnetic flux participation among different types of
magnetic features during solar cycle 24. State-of-the-art observations from SDO/HMI and Hinode/SOT are
combined to form a unique database in the interval from April 2010 to October 2015. Unlike previous
studies, the statistics presented in this paper are feature-detection-based. More than 20 million magnetic
features with relatively large scale, such as sunspot/pore, enhanced and quiet networks, are automatically
detected and categorized from HMI observations, and the internetwork features are identified from SOT/SP
observations. The total flux from these magnetic features reaches 5.9 x 1022 Mx during solar minimum and
2.4 x 10?3 Mx in solar maximum. Flux occupation from the sunspot/pore region is 29% in solar maximum.
Enhanced and quiet networks contribute 18% and 21% flux during the solar minimum, and 50% and 9%
flux in the solar maximum respectively. The internetwork field contributes over 55% of flux in the solar
minimum, and its flux contribution exceeds that of sunspot/pore features in the solar maximum. During the
solar active condition, the sunspot field increases its area but keeps constant flux density of about 150 G,
while the enhanced network follows the sunspot number variation showing increasing flux density and area,
but the quiet network displays decreasing area and somewhat increasing flux density of about 6%. The origin
of the quiet network is not known exactly, but is suggestive of representing the interplay between mean-field
and local dynamos. The source, magnitude and possible importance of ‘hidden flux’ are discussed in some

detail.
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1 INTRODUCTION

The term of solar cycle refers to a quasi-periodic variation
with a period of about 11 years, visible in many aspects
of the Sun’s observables. The easiest and earliest defini-
tion of solar cycle refers to the sunspot number changes.
Sunspots are a manifestation of the Sun’s strong magnetic
field. It is currently believed that the Sun operates an in-
ternal dynamo to generate, sustain and organize magnetic
fields. The mean-field dynamo model (Moffatt 1978; Van
Kampen 1976) is commonly accepted to interpret the ori-
gin and evolution of the solar general magnetic field, i.e.,
the magnetic field in the active belts and poles. However,
the detailed flux emergence and evolution in solar active re-
gions, and the rich observations of flux appearance and dis-
appearance in the form of network and internetwork fields,
are beyond the scope of the mean-field dynamo.

Solar magnetic fields are structured and organized in a
hierarchy of spatial scales from hundreds of arcsec (i.e.,
sunspot magnetic field) to tens of arcsec (i.e., network
field) and a few arcsec and even sub-arcsec (i.e., inter-
network field and ‘hidden’ component). These magnetic
structures account for the Sun’s total magnetic flux. Zhang
et al. (2010) analyzed the active region in solar cycle 23,
and found that the maximum flux of an individual active
region would reach 1.97 x 1023 Mx. During solar max-
imum, the active regions contribute about 8 x 10?3 Mx
to the Sun (Schrijver & Harvey 1994). Similar to emerg-
ing flux regions (Zirin 1972) in sunspot groups, small-
scale emerging bipoles named ephemeral regions were de-
scribed by Harvey & Martin (1973). Furthermore, the flux
emergence rate of ephemeral region turns out to be about
7.2 x 10?2 Mx per day, and the ephemeral region and debris
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of decaying active region explain the flux of the network
(Schrijver et al. 1997). However, Gosi¢ et al. (2014) found
that the observed rate of internetwork flux transferring to
the network was 1.5x 1024 Mx per day over the entire solar
surface, and 40% of the total internetwork flux eventually
ended up in the network. The total flux that is emerging
in internetwork elements exceeds that in the ephemeral re-
gion by two orders of magnitude and that in sunspot by
four orders of magnitude (Zirin 1987). Wang et al. (1995)
reported that internetwork magnetic elements contributed
a total flux of 1022 Mx on the Sun, and more than 20%
of the total flux in the quiet region was in the form of in-
ternetwork elements at any given time based on the Big
Bear deep magnetogram. Lites (2002) indicated that inter-
network flux contribution was larger than the 20% lower
limit identified by Wang et al. (1995). Meunier et al. (1998)
found that approximately 2/3 of the flux was in weak-field
form in the quiet Sun. Based on the improved instrument of
Solar Optical Telescope /Filtergraph (SOT/FG), Zhou et al.
(2013) further analyzed the internetwork flux contribution,
and concluded that a total of 3.8 x 102° Mx flux on the
quiet Sun would appear in a day and disappear in the form
of internetwork elements, and 52% of the total flux in the
quiet Sun came from the internetwork field.

Some fundamental questions are presented in solar
magnetism such as how much each magnetic component
contributes to the total solar magnetic flux at any given
time in a solar cycle, and how much the flux occupation of
each component is, and whether or not the flux occupation
changes in a sunspot cycle. Further, how much area is still
undetectable in the state-of-the-art polarization measure-
ments? In this study, we aim to get a quantitative idea about
the participation of each component in solar magnetism
and its changes in a solar cycle, and give further hints
and constraints on understanding the origin of the solar
magnetic field. The full-disc magnetic observations from
Helioseismic and Magnetic Imager (HMI: Scherrer et al.
2012; Schou et al. 2012) and the highly accurate polarimet-
ric observations from SOT/Spectro-Polarimeter (SOT/SP:
Tsuneta et al. 2008; Suematsu et al. 2008; Ichimoto et al.
2008; Shimizu et al. 2008) provide a chance for us to work
on this study. This paper is organized as follows. Section 2
is devoted to the data observations and analysis. We present
the observed categories in solar surface magnetism of HMI
observations in Section 3. In Section 4 we analyze flux par-
ticipation and occupation. In Section 5 we discuss the hid-
den magnetic flux and in Section 6 we give concluding re-
marks and discussion.
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2 DATA OBSERVATIONS AND ANALYSIS
2.1 HMI Observations

