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ABSTRACT

Context. The bright regions in the solar chromosphere and temperature minimum have a good spatial correspondence with regions
of intense photospheric magnetic field. Bright regions are visible in different emission lines and parts of the continuum. Their obser-
vation started more than a hundred years ago with the invention of the spectroheliograph. While the historical spectroheliograms are
essential for studying the long-term variability of the Sun. the modern satellite-borne observations can help us reveal the nature of
chromospheric brightenings in previously unattainable detail.

Aims. Our aim is to improve the understanding of the relation between magnetic fields and radiative structures by studying modern
seeing-free observations of far-ultraviolet (FUV) radiation around 1600 A and photospheric magnetic fields.

Methods. We used Helioseismic and Magnetic Imager (HMI) observations of photospheric magnetic fields and Atmospheric Imaging

Assembly (AIA) observations of FUV contrast around 1600 A. We developed amobusmmestiodato find contrast thresholds defining
bright and dark AIA 1600 A pixels, and we combine them to bright and dark clusters. iSRS

Results. We find that the percentage of bright pixels (ranging from 2% to 10%) almost entirely explains the observed variability
of 1600 A emission. We developed a multilinear regression model based on the percentages of bright and dark pixels, which can
reliably predict the magnitude of the disk-averaged unsigned magnetic field. We find that

clusters. The largest bright
clusters have a constant mean unsigned magnetic field, as found previously for Ca II K plages. However, the magnetic field strength

of bright clusters is 254.7+0.1 G, which is roughly 100 G larger than found earlier for Ca II K plages.

Key words. Sun: activity — Sun: magnetic fields — Sun: photosphere — Sun: faculae, plages — sunspots

1. Introduction

The earliest observations of magnetic fields in astrophysics were
sunspot field strength measurements at the Mount Wilson Ob-
servatory (MWO) in California, USA, in 1908 (Hale 1908). Ob-
servations employed the Zeeman effect and were based on mea-
suring the separation (splitting) between the two components of
a spectral line, first Fe1 6173 A and later Fen 5250 A. Daily ob-
servations of sunspot magnetic fields have been conducted since
1917 (Hale et al. 1919). In the early 1950s, the invention of an
electronic magnetograph (Babcock 1953) allowed the measure-
ment of regions with weaker magnetic fields than in sunspots,
such as plages. Regular full-disk magnetograms have been ob-
served since early 1960, first at MWO (Howard 1974) and then
at the National Solar Observatory (NSO) at Kitt Peak start-
ing in 1973 (Livingston et al. 1976). In our long-term project
aimed at reconstructing the past magnetic activity on the Sun
(Pevtsov et al. 2016; Virtanen et al. 2017, 2018, 2019a; Pevtsov
et al. 2019; Virtanen et al. 2019b), we also use indirect measure-
ments of magnetic fields obtained, in particular, from chromo-
spheric spectroheliograms. Recently, Chatzistergos et al. (2021)

and Shin et al. (2020) have used chromospheric observations
to reconstruct the solar magnetic activity in the past. Recon-
structing past magnetic fields is important for understanding
the long-term behavior of the Sun since it is the main factor
affecting space climate. Ca II K spectroheliograms are essen-
tial for this task, since the first ones were taken already in the
1890s in Europe (Paris and Meudon Observatories, France; Des-
landres 1909; Malherbe & Dalmasse 2019) and in the United
States (Kenwood Observatory; Hale 1893). Continuous observa-
tion campaigns in the Ca II K line started in the early 20th cen-
tury in Kodaikanal (India), Mount Wilson Observatory (USA),
the National Observatory of Japan (Japan), Paris-Meudon Obser-
vatory (France), the Arcetri Astrophysical Observatory (Italy),
and the Astronomical Observatory of Coimbra University (Por-
tugal) (for a historical overview see, e.g., Bertello et al. 2016;
Chatzistergos et al. 2020b). Chromospheric spectroheliograms,
together with flux transport simulations, have also been success-
fully used to study the evolution of large-scale solar magnetic
fields, particularly the polar fields, which are only partially ob-
servable (Virtanen et al. 2019a).
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A good spatial correspondence between bright chromo-
spheric plages and areas of strong magnetic field called active
regions (or magnetic plages) was already found in the early mag-
netographic observations (Babcock & Babcock 1955; Leighton
1959; Stepanov & Petrova 1959). The correlation between the
intensity or the contrast (brightness after center-to-limb correc-
tion) of chromospheric brightenings and the unsigned magnetic
flux density was confirmed in several studies (Skumanich et al.
1975; Schrijver et al. 1989; Harvey & White 1999; Ortiz &
Rast 2005; Rezaei et al. 2007; Loukitcheva et al. 2009; Kabhil
et al. 2017, 2019; Chatzistergos et al. 2019b). Loukitcheva et al.
(2009) and Barczynski et al. (2018) confirmed this correlation
also for 1600 A emission and magnetic flux density. This rela-
tion is usually modeled as a power law, following Schrijver et al.
(1989) who found it to be a good description between the Ca K
II line core excess brightness and the absolute value of the mag-
netic flux density. Schrijver et al. (1989) found the power-law
exponent to be 0.6, but in later studies it varied between 0.2 and
0.7, depending on the activity of the regions included. Studies
that include active regions usually find a higher exponent than
studies of a more quiet Sun. Rezaei et al. (2007) found that the
exponent depends strongly on a lower cutoff of magnetic flux
density.

Quite remarkably, Schrijver et al. (1989) found that the
power-law relation with exponent 0.6 also exists between the Ca
K emission and magnetic flux density of Sun-like stars. A recent
review of pixel-by-pixel studies can be found in Chatzistergos
et al. (2019b). In addition to Ca I H & K, many other spectral
lines and some parts of the continuum spectrum have also been
related to the photospheric magnetic fields (Fludra et al. 2002;
Loukitcheva et al. 2009; Barczynski et al. 2018; Yeo & Krivova
2019). The correlation between the magnetic field and emission
brightness typically decreases with emission height (Barczynski
et al. 2018). The far-ultraviolet (FUV) continuum from 1220 A
t0 2000 A is an interesting region since it primarily forms around
the temperature minimum and the low chromosphere. Due to its
low emission height, FUV radiation is closely related to pho-
tospheric magnetic fields. The Transition Region and Coronal
Explorer (TRACE) was the first instrument to observe FUV ra-
diatior}) in detail with its three channels of 1550 A, 1600 A, and
1700 A (Handy et al. 1999). Rutten et al. (1999) demonstrated
that bright FUV features in the quiet Sun closely correspond to
features observed in Ca II K. Loukitcheva et al. (2009) showed
that the intensity of the TRACE 1600 A radiation is linearly pro-
portional to Ca II K emission. The Atmospheric Imaging As-
sembly (AIA, Lemen et al. 2012) on board the Solar Dynamics
Observatory (SDO, Pesnell et al. 2012) continues to observe the
FUYV continuum on two channels, 1600 A and 1700 A.

Despite numerous pixel-by-pixel studies, surprisingly few
studies between ensemble or disk-averaged quantities of radia-
tive structures and magnetic fields exist. One such study is by
Schrijver (1987), who constructed several relations between pa-
rameters that characterize large-scale properties of active re-
gions. A most remarkable result of this study was that the mag-
netic flux contained within a plage linearly scales with the area
of plage (i.e., the magnetic flux density is roughly constant
over a plage). He found an average unsigned flux density of
B = 100 + 20 G for a plage. This scaling between the magnetic
flux and the area of a plage has been employed by Pevtsov et al.
(2016) and Virtanen et al. (2019a) to reconstruct past magnetic
fields from synoptic Ca II K maps. The advantage of studying
ensembles like plages instead of individual pixels is that ensem-
bles are more likely to provide more robust results, although nat-
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urally pixel-by-pixel reconstructions can in principle give more
detailed information on the structure of plages. The challenge
that ensemble-based methods face is that there is no consen-
sus on how to classify different structures. In addition to ensem-
ble averages, disk-averaged quantities are of great interest since
they provide proxies of the total flux of the solar magnetic field,
which is one of the most important quantities quantifying the
solar magnetic field. Moreover, disk-averaged quantities of suit-
able spectral lines and continuum bands can be used as a proxy
of the magnetic field of cool stars (Reiners 2012).

Here we explore the relationship between radiative struc-
tures and magnetic fields using modern atmospheric seeing-free
observations obtained by the Atmospheric Imaging Assembly
(AIA, Lemen et al. 2012) and Helioseismic Magnetic Imager
(HMLI, Scherrer et al. 2012) on board the Solar Dynamics Obser-
vatory (SDO, Pesnell et al. 2012). Instead of focusing on indi-
vidual pixels, we mostly concentrate here on disk averages and
average properties over specific ensembles to be called clusters.
Clusters may include, but do not distinguish between structures
like plages, network, internetwork grains. Two different types of
clusters are defined based on two thresholds, one for dark and
another for bright clusters. We define these thresholds in an ob-
jective way using only statistics and with no visual feedback on
how the clusters look.

This paper is organized as follows. In Sect. 2 we present the
data, and in Sect. 3 the calibration of observations. In Sect. 4 we
define the bright and dark pixels and respective clusters. In Sect.
5 we present our results for disk-integrated quantities, and in
Sect. 6 for cluster-integrated quantities. In Sect. 7 we discuss the
relation between AIA 1600 A and Ca II K emission. We discuss
our results in Sect. 8 and give our conclusions in Sect. 9.

2. Data

We use observations from the Atmospheric Imaging Assembly
(AIA, Lemen et al. 2012) and the Helioseismic and Magnetic
Imager (HMI, Scherrer et al. 2012) on board the Solar Dy-
namics Observatory (SDO, Pesnell et al. 2012). We use HMI
720-second data, which are full-disk line-of-sight (LOS) mag-
netograms computed every 12 minutes from filtergrams of the
vector-field camera. We prefer HMI 720-second data over HMI
45-second data since it has a lower noise level and since we use
only one magnetogram per day. The spatial resolution of HMI
data is 1 arcsecond (0.5 arcsecond per pixel).

We employ AIA 1600 A emission to identify chromospheric
brightenings. The AIA data are full-disk images taken at 12-
second cadence and with a spatial resolution of 1.2 arcsecond
(0.6 arcsecond per pixel). This wavelength band represents the
FUV continuum with some contribution from C IV emission
from the transition region.

Level 1 HMI and AIA data are available at the Joint Science
Operations Center (JSOC'). These data differ in spatial resolu-
tion, in the location of the disk center, and in the angle between
the vertical axis and solar rotation axis (p-angle). However, these
differences can be unified with the JSOC data export tool before
downloading. We used this data export tool to co-align the HMI
and AIA images and to unify them to the same 0.6 arcsec/pixel
scale. This also corresponds to the standard AIA level 1.5 pro-
cessing. The size of both HMI and AIA images is 4096 x 4096
pixels. During our analysis we noticed that AIA and HMI images
display small (1-2 pixel) co-alignment offsets. We corrected for
this by computing optimal shifts based on the Jaccard distance

! http://jsoc.stanford.edu/
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(Bandyopadhyay & Saha 2013) between HMI and AIA masks
defined in Sect. 4. The computed offsets remained within +2 pxl
in the x- and/or y-direction. The offsets we found are consistent
with earlier studies (Orange et al. 2014; Yeo & Krivova 2019).

Given the synoptic nature of our project, for each day of ob-
servations only one pair of HMI-AIA images was selected and
analyzed. Using one single HMI magnetogram per day taken
at about the same Universal Time (5:48) also minimizes the
variation in magnetic field strength due to SDO orbital motion,
which can be up to 5% with 12-hour periodicity (Pevtsov 2016;
Smirnova et al. 2013). Since a high radial velocity with respect
to the Sun, together with strong magnetic fields, can lead to in-
accuracies in magnetic field measurements, we selected a time
that minimizes the average radial velocity of the instrument and
maximizes the number of observations (Liu et al. 2012). On av-
erage, SDO has the smallest radial velocity of about 400 m/s at
local midnight (7 UT) and noon (19 UT). However, many ob-
servations are missing during these times of the day. In order to
balance between these restrictions, we chose the time at 05:48:00
UTC, when the average radial velocity of the instrument is still
relatively slow, about 800 m/s, compared to 1 UT or 13 UT when
SDO radial speed is 2500 m/s. Data were missing on 11 days,
and we found problems with data quality on 21 days, which we
removed from the final dataset. Finally, we transformed the line-
of-sight By g field to radial field B, = Bpos/u, where u = cosé
is the cosine of the heliocentric angle 8. The AIA images selected
were those that are closest in time to the HMI observations. The
time difference between the AIA and HMI observations is within
one minute. Our final dataset consists of 2509 AIA and HMI
images at 24-hour cadence measured at 05:48:00 UTC from 13
May 2010 to 9 June 2017. A more thorough analysis was per-
formed for 1165 images from 1 March 2014 to 9 June 2017. In
Sect. 5 these 1165 images were divided into two sets of 765 and
400 images, due to a change in the HMI measurement scheme
on 13 April 2016 (Liu et al. 2016).