The HMI instrument is filtergraph-based with full-disk
coverage of 4096x4096 pixels. Its spatial resolution is
1 arcsec with a 0.5 arcsec pixel size (Schou et al. 2012).
The spectral line Fel 6173 A in the photosphere is adopted
to obtain the line-of-sight magnetic field. Such a full-disk
magnetogram is acquired with a cadence of 45 seconds.
Since April 2010, HMI has provided round-the-clock full-
disk magnetic measurements.

The magnetogram observations in an interval from
April 2010 to October 2015 are taken in this study, and
2010 sets of magnetograms are used. Considering the limb-
weakening of line-of-sight field (e.g., Jin & Wang 2011),
in this study we assume that the magnetic field (Bj,) is ra-
dial, and the observed line-of-sight field (B)qs) is a projec-
tion of Bj, in the line-of-sight direction (Hagenaar 2001;
Jin et al. 2011). In this study, the magnetic field refers to
the flux density per pixel. There is some unreasonable as-
pect of the radial assumption, especially for the weak field.
However, the method indeed removes the limb-weakening
of line-of-sight field in some sense. We correct the full-disk
magnetic field by Bj,=Bios/cos(a), where « is defined by
sin(a) = /(22 +y?)/R, x and y are the pixel position
referring to disk center, and R is the radius of the Sun.
According to the magnetic correction 1/cos(«), the mag-
netic noise level would increase with positions far away
from solar disk center, so we consider only these pixels for
which a@ < 60°. The magnetic field of these pixels with
« > 60° is set to zero and not considered. In addition, the
foreshortening effect of the pixel area is also corrected.

In order to improve the signal-to-noise ratio (S/N),
we average the magnetic observations of seven continuous
magnetograms in an interval of five minutes to create a 5-
min average magnetogram. Then, for these 5-min average
magnetograms, following the method of estimating noise
level (Hagenaar 2001; Liu et al. 2004; Jin et al. 2011) we
analyze the histogram of full-disk magnetic field, and as-
sume that the magnetic field has a Gaussian distribution.
Finally, we fit the distribution of the low-field pixels from
the magnetograms by using a Gaussian function, and de-
fine the half-width of the Gaussian function as 1o. The
black dashed line in the top panel of Figure 1 indicates
the distribution of magnetic field for 5-min average magne-
tograms, and red dotted line shows the Gaussian function
fitting of the magnetic distribution. The half-width of the
Gaussian function is 2.6 G. Here, o = 3 G is adopted in this
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Fig.1 Distribution function of magnetic field in the 5-min HMI magnetogram and SP observation. The red dotted curve shows a
Gaussian fit to the core of the distribution function. The black dotted lines indicate the full-width 2o

study. Regarding the long-term stability of the HMI data,
we analyze the change of the half-width of the correspond-
ing Gaussian distribution for the entire interval. The result
is given in Figure 2, showing that the 1o value remains
nearly unchanged, which can be set as 2.7 G throughout.

2.2 SOT/SP Observations

SOT/SP is a spectrograph-based instrument that records
Stokes line profiles of two magnetically sensitive Fell lines
at 6301.5 A and 6302.5 A and the nearby continuum. The
SOT/SP mainly adopts four modes of operation with dif-
ferent polarimetric S/N and pixel size, i.e., Dynamics, Fast
Map, Normal Map and Deep Magnetogram. In this study,
we choose the Normal Map mode observation with large
field-of-view. Table 1 shows the used database. The obser-
vation mode produces polarimetric accuracy of 0.1% with
0.15” x 0.16” pixel size (Tsuneta et al. 2008). It takes
about 150 minutes to scan a 260 arcsec-wide area. In or-
der to extract as many weak magnetic signals as possi-
ble, the wavelength-integrated method is adopted to obtain
the magnetic field as described by Lites et al. (2008). The
wavelength-integrated Stokes V' is defined as

)| SRV + | [ V(A

&)
L[5 dX

‘/tot - Sign(vbluc

where sign(Viue) means the sign of the blue peak of the
Stokes V' profile, A\ represents the wavelength of Stokes 1/
zero-cross, and A, and )\, signify the limits of integration
for the spectral line.

We select some magnetic structures simultaneously
observed by SOT/SP and HMI, and then consistently cal-
ibrate the magnetic field of HMI and SP magnetograms.
The result is displayed in the left panel of Figure 3, and
the red solid line indicates the linear fit between two mea-
surements. It can be found that the magnetic flux density
derived from SP data is greater than that inferred from HMI
data by a factor of 1.18. In this study, the magnetic field in
SP magnetograms is divided by a factor 1.18 to match that
of the HMI observations.

We also adopt the Gaussian distribution method to es-
timate the 1o of SOT/SP magnetic observation, which is
shown in the bottom panel of Figure 1. The half-width of
the Gaussian function is 2.8 G. In this study, o0 = 3G is
adopted.

2.3 Comparison between HMI Magnetograms and
SOT/SP Measurements

The spatial resolution and polarization sensitivity of the
magnetograph set the detectability limit in magnetic obser-
vations. Therefore, different systems are detecting some-
what different magnetic components. A comparison of ob-
servations between two instruments is necessary in order
to clarify which magnetic components are being observed.
There is no doubt that the ubiquitous internetwork fields
can be detected based on the SOT/SP observations (Lites
et al. 2008). In order to understand very well which com-
ponents are being observed by HMI measurement, here we
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Fig.2 Time profile of the half-width of Gaussian fitting for distribution function of weak field observed daily with HMI from April

2010 to October 2015.
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Fig.3 Left panel: the magnetic calibration between HMI and SP magnetograms. Right panel: the flux distribution comparison for
magnetic structures identified in HMI and SP observations.
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Fig.4 The comparison of HMI and SP magnetograms. The HMI magnetogram is reconstructed in the interval where the SP magne-
togram is scanned. The regions contoured by green and red lines mean the magnetic structures identified by the HMI observations.
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make the comparison of magnetograms taken by HMI and
SP.

We align the SP and HMI magnetograms in both spa-
tial and temporal domains. Firstly, we choose and down-
load all HMI magnetic observations in the interval of the
scanning SP magnetogram, and then average these HMI
observations in a 5-min interval. Secondly, we extract the
HMI observations with the same region as the SP observa-
tion, and then construct a slit-scanning map from the time
series of HMI magnetograms. Figure 4 shows the aligned
SP and constructed HMI magnetograms. The green and red
contour lines represent the magnetic structures identified
by HMI observation. From the figure, we find that in the
apparent unknown region of HMI, the internetwork field
is clearly exhibited by the SP observation, as described
by Lites et al. (2008). It suggests that the HMI observa-
tion does not have the capability to detect the internetwork
field.

Then for the SP and reconstructed HMI magne-
tograms, we identify their magnetic structures based on a
magnetic threshold of 30 and an area threshold of 3 x 3 pix-
els (i.e., an area of 0.45”7x0.48" for SP and 1.5" x 1.5" for
HMI). The histogram of flux distribution is represented by
the black dotted line for HMI observation and the red dash-
dotted line for SP observation in the right panel of Figure 3.
From the figure, it can be ascertained that comparing the
flux distribution of the internetwork field with a peak dis-
tribution at (5 — 6) x 106 Mx, HMI observations show
a peak flux distribution at 6 x 1017 Mx. It is interesting to
note that the peak flux distribution of the internetwork field
identified from SOT/SP coincides with that revealed from
the long-integrated magnetograms of ground-based instru-
mentation (Wang et al. 1995).

3 OBSERVED CATEGORIES IN SOLAR SURFACE
MAGNETISM OF HMI OBSERVATION

In this study, the observed categories of magnetic field are
based on the identification of magnetic structures in so-
lar magnetograms by considering their area and magnetic
field. For each 5-min average and corrected HMI magne-
togram, we apply a magnetic field of 30 and an area of
33 pixels as the thresholds to extract magnetic structures
and then create a mask for each magnetogram. These re-
gions of identified magnetic structures are thought to be
the magnetic signal regions, and the remanent regions in
the magnetogram are defined as the ‘unknown region’ in
this study.
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For these pre-conducted 5-min HMI magnetograms,
we totally extract more than twenty million magnetic struc-
tures in the 2010 sets of magnetograms that were obtained
in the interval from April 2010 to October 2015. Indeed,
we introduce observational categories from the flux dis-
tribution. Magnetic flux distribution presents an indepen-
dent perspective for gaining an understanding of each in-
gredient in solar radiation and activity. There is no doubt
about what sunspots and pores are from continuum inten-
sity imaging. Firstly, we strictly extract sunspot/pore mag-
netic structures by comparing magnetic features with con-
tinuum intensity. We examine large samples, and choose
the following working definition on sunspot/pore struc-
tures in 5-min HMI magnetograms: when the magnetic
flux of a magnetic structure is larger than 1.0x102° Mx
and its maximum magnetic field is larger than 950 G, we
define the magnetic structure as a sunspot/pore structure.
By this criterion, the sunspot/pore structures are basically
extracted in HMI magnetograms, and two samples of iden-
tified sunspot and pore are shown in Figure 5.

Secondly, the remanent magnetic structures, i.e., ex-
cluding sunspot/pore features, in these magnetograms
range in their flux from the detection limit of HMI obser-
vations (i.e., 1017 Mx) to about 102 Mx. It is difficult to
distinguish these magnetic structures by magnetic features
and continuum intensity. However, they display obviously
different radiations in the chromosphere. Just as described
in Section 2.3, HMI observation cannot detect the internet-
work structures, so in this study, we divide these structures
into two categories: quiet and enhanced networks. The
term of enhanced network was introduced in solar physics
in the 1970s (e.g., Marsh 1977; Gaizauskas 1979; and until
the recent work by Carlsson et al. 2016). Compared with
quiet network, enhanced network is characterized by a rel-
atively strong magnetic field and obvious brightening in
the chromosphere. We examine large samples by consid-
ering magnetograms and central line Call images, and the
enhanced and quiet networks are distinguished by the fol-
lowing criterions: when the magnetic flux of a magnetic
structure is larger than 7.0x10'® Mx and its maximum
magnetic field is larger than 100 G, we define the magnetic
structure as an enhanced network, which is shown by the
green lines in Figure 6; the other remanent magnetic struc-
tures are categorized as quiet networks. From this figure,
it can be found that enhanced networks basically include
those magnetic structures with obviously bright features.
Further, we analyze the flux variations for quiet and en-
hanced networks, and compute the correlated coefficients
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Fig.5 The extraction of sunspot/pore based on the criterion of flux threshold 1.0x 10%° Mx and maximum magnetic field of 950 G.