3. Calibration of AIA and HMI observations

Our aim for this paper was to compare HMI and AIA obser-
vations using the selected dataset, which covers several years,
and therefore requires that each dataset has a stable calibration.
While the HMI data has no major issues or anomalies related to
the instrument, there is a question regarding the AIA absolute
photometry. The degradation of AIA detectors affects the results
of the long-term variation of AIA 1600 A brightness. The most
significant instrumental defects are the nonuniformities in cam-
era detector cells and the gradual overall degradation of detec-
tors. A nonuniformity is corrected by flat-fielding, which means
that the observed value in each cell is divided by a correspond-
ing correction factor, which normalizes the observed brightness
in that pixel. Flat-field matrices are derived from observations
and, in the case of AIA standard data processing, are updated
approximately every three months. This flat-fielding processing
has been done at JSOC on the level 1 data that we use.

Figure 1a shows the mean HMI unsigned magnetic field av-
eraged over a 0.9R-radius disk and over a 0.4R-radius disk
from 13 May 2010 to 9 June 2017. The mean unsigned mag-
netic field is seen to vary, roughly in phase with solar activity
over solar cycle 24. The short-term fluctuations relate to solar
rotation and the uneven longitudinal distribution of solar activ-
ity. Variability is greater for the more limited 0.4Rs-radius disk
mainly because the relative contribution of active regions in-
creases when the polar regions are excluded. The rotation min-
ima of the mean unsigned magnetic field are slightly higher for

the larger disk since we transformed LOS values to radial and
since the noise level increases towards the limb.

Figure 1b shows the mean AIA 1600 A brightness averaged
over the 0.9R-radius disk and over the 0.4Ry-radius disk from
13 May 2010 to 9 June 2017. AIA brightness does not show a
consistent solar cycle variation, but rather a long-term declining
trend due to the degradation of detectors. In addition, two sig-
nificant discontinuities are seen in the AIA data, one (decreasing
step) at the start of 2012 and the other (increasing step) in Au-
gust 2013. There are also smaller discontinuities, for example in
November 2013 and March 2014. According to the AIA team, all
these changes are due to changes in the flat-fields. At the begin-
ning of the mission a dummy flat-field was used, but since 2012
the flat-fields have been based on observed values. The AIA team
has informed us that there are altogether 13 discontinuities in the
mean brightness data due to changes in flat-fields (private com-
munication with Wei Liu, 2017). Small steps in mean brightness
occur during every flat-field change, but they are too small to be
noticed from the daily data in Fig. 1b.

In order to have a reliable long-term evolution of AIA
1600 A brightness, we needed to correct both for the instrument
degradation and the flat-field discontinuities. We first produced
a quiet-Sun image by removing all AIA pixels whose LOS mag-
netic flux density is above 10 G in corresponding HMI image.
We then calculated the center-to-limb (CTL) profile by fitting a
fifth-order polynomial in i (Neckel & Labs 1994) to the remain-
ing pixels. We then removed the CTL variation from the quiet-
Sun image by dividing it with the CTL profile image. Finally,
we applied a R/8 median filter to this normalized quiet-Sun im-
age. Before median filtering we set all the missing pixel values to
I = 1. We also downscaled the normalized quiet-Sun image with
a factor of 1/8 before applying median filter and then resam-
pled the filtered image back to the original resolution to reduce
computation time (Bose & Nagaraju 2018). The final calibra-
tion mask was produced by multiplying median filtered quiet-
Sun images with the CTL profile image. The original AIA im-
age was calibrated by dividing it with this calibration mask. This
calibration process was applied to all images, and it normalizes
the pixel values of images to the momentary background level.
We selected the size of median filter by studying the distribution
of pixel values of the average quiet Sun (averaged over all cali-
brated quiet-Sun images) with different filter sizes. We selected
R/8 since it minimizes the kurtosis (K = 3.179) of the average
quiet-Sun distribution. This value is close to the kurtosis (K = 3)
of the normal distribution, which the contrast distribution of the
average quiet Sun should resemble. We note that R/6 produces
an almost equal result (K = 3.180). These results are in agree-
ment with Chatzistergos et al. (2018) who found R/6 and R/8
to be the best values for median filtering Rome/PSPT Ca II K
data. This calibration method is partly based on the one used
by Bose & Nagaraju (2018) to remove the limb darkening from
AIA 1600 A data. However, they did not take into account the
bright regions, and used a larger (approximately R/2) median
filter. The average contrast of calibrated AIA images over the
0.9R; (0.4Rp) disk is I = 1.07 (1.10 respectively). We note that
these means are somewhat larger than 1 because of the asymmet-
ric, non-Gaussian, distribution of contrasts (see later in Sect. 5).
The ratio of brightness to background/CTL variation is generally
called contrast in the literature, and we use it from now on when
referring to the brightness of calibrated AIA images. Figure 2
shows the effect of calibration for an active day (upper row) and
a quiet day (lower row) image. The white circles indicate the re-
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Fig. 1. Timeseries of HMI and AIA 1600 A observations. a) Mean unsigned magnetic field and b) mean AIA 1600 A brightness averaged over
a 0.9R-radius disk (blue) and a 0.4R,-radius disk (orange) from 13 May 2010 to 9 June 2017. The black vertical line at March 2014 shows the

starting point of the final dataset used.

gion of 0.4R, from the disk center, which we mostly use in the
analysis later on.

We tested the validity of this calibration by producing the
photometric sum series (Preminger et al. 2002; Chatzistergos
et al. 2020a) from the calibrated full-disk images. The photo-
metric sum is a sum over a contrast image whose CTL variation
has been restored

Y = Z(I,- 1)+ CTL;, 1

where [; are the pixel values in calibrated AIA contrast image,
CTL; are the pixel values in normalized (I = 1, at the disk cen-
ter) CTL profile image, and the sum runs through all the pix-
els. The photometric sum for the average quiet Sun equals zero.
We compared photometric sums series against the expected ra-
diation that AIA 1600 A would measure without degradation.
The AIA 1600 A brightness consists of radiation of wavelengths
with 97 % of contribution coming from the range 1400-1700 A.
The wavelength dependence is captured by the response func-
tion presented in Fig. 9 of Boerner et al. (2012). We derived the
expected radiation from the AIA 1600 A response function us-
ing the measurements of the Solar Stellar Irradiance Comparison
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Experiment (SOLSTICE) on board the Solar Radiation and Cli-
mate Experiment (SORCE). SOLSTICE measures the spectral
irradiance at wavelengths from 1150 A to 3100 A with a spectral
resolution of 1 A (McClintock et al. 2005), thus also covering
the whole range of wavelengths contributing to the AIA 1600 A
measurements. SOLSTICE has operated since 2003, but, due to
a battery anomaly, there is a gap in observations from 13 July
2013 to 25 February 2014.

Figure 3 shows the photometric sum series of calibrated ATA
1600 A full-disk images together with the SOLSTICE irradiance
weighted by the AIA 1600 A response function. The photomet-
ric sum series and SOLSTICE data are presented in AIA scale.
This correlated SOLSTICE irradiance represents the intensity of
the emission that we would expect AIA 1600 A to measure with-
out degradation. Figure 3 shows that the photometric sum series
varies quite similarly to the SOLSTICE observations, demon-
strating that the adopted calibration procedure corrects for the
instrument degradation. Calibration corrects the dramatic declin-
ing trend seen in Fig. 1b and restores the solar cycle variation
of the AIA 1600 A contrast (also seen in SOLSTICE measure-
ments). However, Fig. 3 shows that the difference between the
AIA photometric sum series and the SOLSTICE irradiance was
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Uncalibrted

Calibration mask

Calibration mask

Calibrated

Fig. 2. Examples of image calibration for an active day (5 July 2014, upper row) and a quiet day (28 May 2017, lower row) images. First column:
Uncalibrated images. Second column: Calibration masks representing the solar background. Third column: Calibrated images. White circles show
the region within 0.4R, from the disk center. Color range of pixels is 0.5 — 1.5. Uncalibrated images and calibration masks were normalized by

their median brightness.

somewhat larger in the beginning of the time interval before
2012, when the first proper flat-fieldings were introduced to the
AIA data. The higher SOLSTICE values in 2015-2016 are due
to the correlation of data for the whole interval, and this differ-
ence vanishes in Fig. 4.

As already noted above, the last significant jump in AIA
1600 A mean brightness happened at the start of March 2014,
which is denoted by the vertical black line in Fig. 1 and Fig. 3.
SOLSTICE restarted observations after the battery anomaly just
a few days earlier, on 25 February. We limit the study period to
March 2014 onward, during which time the AIA 1600 A pho-
tometric sum series variability is very close to the SOLSTICE
variability, as depicted in Fig. 4a (where we re-correlated the
SOLSTICE data with AIA). The first proper flat-fielding started
in 2012, and the quality of flat-fielding has improved since then.
Furthermore, it is likely that the need for these corrections has
become less urgent with the decreasing irradiance in the declin-
ing phase of a solar cycle.

Accordingly, we limit our final dataset to this period from 1
March 2014 to 9 June 2017. The daily mean values of both AIA
and HMI for this period are shown in Fig. 4. Moreover, although
the calibration mostly corrects for the limb darkening, we de-

cided to limit most of our analysis to within 0.4R; from the disk
center, which includes most active regions in this period includ-
ing the maximum and the declining phase of cycle 24. Using a
smaller disk also has the benefit that it enhances the dynamic
range of the observed activity by leaving out the less active po-
lar regions. Naturally, some nonuniformities still remain even
within the smaller 0.4R, disk, but their effect is smaller there
than closer to the limb.

4. Definition of bright and dark pixels and clusters
and AlA-HMI comparison

Increased magnetic activity can either increase or decrease
the AIA 1600 A contrast. Canonical examples are plages and
sunspots, both of which can be seen in the upper row of Fig. 2.
Here we define two thresholds that we use to separate these two
distinct contrast classes from the more moderate radiation. Pix-
els with contrast below the lower threshold are called dark pix-
els, and pixels exceeding the higher threshold are called bright
pixels. Furthermore, we define bright and dark clusters as 4-
connected regions of either bright or dark pixels. The term 4-
connected indicates that every pixel in a cluster is connected to
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Fig. 3. Daily photometric sums of calibrated AIA 1600 A images (orange) and the expected irradiance from correlated SOLSTICE observations
(blue) from 1 March 2014 to 9 June 2017. Black vertical line on March, 2014 shows the starting point of our final dataset used.
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Fig. 4. Timeseries from 1 March 2014 to 9 June 2017. a) AIA 1600 A photometric sum (orange, left axis, arb. units) and expected irradiance
from correlated SOLSTICE observations (blue, right axis, arb. units). b) AIA 1600 A mean contrast (orange, left axis) and HMI mean unsigned

magnetic field (blue, right axis, G) within 0.9R,.

others by at least one of its four sides. Bright and dark clus-
ters are used here as generic names for bright structures, such as
plages and network, and dark structures, such as sunspots and
pores.

Panel a of Fig. 5 shows the probability density function
(PDF) of AIA 1600 A pixel contrast for all the ATA 1600 A
images, whereas panel b shows the contrast PDF distributions
for the typical active (5 July 2014) and quiet (28 May 2017) day
of Fig. 2. Panel b of Fig. 5 shows a notable difference between
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an active-day and a quiet-day contrast distribution. On a quiet
day the distribution is narrower compared to an active day. The
most notable difference is active-day the low-contrast pixel pop-
ulation below I < 0.5 (we use here I to denote AIA 1600 A con-
trast), which is nonexistent on a quiet day. The second difference
is that, although both the active-day and quiet-day distributions
are right-skewed, there is a much more noticeable bump on the
active-day distribution. Based on the clear difference between
the active-day and quiet-day PDF distributions below I < 0.5,
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we chose Ipp = 0.5 as an upper threshold (left dashed line in
Fig. 5) for the population of dark pixels. However, it is unclear
from Fig. 5 what exactly would be a suitable threshold value to
distinguish the bright pixels from the moderate background pix-
els.