The regions shown by red lines are the identified sunspot and pore.
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Fig.6 The extraction of enhanced network based on the criterion of flux threshold 7.0x 10'® Mx and maximum magnetic field of
100 G in the magnetogram, excluding sunspot/pore. The regions shown by the green lines are the identified enhanced network.

between their flux variations and sunspot cycle. It can be
found that the coefficients are 0.81 for enhanced networks
and —0.21 for quiet networks. The results mean that the
enhanced and quiet networks are showing different cyclic
variations.

As an examination, we divide these magnetic struc-
tures excluding sunspot/pore features into 61 sub-groups
according to their flux magnitude, and create a statistical
sample of magnetic structures covering the flux range from
the detection limit of HMI (1.7 x 107 Mx) to 10%° Mx.

The monthly flux variation of magnetic structures for each
sub-group is analyzed, and the correlation coefficients be-
tween the variations of magnetic flux for each sub-group
and sunspot numbers are computed. The result is shown
in Figure 7. We can find that, within a small range above
the detection limit of magnetic flux by HMI (up to 5.8 X
10'® Mx), the flux of the magnetic structures exhibits a
negative correlation with sunspot cycle. The negative cor-
relation becomes weaker when the magnetic flux of the
chosen range increases. When the flux becomes larger than
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Fig.8 The variations of magnetic flux, area occupation and flux density for different magnetic components based on HMI observations.
The colored line in each panel means the corresponding 30-day smoothing.

7.0 x 10'® Mx, the correlation switches to be positive, with
the correlation coefficient increasing with increasing flux
until the flux is larger than 2.0 x 10'9 Mx when it keeps
the value of about 0.75. The enhanced network represents
the concentration of these in-phase magnetic structures,
while the quiet network mainly includes these anti-phase

magnetic structures. In addition, the flux spectral varia-
tion confirms the conclusion from Jin et al. (2011) based
on the analysis of MDI magnetograms, but different from
the early work, and the transition flux from the positive
correlation magnetic structures to anti-correlated magnetic
structures shifts from ~ 4 x 10'° Mx (Jin et al. 2011) to
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~ 6 x 10'® Mx in this study. In a statistical sense, the rea-
son for the transition flux shifting towards low flux is that
some magnetic concentrations observed in MDI are clus-
ters of magnetic structures in the HMI observation with
higher spatial resolution.

The different behaviors of two types of network fea-
tures correlated with sunspot cyclic variation demon-
strates, on the other hand, that the categorization of en-
hanced and quiet networks is physically meaningful.

4 FLUX PARTICIPATION AND OCCUPATION

We study the cyclic variations of the daily magnetic flux,
area and flux density for the sunspot/pore features, en-
hanced and quiet networks. The results are shown in
Figure 8, and the colored line in each panel means the cor-
responding 30-day smoothing. From the figure, it can be
found that the cyclic variation of magnetic flux carried by
sunspots and pores, which is suggested to be produced by
mean-field dynamo, results from its area change on the so-
lar surface, while its flux density does not show a clear vari-
ation trend but maintains a median value of approximately
150G in this period. We definitely cannot exclude the in-
fluence from the saturation effects for sunspot umbra from
stray light and that in measuring sunspot/pore magnetic
field based on the weak-field approximation method. We
compute the ratio of the umbra area to the magnetic struc-
ture area of sunspot/pore, and find the ratio is very small,
in the range from 0.9% to 8.8%. In addition, the average
flux density for sunspot/pore magnetic structures is in the
order of magnitude of hecto-Gauss based on the weak-field
approximation measurements. The influence from the sat-
uration effects is thought to be not important. For the en-
hanced networks, their flux increases from 6.8 x 10?! Mx
at the beginning of HMI observation (i.e., early in the as-
cending phase of cycle 24) to 9.8 x 1022 Mx in solar maxi-
mum by a factor of 14. Furthermore, both their area and
flux density increase in this period. That is to say, both
the flux density variation and area variation from enhanced
network follow the sunspot cycle. For the quiet networks,
their flux decreases to 1.2 x 1022 Mx in solar maximum,
which shows anti-correlated variation with sunspot cycle.
However, the flux density from quiet networks somewhat
displays increases of about 6% during solar active condi-
tion, that is to say, the anti-correlated variation of quiet net-
work flux with sunspot comes from its area change.
However, even with the spatial resolution of HMI ob-
servations, there is still a big mass of region which is cov-
ered by the magnetic field below the detection limit. In
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other words, a large amount of magnetic flux is likely to be
hidden below the polarization sensitivity of HMI, includ-
ing that which can be observed as internetwork field by
SOT/SP. In this study, we quantitatively analyze the daily
area occupation of HMI unknown region, and inspect its
cyclic variation, which is shown in Figure 9. The colored
line in the top and middle panels of Figure 9 traces the
30-day smoothing. We find that the area occupation of un-
known region exceeds 93% in the solar minimum of cycle
24, and the area occupation decreases when solar activity
increases. However, even in the solar maximum of cycle
24, the area ratio of unknown region still reaches about
83.5%. As cycle 24 is a particularly weak cycle, we are not
be able to say if the statistics would be valid for other solar
cycles.