4.1. Bright pixels and clusters

To find a suitable threshold for the bright pixels, we studied how
the number and size of bright AIA and magnetic HMI clusters
behave as a function of threshold. Clusters are defined as 4-
connected regions of HMI/AIA pixels that exceed a given thresh-
old (absolute value of HMI field/AIA 1600 A contrast). Figure
6 shows a two-dimensional histogram of magnetic (panel a) and
bright (panel b) clusters. The horizontal axis shows the applied
threshold, and the vertical axis the cluster size in pixels. The
range of magnetic thresholds for HMI clusters is from 10 G to
2000 G with steps of 5 G, while the range of contrast thresholds
for AIA clusters is from 1 to 10 with steps of 0.01. The color
shows the number of clusters for a given threshold and cluster
size. We note that there are larger clusters than A = 10* pxl, but
we do not show them in Fig. 6, since they can not be distin-
guished from the plot due to their small number. The presence
of larger clusters can be seen in Fig. 7, which shows weighted
cumulative distribution functions (CDFs) for different thresh-
old values for both HMI magnetic clusters (panel a) and ATA
bright clusters (panel b). We have weighted the distributions by
the cluster size. The color shows the fraction of pixels above
the threshold that belong to smaller clusters than size A. Figure
7a shows CDFs calculated for magnetic clusters in steps of 5 G
from 10 G to 2000 G. These CDFs display a bimodal structure,
which can be seen from how the color white, which corresponds
to the median, shifts at different threshold values. The fraction
of pixels in large clusters first grows with increasing threshold,
but their number starts to decrease around 50 G. This decrease
continues until about 500 G when the number of pixels again
starts to grow with the threshold. The fraction of pixels that be-
long to large clusters is highest at around 1000 G. However, as
can be seen from Fig. 6a, the number of clusters above 1000 G is
quite small in comparison to smaller thresholds. Figure 7b shows
CDFs calculated for bright clusters in steps of 0.01 from 1 to 10.
With a threshold of I = 1, the fraction of bright pixels belong-
ing to large clusters is highest. However, the number of pixels
belonging to large clusters rapidly decreases by over two orders
of magnitude before flattening around I = 1.4. Above I = 2, the
number of pixels in large clusters starts to decrease again, and
at around I = 4 median has decreased to A = 2 pxl meaning that
50% of the pixels above this threshold belong to clusters of 1 or 2
pixels in size. Above I = 5, the number of pixels in larger clusters
again increases and then flattens. Again, the number of clusters
above I = 5 is quite small compared to smaller thresholds. There
are days without a single pixel above I = 6.28, so these clusters
represent sporadic events not always present within 0.4R, solar
disk.

Figure 8a shows the average cluster size (in pixels) of mag-
netic clusters. We again see that the average magnetic cluster size
has a bimodal distribution, this time with the lower peak at about
B =55 G and the higher peak at about B = 1365 G, and the in-
termediate minimum at B = 475 G. Similarly, Fig. 8b shows the
average size of AIA bright clusters as a function of the thresh-
old from I = 1 to I = 10. Again, there is a plateau from around
I=1.5to1=2, with a small peak at I = 1.95. This peak is bet-
ter seen in Fig. 8c, which shows values from I = 1.5to I =2.2.

Figures 9 and 10 show average cluster sizes separately for the
years 2014 (from 1 March), 2015, 2016, and 2017 (until 9 June).
The location of the first peak for magnetic clusters stays at 50
— 55 G, while the average cluster size decreases with decreas-
ing solar activity. The second peak of magnetic clusters stays in
the region from 1330 to 1395 G during first three years and de-
creases to 1100 G at 2017. The location of bright cluster peak is
in the range 1.88 — 1.94, although the peak nearly disappears on
2017, when the solar activity is at its lowest.

We show here that the peak at I = 1.95 corresponds to the
peak at B = 55 G. With these threshold values, the total areas of
bright and magnetic clusters are close to equal (ratio of 0.992).
However, as can be seen from Fig. 8, the average size of AIA
bright clusters is a factor of two smaller than that of the magnetic
clusters, which indicates that the AIA bright clusters are more
fragmented than their magnetic counterparts. To further confirm
that we can associate bright and magnetic clusters defined by
these thresholds, we studied which AIA threshold would mini-
mize the difference between the masks obtained from bright AIA
pixels and from the moderate magnetic field pixels between the
lower peak (55 G) and the minimum (475 G). We excluded the
pixels above the minimum from the calculation since intensive
magnetic fields typically correspond to decreased radiation. We
compared the masks in the following way:

1. For each HMI image we created a mask by setting all pixels
with moderate field strength 55 G < B < 475 G to one and
the rest to zero.

2. For each AIA image we created a set of masks with different
contrast thresholds by setting pixels above the threshold to
one and the rest to zero.

3. For each AIA threshold value we calculated the total Jaccard
distance over all days.

The Jaccard distance, also known as the intersection-over-union
(IoU) distance, is defined as

b _ _AIANHMI _ TP
Jaceard = T ATA UHMI TP + FP + FN
FP + EN
= 2)
TP + EP + FN

where AIA N HMI refers to intersection of AIA and HMI masks
and AIA U HMI to their union. The abbreviation TP stands for
true positive, FP for false positive, and FN for false negative pix-
els, and are defined such that TP pixels are present in both masks,
FP pixels only in AIA masks, and FN pixels only in HMI masks.
The Jaccard distance can be presented as a sum

FP N FN
TP+FP+FN TP+ FP+FN

Dyaccard = = Dgp + D, (3)
where Dgp and Dpy measure contributions of false positives and
negatives to the Jaccard distance. Figure 11a shows the Jaccard
distance (yellow) over all days for bright pixels as a function
of the AIA threshold value. The blue (Dgpy) and orange (Dgp)
lines show the contributions of false negatives and positives. We
see that I = 1.93, which is almost equal to the peak in Fig. 8b,
minimizes the Jaccard distance between AIA bright pixel masks
and HMI moderate field masks. This result gives compelling ev-
idence that the values around and above the peak I = 1.95 of
Fig. 8b indeed correspond to magnetic intensities between the
lower peak of Fig. 8a and the subsequent minimum. Figure 11
also shows how the false positives and negatives contribute to the
value of the Jaccard distance. With an optimal threshold value
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2017.

their numbers are almost equal. We found that I = 1.93 mini-
mized the Jaccard distance also when we used the location of
the second peak, B = 1365 G, as the upper bound for moderate
pixels instead of B = 475 G. We repeated the above analysis for
the dark AIA pixels and strong field HMI pixels (B > 1365 G,
higher peak of Fig. 8a). Figure 11b shows the Jaccard distance
with Dgp and Dgy for the dark clusters. The threshold that min-
imizes the Jaccard distance between AIA dark pixel masks and
HMI strong field masks is I = 0.49. This value is close to selected
threshold of 0.5, below which there are hardly any AIA pixels on
quiet days.
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4.2. Comparison of AIA 1600 A and HMI masks

The minimum Jaccard distance for bright clusters in Fig. 11a is
0.4761, while the threshold of I = 1.95 gives close to an equal
value of 0.4763. For dark clusters the minimum is 0.566, while
the threshold I = 0.5 gives a distance of 0.567. Figure 12a shows
an example of bright (I > 1.95) and dark (I < 0.5) pixel masks.
Figure 12b shows the corresponding moderate (55 < B < 475 G)
and strong field (B > 1365 G) masks from the HMI image.