Comparing with the HMI magnetic observations, the
SOT/SP instrument with higher spatial resolution and po-
larization sensitivity can detect smaller-scale magnetic
structures, and these smaller-scale magnetic structures
mainly represent the internetwork field. We select some re-
gions observed by SOT/SP with a large field-of-view, i.e.,
over 100 arcsec in both coordinates. The database is listed
in Table 1. We align the SP observation and HMI obser-
vation in the same spatial and temporal domains, which
is described in detail in Section 2.3. In the HMI unknown
region, we find that in about 16% — 19% of the area one
still can detect magnetic signals based on the SP observa-
tions. Further, in these unknown regions of HMI magne-
tograms, we identify the internetwork magnetic structures
by setting an area threshold of 3x3 pixels and magnetic
threshold of 30 based on SP observation, and then compute
the magnetic flux in HMI defined unknown region and the
magnetic flux of these internetwork magnetic structures by
the SOT/SP observations in the same region. The result is
shown in Table 2. It is found that the magnetic flux of inter-
network structures from SP observation is comparable to
the flux from HMI unknown region both in solar minimum
and maximum. Hence, the internetwork flux magnitude of
SOT/SP observations can be estimated by the flux value of
HMI unknown region.

Moreover, we adopt a reasonable assumption that local
information about the internetwork field can embody the
global information, and combine the HMI and SOT/SP ob-
servations together. Therefore, the daily internetwork flux
magnitude is shown in the middle panel of Figure 9. From
the figure, it can be ascertained that at least 3.6 x 10?2 Mx
flux in the Sun is underestimated in the HMI unknown
region compared with SOT/SP observations, even in the
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Table 1 Hinode SOT/SP Images

Image Observation time Operation mode  Field-of-view (X,Y)
(arcsec) (arcsec)
1 2010 Dec. 12 11:04-12:31 Normal Map 148.8 x 163.8 (=2.7,6.4)
2 2012 Feb. 16 14:53-16:19 Normal Map 151.4 x 163.8 (228.1, 145.4)
3 2012 Aug. 30 10:32-11:37 Normal Map 114.0 x 122.9 (249.7, 322.3)
4 2014 Dec. 01 10:08-12:40 Normal Map 262.5 x 163.8  (—176.3, —191.8)
5 2014 Dec. 30 09:37-12:10 Normal Map 265.8 x 163.8  (—106.6, —113.5)
6 2014 Dec. 30 12:15-14:47 Normal Map 263.7 x 163.8 (174.1, —113.3)
7 2015 Jan. 16 09:55-12:28 Normal Map 265.0 x 163.8 (—141.3,250.9)
8 2015 Jan. 16 12:36-15:08 Normal Map 265.8 x 163.8 (139.9, 251.2)
9 2015 Jan. 17 10:30-13:02 Normal Map 265.0 x 163.8  (—141.3, =79.2)
10 2015 Jan. 25 10:01-12:32 Normal Map 260.9 x 163.8 (—141.7,233.1)

Notes: Central position, X, Y arcsec of disk center.

Table 2 The Comparison of Flux Estimation of SP Data with HMI Data in HMI Unknown Region

Image Date HMI unknown region SP signal region T

1 2010 Dec. 12 4.21x102° Mx 4.32%102° Mx 16.36%
2 2012 Feb. 16 4.60x1020 Mx 4.58x1020 Mx 17.66%
3 2012 Aug. 30 2.76x10%° Mx 2.30x102%° Mx 18.30%
4 2014 Dec. 01 7.89x 1020 Mx 7.99x 1020 Mx 17.30%
5 2014 Dec. 30 7.57x102% Mx 7.86x1020 Mx 16.63%
6 2014 Dec. 30 7.07x1020 Mx 6.92x1020 Mx 17.30%
7 2015 Jan. 16 8.30x 1029 Mx 7.20x 1029 Mx 16.83%
8 2015 Jan. 16 7.44%x1020 Mx 7.67x1020 Mx 18.53%
9 2015 Jan. 17 7.13x102% Mx 7.21x1020 Mx 16.99%
10 2015 Jan. 25 6.48%1020 Mx 6.44x1020 Mx 18.24%

Notes: The parameter r means the area ratio of internetwork signal region to internetwork region.

solar maximum. Accordingly, we adopt the full-disc HMI
magnetic observation to study the magnetic components
with larger scale (i.e., sunspot/pore, enhance and quiet net-
works), and adopt the comparison of SOT/SP and HMI ob-
servations to estimate the flux magnitude of the internet-
work field. The flux occupation of sunspot/pore, enhanced
network, quiet network and internetwork field is analyzed,
which is shown in Figure 10. The colored lines display the
30-day smoothed flux occupation. We find that the flux oc-
cupation of sunspot/pore only reaches 29% of the total flux
even in the solar maximum. The enhanced network con-
tributes most flux in the solar maximum, reaching about
50%, while the quiet network only contributes about 9%
of flux to the Sun in the solar maximum. Furthermore, in
the solar minimum, flux occupation of internetwork field
exceeds 55%, and the internetwork flux occupation is ob-
viously larger than that of sunspot/pore even in the solar

maximum.

5 A DISCUSSION ON HIDDEN MAGNETIC FLUX

In case a magnetic feature is distinguishable in the obser-
vation, like the cases described above, for simplicity the
feature is assumed to have a Gaussian distribution in the
magnetic field with the maximum field of By, and half-
width a. Because of the effects of seeing and/or instrument,
assuming again a Gaussian profile with half-width b, the
feature would be observed as (see Wang et al. 1995)

Bops = [CLQ/(a2 =+ b2)]BmaX exp[—pz/(a2 + b2)] , (2)

where p is the radius in polar coordinates. The maximum
magnetic field of the feature in an observation is reduced
by a factor of a?/(a? + b?), and the feature is enlarged
to a maximum width of (a® 4 b%)'/2. However, the mag-
netograph has limited sensitivity, and it can only detect a
magnetic field above By. Then a certain amount of flux
becomes hidden in the observation, which is

¢hiddcn = ¢rcal[(a2 + b2)/(ﬁy X a2)] ) (3)

where 7 = Buax/Ba. When [(a® +b)/(y x a?)] > 1, all
the flux of the feature is hidden. It would be interesting to
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Fig.10 The magnetic flux occupations of sunspot/pore (red line), enhanced network (green line), quiet network (yellow line) and
internetwork field (blue line) based on the merged observations from HMI and SOT/SP.

look at the early solar observations, when Bq was not bet-
ter than 20 G, and the seeing and instrument effects could
not be smaller than 1”. For a hecto-Gauss magnetic fea-
ture with 0.1” in half-width, there would be no flux being
measured.

As for Hinode SOT/SP observations, the sensitivity is
high with 1o < 3G, and then one can take B4y = 10G.
For a hecto-Gauss magnetic feature, e.g., By.x = 300G,
assuming a = 0.1”, the real flux of this magnetic feature

is 3.1 x 1016 Mx. When 7 is about 30 and b is smaller than
0.3”, the hidden flux will amount to 1/3 of the real flux,
e.g., 1.0x10'Mx. However, when the feature is larger,
e.g., a = 0.6” and Byax = 500G, the hidden flux be-
comes 2.5% of the real one. Since the sensitivity and spa-
tial resolution have been largely improved in space-based
observations, the hidden flux would not be as high as early
ground-based observations. But, when considering the in-
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ternetwork participation in the Sun’s total flux, this type of
hiding effect should be taken into account.

Referring to the above discussion, what one observed
for a distinguishable magnetic feature in a magnetogram is
the magnetic field inside a circle with radius

1/2

pd = (a2 + b2)1/21n[7 X az/(a2 + bz)] %)

Outside the circle, the flux density becomes lower than the
detection limit, therefore, the relevant flux is hidden. When
[y x a?/(a®+b?)] < 1, all the flux of the feature is hidden
(Wang et al. 1995).

Things become more complicated if there are indistin-
guishable magnetic features with opposite polarities in a
resolvable element of magnetograms. When seeing and/or
instrument profiles are present, usually the algebraic sum
cannot completely cancel the magnetic flux of opposite po-
larities. For simplicity, we assume two identical magnetic
features with just opposite polarities, and they are sepa-
rated by a distance of s. In a magnetogram we should ob-
serve the following flux distribution

Bobs =[a?/(a® + b?)] Buax exp[—p?/(a® + b?)]

9 o Q)
x [1 - exp(s(2p — 5)/(a® + 1%))] .

It is clear that when s = 0, Bops = 0 always; and close to
the position of p = s/2, Bops & 0 too. For most cases, s
is smaller than 2p4, and sometimes one might still be able
to see the two magnetic features in the outskirts of the two
smaller features with severely reduced flux. The algebraic
summation of the two features’ flux with opposite polari-
ties seems to largely reduce the unsigned total flux, mostly
in the internetwork domain or at further small scales. It is
possible that the observed small flux fibers are the remains
of such an algebraic summation.

Limited by the spatial resolution of state-of-the-art in-
struments, we are not able to detect magnetic features at
very small scales. However, in case the magnetic struc-
ture numbers vary with magnetic flux by following the
power law with index 6 > 1 (see Wang et al. 1995;
Parnell et al. 2009; Zhou et al. 2013), we may write the
frequency Ny(¢) of magnetic features with flux ¢ in the
form N(¢) = N;¢~°. The total flux of all magnetic fea-
tures can be estimated by an integration

Pmax

¢ = N(p)pdep . (6)
$min
As discussed by Parnell & Jupp (2000), referring also
to early discussion by Hudson (1991), when § < 2, the
total flux would be determined by the upper limit of the
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integration. Considering the fact that magnetic flux in fea-
tures with flux larger than 1016 Mx has been observation-
ally measured, the hidden flux at the small-scale end can
be estimated by

< 1Sunl Vf 92-5
= —— IR 7
¢h d 2 5 Pmax ( )

Here, we take @max = 1016 Mx, § = 1.85 and Ny =
3 x 107*Mx~! cm~2 by following Parnell et al. (2009),
and Agyy, is the area of the Sun. The ¢piq is found to be
approximately 5 x 102! Mx. However, there is an uncer-
tainty regarding the power-law flux distribution. Although
within eight orders of magnitude in features’ magnetic flux
the power-law serves as a good approximation, the con-
stant term Ny may only be valid piece by piece in the flux
spectrum. We shall allow a variation of Ny by an order of
magnitude or so (Zhou et al. 2013). Therefore, the hidden
flux may fall in the range 10%1-1022 Mx.