Figure 13a shows bright and moderate pixels from the green
box in Fig. 12. This region represents an active region plage
without sunspots. The Jaccard distance between bright and mod-
erate pixel masks within this region is 0.339. From Fig. 13a we
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see that much of the bulk of green TP pixels have blue borders in-
dicating that moderate pixel masks tend to extend slightly more
than bright pixel masks. Figure 13a also shows small red regions
of FP pixels within otherwise green regions. These regions corre-
spond to pixels whose magnetic flux density is above B = 475 G,
so they do not appear in moderate field pixel masks. To exam-
ine the effect of border pixels, we excluded FP and FN pixels
adjacent to bright and moderate clusters from the calculation
of Jaccard distance. We kept FP and FN pixels more than one
pixel away from the cluster boundaries. Figure 13b shows the
masks after the removal of border pixels. The Jaccard distance
decreases to 0.053, showing that the largest difference between
bright and moderate pixel masks arises from the cluster borders.
In the full dataset, 82.8% of the FN pixels are adjacent to bright
clusters, and the total Jaccard distance decreases to 0.234 when
we omit the border pixels from the calculation. Cluster bound-
aries can have a large effect on the Jaccard distance since both
the bright and moderate clusters are fractal-like in the sense that
a large fraction of their areas are boundary pixels.

Another discrepancy between bright and moderate pixel
masks are small FP bright clusters. Figure 13c shows the masks
after we remove A < 10 pxI clusters in addition to bordering pix-
els. The Jaccard distance further decreases to 0.027. The number
of FN pixels decreases by a factor of 1.25 and the number of FP
pixels by a factor of 5.27. In the full dataset, 56.9% of the FP
pixels belong to bright clusters smaller than 10 pixels. The total
Jaccard distance decreases to 0.088 when we omit small clusters
alongside the boundary pixels from the calculation.

It is important to note that AIA 1600 A emission and HMI
LOS magnetic fields are measured at different altitudes. AIA
1600 A emission forms about 400 km above HMI signal (6173 A
line), which is on the order of the AIA-HMI pixel size (435
km) (Alissandrakis 2019). When the flux tubes corresponding
to the magnetic field measured at a HMI pixel (x,y) bend while
arising from the photosphere to the temperature minimum, they
might cross the pixel border and appear at the bordering pixel
(x+1,y£1) in the AIA 1600 A image. If the magnetic field on
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the cluster boundaries tends to incline towards the cluster center,
it could explain why the moderate field clusters tend to extend
slightly more than the bright clusters. Furthermore, small AIA
1600 A clusters, whose field strength is below a moderate level,
might be caused by small subpixel bipolar pairs. The magnetic
fields of such bipolar pairs are averaged out in the HMI measure-
ments, but they can nevertheless increase AIA 1600 A emission.

Figure 14 shows an example of a sunspot region, in which
we typically see the largest differences between bright and mod-
erate pixel masks. Panel a shows full bright and moderate pixel
masks, panel b shows masks after removing boundary pixels,
and panel c after removing boundary pixels and small clusters
(A < 10 pxl). The Jaccard distance between the masks is 0.445
with all pixels, 0.213 without boundary pixels, and 0.211 without
boundary pixels and A < 10 pxl clusters. The obvious difference
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between bright and moderate clusters are large rings of FN pixels
around the sunspots. Figure 15 shows a close-up of the sunspot
region in the AIA 1600 A contrast (panel a), in the HMI mag-
netogram (panel b), and in continuum (panel c). Red lines show
boundaries of A > 100 pxl FN clusters. These images reveal that
large FN clusters correspond to the boundary regions of sunspot
penumbrae. In these regions the strength of the magnetic field
belongs to the moderate category, but the AIA pixels do not sur-
pass the bright pixel threshold. Figure 16 shows the inclination
of the magnetic field with respect to the LOS for TP and FN pix-
els for 5 July 2014. Panel a shows TP pixels, panel b FN pixels,
and panel ¢ FN clusters larger than 100 pixels. Figure 16d shows
the corresponding PDFs. We see that the magnetic field is more
horizontal in moderate field pixels, which do not appear bright.
This effect is most pronounced in FN pixels, which form clusters
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Fig. 12. AIA and HMI masks. a) AIA: Bright pixels (I > 1.95) are shown in white and dark pixels (I < 0.5) in black. b) HMI: Moderate field pixels
(55 G < B < 475 G) are shown in white and strong field pixels (B > 1365 G) in black. The shown area corresponds to 0.4R, (see white circle in
Fig. 2, upper panel) for 5 July 2014 (active day). Close-up images of the regions within the green and red boxes are shown in Figs. 13 and 14.

larger than 100 pixels corresponding mainly to sunspot penum-
bra. This result also indicates that the small disagreements on
the bright and moderate cluster boundaries could be caused by
the more horizontal magnetic field. We note that the analysis of
the magnetic field inclination was based on a single day, 5 July
2014.

The nature of dark and strong field clusters is somewhat dif-
ferent from bright and moderate clusters. They are more uniform
(i.e., less fractal-like or fragmented), which is also reflected by
the larger average size of strong field clusters in Figs. 8 — 10.
Figure 17a shows masks of dark and strong field pixels from
the sunspot region discussed above. There is a disagreement be-
tween cluster boundaries, including both FN and FP pixels. Fig-
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(R* = 0.993). The number of magnetic pixels within a bright
cluster is linearly proportional to the cluster size with a slope of
0.795. Thus, 79.5 % of the bright clusters consist of moderate
magnetic field pixels. Table 1 shows fractions of magnetic pix-
els within bright clusters with different upper and lower bounds.
The reported fractions are based on the slope of the regression
line. For B > 1365 pixels fitting is not feasible (R> = 0.01) due
to their extremely small number within bright clusters (0.002%
in total). From Table 1 we see that 12.9 % (R*> = 0.913) bright
cluster pixels are associated with field strengths above 475 G. If
we take these into account, we find that the fraction of magnetic
pixels within bright clusters rises to 92.4% (R*> = 0.996). Fig-
ure 18b shows the number of strong field pixels (B > 1365 G)
within the dark cluster as a function of the cluster size. The red
line shows the least-squares linear fit (R*> = 0.953). The slope of
the regression line is 0.615, so 61.5 % of dark clusters consist of
strong magnetic field pixels. Table 2 shows the fraction of mag-
netic pixels within dark clusters with different upper and lower
bounds. If we also take into account pixels above B = 475 G (the
minimum of 8a), the fraction increases to 98.8% (R? = 0.9996).
While moderate field pixels are almost exclusively bright and
strong, field pixels are almost exclusively dark; the intermediate
range from B = 475 G to B = 1365 G represents a mixed region
containing both bright and dark pixels.

4.3. Final thresholds

Based on our results, we set Igp = 1.95 as the threshold to define
the bright pixels and Igp = 0.5 as the threshold for dark pixels.
These threshold values were obtained solely from the AIA data,
but they are very close to the values obtained from the compari-
son of the AIA and HMI masks (I = 1.93 and B = 0.49; Fig. 11).
These results also show that we can associate bright and dark
clusters with moderate (B > 55 G) and strong (B > 1365 G) mag-
netic clusters, respectively. The two peaks in Fig. 8a correspond
to true magnetic thresholds, which maximize the average size
of magnetic clusters of the 4-connected HMI pixels exceeding
the given threshold. The bimodal structure of the average clus-
ter sizes can be understood as follows. Although small thresh-
old values (B < 55 G) produce the largest magnetic clusters,
they also lead to a large number of small and scattered clusters
which reduces the average size. From 55 G up to 475 G, the av-
erage cluster size decreases since the large clusters fragment and
shrink faster than the number of small clusters decreases. Above
475 G the average cluster size increases, indicating that small
clusters begin to disappear rapidly. The threshold of 1365 G
corresponds to the field strength of pores and sunspot umbrae,
which have fairly narrow area distribution (see later in Sect. 6).
The peak at 55 G is in agreement with the results of Schrijver
(1987) who, using the 40-channel magnetograph (Livingston &
Harvey 1971) at Kitt Peak National Observatory, found that the
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magnetic threshold of 50 G produced the most coherent set of
clusters (magnetic plages). Smaller thresholds led to a large set
of many small clusters while higher thresholds led to more frag-
mented clusters.

As already indicated by their smaller average size, AIA
1600 A bright clusters are more fragmented than their mag-
netic counterparts. The most evident difference between these
masks can be seen around dark and strong field clusters (in
black in both images). In HMI masks, strong field pixels are
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surrounded by moderate field pixels, seen as white rings around
black strong field pixels. These surrounding pixels correspond to
sunspot penumbrae, which mostly do not appear as bright pix-
els in the AIA mask. In comparison with solar features, it ap-
pears that moderate field (bright) pixels within a range of 55—
475 G (I = 1.95) typically correspond to solar plages and the en-
hanced network and they also display the supergranulation pat-
tern. Strong field (dark) pixels with B > 1365 G (I < 0.5) corre-
spond to sunspot umbrae and pores. Pixels within 475-1365 G
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Table 1. Fraction of pixels within given magnetic range in bright clusters.

Upper bound (G)
475 1365 )
Lower bound (G)
55 0.7949 0.9241 0.9243
475 - 0.1293  0.1295
Table 2. Fraction of pixels within given magnetic range in dark clusters.
Upper bound (G
PP @ 475 1365 00
Lower bound (G)
55 0.0115 0.3840 0.9996
475 - 0.3726  0.9881
1365 - - 0.6155

correspond to sunspot penumbrae, and pixels with the weakest
magnetic field (B<55 G) form the network flux.

In previous studies, many different thresholds were used to
separate bright features from the rest of the solar disk. Often,
these thresholds are dynamical, functions of individual image
properties such as the mean and standard deviation of intensity
of the image. However, how such a threshold function is defined
is somewhat subjective, although more objective methods have
been proposed (Ermolli et al. 2007). Bose & Nagaraju (2018),
who also studied ATIA 1600 A data, relied on a dynamical thresh-
old that changes from image to image and questioned the use
of a constant threshold altogether. They argue that a constant
threshold gives inconsistent results over a longer period because
of the time-varying image properties. While this argument may
be particularly true for ground data and especially for histori-
cal spectroheliograms (Ermolli et al. 2009; Chatzistergos et al.
2019a), we argue that it does not hold for high-quality observa-
tions made by SDO. We provide evidence for our contrary view
in Fig. 19, which shows the smoothed (27-day moving average)
time series of the average cluster size of bright AIA clusters and
moderate clusters (55 < B < 475 G). The sizes are given in pix-
els and shown on the left for bright clusters and on the right for
moderate clusters. Figure 19 shows that the variation of the av-
erage bright cluster size is almost indistinguishable from that of
the moderate cluster size throughout the studied period. The two
cluster sizes depict, in a very similar way, considerable short-
term variability and an obviously solar cycle related decrease
where the average size is related roughly by a factor of two.
This excellent agreement between two completely independent
datasets shows that the adopted calibration method corrects the
inter-image variability, and no further measures, such as tempo-
rally variable (dynamical) thresholding are needed. The selected
contrast thresholds produce the most coherent bright and dark
clusters and they correspond to magnetic thresholds that max-
imize the average size of moderate and strong field clusters in
HMI magnetograms.

5. Disk-integrated AIA 1600 A contrast and HMI
magnetic field

5.1. Effect of decreased HMI noise level

The HMI changed the scheme for collecting vector magnetic
field measurements on 13 April 2016 (Liu et al. 2016, see also
HMI Science Nuggets #56%). This change decreases the HMI

2 http://hmi.stanford.edu/hminuggets/?p=1596

noise level and affects the measurements of weak magnetic
fields. We can see the effect of this change in Fig. 20, which
shows the scatter plot of the mean calibrated 1600 A contrast as
a function of the mean unsigned magnetic field within the 0.4 R
disk (which we use here, as noted earlier). After 13 April 2016
the average values, especially those below 10 G, are shifted to-
wards weaker magnetic field values, due to the decreased noise
level. Since our aim was to study the relation between AIA
1600 A contrast and magnetic fields in fairly active times, and
the change in the HMI measurement scheme only affects the
weakest fields, we mostly ignored this change in the HMI mea-
surements. However, since this change affects the disk mean val-
ues, in this section we treat the two periods separately. The pre-
13 April 2016 period has 765 images and the post-13 April 2016
has 400 images.