Almost 30 years ago, a solar astrophysicist com-
mented on the eager demands for higher resolution in solar
observations. He asked one of the current authors: when
you reach 1” resolution, you want 0.1”; while after that
you ask for 0.01”, and what is the end of the trial, 1 km
or even 1 meter? (Biao Chen 1989, private communica-
tion). The question is penetrating. Justification from a cer-
tain scope of physics is unavoidable.

A relevant question here is how important the hidden
flux would be in solar radiation and dynamics. Do we re-
ally need to be bothered by the hidden flux if it always
happens on extremely small scales?

The solar magnetic field is three dimensional (3D). A
concept in this regard is the anchor depth of various mag-
netic features from the solar surface. The concept was first
introduced in solar physics by Javaraiah & Gokhale (1997).
A careful approach was made by Sivaraman & Gokhale
(2004). It is also necessary to know their extent into the
solar atmosphere, since the energy carried by a magnetic
feature is the integration of its volume and duration. How
high the magnetic field is penetrating in the solar atmo-
sphere would be critical to understanding solar activity and
coronal heating.

Sivaraman & Gokhale (2004) estimate the anchor
depths of the various surface magnetic features as the loca-
tion of the Sun’s internal plasma layers that have the same
rotation rate as these magnetic features on the solar sur-
face. They conclude that spot groups living 10 to 20 days
are initially around the base of the convective zone and
rise at an average rate of 20 Mm per day as they are ag-
ing; while the anchor depths of the short-lived spot groups
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are located in the shallow layers since their first appear-
ance. They also suggest that small-scale and mesoscale
features would lie in the shallow layers just beneath the
surface. Unfortunately, some authors infer the location of
the flux source for internetwork elements to be below the
tachocline, which has been estimated to be at a depth of
0.69 to 0.72 solar radii (Basu & Antia 1997). Although it
could not completely exclude the possibility that the local
creation of internetwork magnetic elements has something
to do with the toroidal field generated by global dynamo in
the deep layer, internetwork magnetic features clearly rep-
resent their local generation, and never show correlation
with sunspot variation in a solar cycle as discussed above,
also see Jin & Wang (2015).

On the other hand, Wang et al. (2012) estimate the
depth of the internetwork field based on observations of
internetwork bipolar flux emergence and theoretical con-
sideration for the effectiveness of magnetic buoyancy. In
the observations, a few internetwork ephemeral regions
show interesting ‘magnetic float’ behavior. These authors
suggest that the internetwork magnetic field is located at
a somewhat shallow depth, approximately 1000km be-
low the surface, which is much shallower than that sug-
gested by magnetic convection simulation (see Cheung
et al. 2008; Toriumi & Yokoyama 2010).

Adopting the idea that the solar hidden flux has even
more shallow depth and is truly small-scale in 3D, then we
expect its impact on solar radiation and dynamics would be
constrained and limited only on the solar surface, probably
in the form of small scale disturbance. As in the surface
layer where the plasma [ is close to 1, the hidden mag-
netic flux would co-exist with the turbulent velocity field.
Their collective behavior may provide a certain amount of
magnetic energy which is continuously transmitted into the
larger magnetic structures, e.g., internetwork and/or net-
work field. The complicated dynamics and emergence ob-
served on internetwork scale, for example the rapid flux
appearance and disappearance, seem to manifest some of
the disturbance made by the hidden flux on the observ-
able scale. We might speculate a continued transmission
of magnetic turbulence on internetwork scale into further
large scales, which may play an important role in solar
wind acceleration and coronal heating (see Tu et al. 2005).

6 CONCLUDING REMARKS AND DISCUSSION

In this study, HMI and SOT/SP observations are consis-
tently calibrated and combined into a unique database in
the interval from April 2010 to October 2015. An auto-
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matic feature detection procedure is applied to the com-
bined magnetograms. More than 20 million magnetic fea-
tures are identified. The detected magnetic features are
grouped into categories of sunspot/pore, enhanced net-
work, quiet network and internetwork, based on their mag-
netic flux, flux density, atmospheric correspondence and
cyclic variations. We use the HMI magnetic observations
to study the magnetic structures with larger scale, i.e.,
sunspots/pores, enhanced and quiet network, and adopt the
SP observation to study the internetwork field. The flux
from internetwork field is estimated by comparing SOT/SP
and HMI magnetic observations. Refer to the comprehen-
sive Table 3, which describes the typical behaviors for ob-
served magnetic categories. The following results are re-
vealed:

(1) The total flux from these magnetic features reaches
5.9 x 10?2 Mx during solar minimum and 2.4 x
10?3 Mx in solar maximum of solar cycle 24. The
sunspot/pore contributes 29% of the total flux in the
solar maximum, while the flux variation results from
the area change, and their flux density keeps constant
with a value of about 150 G.

(2) The flux and area variations of enhanced network fol-
low the sunspot cycle, and its flux contribution is about
18% during the solar minimum and about 50% in the
solar maximum, which accounts for most flux in the
solar surface during solar maximum.

(3) The flux of quiet networks shows the anti-phase vari-
ation with sunspot cycle, which results from the area
change, and quiet network contributes about 21% of
flux to the surface magnetogram during the solar min-
imum and 9% of flux in solar maximum.

(4) Ashad been revealed previously, the internetwork field
has an important contribution to solar surface mag-
netism (Wang et al. 1995; Lites 2002; Zhou et al.
2013). In the solar minimum of solar cycle 24, inter-
network field accounts for most flux on the solar sur-
face, exceeding 55%, and the flux contribution from
the internetwork is obviously more than that of the
sunspot/pore, even in the solar maximum.

Below the detectability of SOT/SP, we have no idea
what the types of magnetic structures would be. Their spa-
tial scale should be smaller than the spatial resolution of
SOT/SP, so that the flux of each indetectable magnetic
structure should be smaller than 10'¢ Mx. If all magnetic
structures follow the same distribution - a power law, it
means that the flux from these indetectable magnetic struc-
tures would be only in the order of magnitude of several
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Table 3 Observed Categories Based on HMI and SOT/SP Magnetic Observations

Category Definition Flux on solar surface Area occupation (%) CC

Sunspot/pore Structure flux > 1.0 x 1020 Mx [0 — 1.3] x 1023 Mx [0 —4.8] -
Maximum magnetic field >950 G

Enhanced network  Structure flux > 7.0 x 10'® Mx [0.7 — 9.9] x 10?2 Mx [1.2 —9.9] 0.81
Maximum magnetic field > 100 G

Quiet network Structure flux > 1.7 x 1017 Mx [1.2 — 1.5] x 1022 Mx [4.4 — 5.5] -0.21
Structure area > 1.2 x 106 cm?

Internetwork Structure flux > 1.0 x 106 Mx  ~ [3.6 — 4.2] x 10%2 Mx ~ [14.6 — 16.6] -
Structure area > 1.1 x 10® cm?

Hidden region Structure flux < 1.0 x 10 Mx  ~ [5.4 — 6.0] x 102! Mx ~ [68.6 — 79.0] -

Notes: The flux from hidden region is estimated by following Parnell et al. (2009). CC means the correlation coefficient

between magnetic flux variation and sunspot cycle.

102! Mx—-1022 Mx, although they occupy an area exceed-
ing 65% of the solar surface.

It is interesting to note that sunspot/pore flux varia-
tion results from the area change, and its flux density does
not show a clearly increasing or decreasing trend in this
interval. Moreover, the internetwork flux variation comes
from its area change too, but its flux density remains un-
changed (Jin & Wang 2015; Lites et al. 2014). With state-
of-the-art observations and careful magnetic feature de-
tection, we are able to conclude that either solar mean-
field dynamo or local small-scale dynamo is contained to
maintain invariant magnetic flux density in producing mag-
netic fields. Observationally, network structures come from
several sources: the fragmentation of decaying sunspots
and/or pores, flux emergence in the form of ephemeral
regions, coalescence of internetwork flux and products
of interaction among different sources of magnetic flux.
Variation in the enhanced network follows the sunspot
cycle, but it has obviously more flux than sunspot/pore.
More interestingly, both the area and flux density of the
enhanced network increase during solar active condition,
and the quiet network displays decreasing area and some-
what increasing flux density of 6% in solar maximum.
These results constrain our consideration of its origin and
evolution. Enhanced network represents an important as-
pect of solar activity, and comes from decayed or diffused
sunspots/pores. It is a component of the solar mean-field
dynamo. The magnetic flux diffusion seems to take longer
in the enhanced network stage compared to the rapid de-
cay of sunspot/pore features, and more flux is added into
the appearance of the enhanced network by the decayed
sunspot/pore field in terms of its duration as the enhanced
network in the Sun’s active phase. This might explain the
increase in area and flux density in the enhanced network.
On the other hand, we guess that of the quiet network

suffers more from the interaction between the mean-field
and the small-scale dynamos. It is a component of small-
scale local dynamo, but partly comes from diffused en-
hanced network. Small-scale flux emergence in internet-
work bipoles must have played a role in creating the quiet
network field. Its area is suppressed by sunspot/pore and
enhanced network fields, while flux density slightly in-
creases in the solar active phase.

The flux participation studied in this work only refers
to the solar surface magnetism. In fact each component
in surface magnetism not only has difference in surface
spatial scale, but also in vertical extension. From internet-
work to quiet and enhanced network magnetic features, to
sunspot/pore features, they have very different atmospheric
extensions and anchor in different depths (Sivaraman &
Gokhale 2004). In terms of magnetic energy, they have
different contributions and even different manifestations.
Sunspot/pore features anchor deeply and extend to the
corona, and they seem to channel energy from the solar
interior to the atmosphere (see Wang et al. 1997); while
the internetwork structures offer continuous disturbance to
larger magnetic structures, possibly through magnetic re-
connection. So far, we do not have accurate knowledge
about the roles of each magnetism component in solar ac-
tivity and coronal heating. We expect that the huge amount
of surface magnetic flux and their rapid appearance and
disappearance from tiny internetwork fields hold the key
to understanding coronal heating and solar wind accelera-
tion.
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