5.2. All pixels

Figure 21 shows the scatter plots for the mean 1600 A contrast
and the mean unsigned magnetic field using all pixels within
a 0.4R; radius from the disk center before (panel a) and after
(panel b) the HMI measurement scheme change. We color the
points by the percentage of dark pixels appearing in the image.
Figure 21 shows that the mean AIA 1600 A contrast mainly in-
creases with the magnetic field, but there is also some variabil-
ity. For example, most of the days in Fig. 21a with the mean
AIA 1600 A contrast between 1.15 and 1.2 have a mean mag-
netic field in the range 20-30 G, but there is also one day for
which B = 52 G. From the color of the points, we also see that
the percentage of dark pixels increases with the mean magnetic
field, as indicated by the dark color of the most magnetically in-
tensive days. Accordingly, the variability in the mean contrast—
mean unsigned magnetic field relationship primarily comes from
the percentage of dark pixels visible on the solar disk. For a con-
stant mean magnetic field, a smaller dark pixel percentage indi-
cates a higher mean contrast. Conversely, for a constant mean
AIA 1600 A contrast, a higher dark pixel percentage indicates
a higher mean magnetic field. Figure 21a shows that the range
of mean contrast and magnetic field values is much higher dur-
ing the period before the HMI measurement scheme change than
during the later period. The earlier period covers the maximum
and declining phases of the solar cycle, while the latter covers
only the declining phase.

Figure 22 shows the scatter plots from Fig. 21 for only those
days for which the dark pixel percentage is less than 0.001%, to-
gether with the best-fit least-squares line. Most points fall close
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Table 3. Regression coefficients of the model (I) = Sy + S1(B).

Time Bo Bi R> MAD
Before | 0.9968+0.0008 0.00806+0.00006 | 0.980  0.0029
After | 0.9995+0.0006 0.00803+0.00008 | 0.973  0.0017
' ._.--' period and 0.0017, almost two times less, for the later period.
112+ e Before 13.4.2016 :-_"."- These differences are due to the change in the HMI measure-
e After 13.4.2016 e’ ) ment scheme. The decreased noise level after the HMI change
i f."::“".' *¢9  shifts magnetic intensities to smaller values so that the effect is
% 141t .8 :‘;".9.-,..';"\:' «"*™  greater on quiet than active days, making the fit more linear. Ac-
© ‘l:- LA :#l.,| cordingly, our results support the adopted HMI scheme change.
c . -_ ."°. «° . We note that R? is slightly higher for the earlier period due to a
8 e . larger range of contrast values.
S 1.08r e . 1
o)
= ‘ 5.3. Bright and dark pixel percentages
1.06 1 1 Figure 23a shows the scatter plot of the mean AIA 1600 A con-
trast as a function of bright pixel percentage. The best-fit param-
eters are shown in Table 4. We see that there is a strongly linear
1.04 J relation over the whole contrast range. This relation shows that
5 15 the fraction of bright pixels on the solar surface almost entirely

Mean magnetic field (G)

Fig. 20. Effect of decreased HMI noise level. Mean AIA 1600 A cal-
ibrated contrast as a function of mean unsigned magnetic field within
0.4R;. The days before 13 April 2016 are shown in blue, and the days
after 13 April 2016 in orange. The axes have been cut short to bring out
the difference of the small values.

to the regression line, indicating that when the dark pixel per-
centage is close to negligible, the relationship between the mean
contrast and the mean unsigned magnetic field is close to linear.
A small amount of nonlinearity seems to be present at the weak-
est magnetic field values, especially before the HMI scheme
change (Fig. 22a). We show the best-fit parameters in Table 3.
The intercept parameters of these fits are almost equal and are
close to unity. The regression line slope is somewhat larger in
the later period than in the earlier period. The mean absolute de-
viation (MAD) from the regression line is 0.0029 for the earlier
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explains the variability in the mean AIA 1600 A contrast. No-
tably, the days when the mean AIA 1600 A contrast saturates in
Fig. 21 (i.e., those that deviate the most from the linear relation),
do not stand out in Fig. 23a. This lack of saturation in the bright
pixel percentage—mean contrast relation indicates that a small
mean contrast during some days is due to the small percentage
of bright pixels, not due to an excess of dark pixels.

Figure 23b shows the mean unsigned magnetic field as a
function of the bright pixel percentage. Similarly to in Fig. 21,
there is some variability in the bright pixel percentage—mean un-
signed magnetic field relation, which is closely related to the
dark pixel percentage. Days with the dark pixel percentage of
less than 0.001% form almost a straight line, representing a mean
magnetic field baseline. The higher the dark pixel percentage for
a fixed bright pixel percentage, the larger the magnetic intensi-
ties. Days with a large magnetic field seem to be more typical
when the dark pixel percentage increases. Figure 24 shows the
same relation as Fig. 23b for those days when the dark pixel
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Fig. 21. Mean AIA 1600 A calibrated contrast as a function of mean unsigned magnetic field a) before and b) after HMI measurement scheme
change. The color of the points indicates the percentage of solar disk covered by the dark pixels.
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Fig. 22. Mean AIA 1600 A calibrated contrast as a function of mean unsigned magnetic field a) before and b) after the HMI measurement scheme
change on 13 April 2016. Only days with a dark pixel percentage less than 0.001% are shown. The red lines show the best least-squares regression
lines. The best-fit parameters are shown in Table 3.

Table 4. Regression coefficients of the model (I) = By + B1 fsp-

Bo B R~ MAD
1.0123+0.0001  0.02199+0.00003 | 0.998 0.0013

percentage is less than 0.001%. Panel a shows the relation for (MAD = 0.186) than for the earlier period (MAD = 0.334), indi-
the time before the HMI measurement scheme change and panel cating a more linear relation from the HMI scheme change. The
b for the time after the measurement scheme change. The re- increase in bright pixel percentage of 1 percentage point (pp) is
lated regression coefficients are shown in Table 5. Again, the associated with a roughly 2.7 G increase in the mean unsigned
mean deviation is almost twice as small for the later period
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least-squares regression line. The best-fit parameters are shown in Table 4. b) Bright pixel percentage as a function of the mean unsigned magnetic
field. The color of the points indicates the percentage of solar disk covered by the dark pixels (I < 0.5).

magnetic field. We note that that R? is slightly higher for the
earlier period due to larger range of magnetic field values.

The observation in Fig. 23b that the mean unsigned mag-
netic field is dependent on both bright pixel percentage and dark
pixel percentage motivated us to develop a multilinear regression
model for the mean unsigned magnetic field

(B) = Bo+p1fpp +B2fppPs

where fpp is the bright pixel percentage and fpp is the dark pixel
percentage. We calculated this regression separately before and
after the HMI measurement scheme change. The regression re-
sults are shown in Fig. 25 and Table 6. Figure 25 shows the scat-
ter plot of the observed mean magnetic field as a function of the
mean magnetic field predicted from the regression model. For
this two-parameter regression model, 83.4% of predictions are
within 1 G of the observed value and 95.3% within 2 G. The
standard deviation of residuals is 1.07 G during the earlier pe-
riod and 0.37 G during the later. The values of S, the coefficient
of the bright pixel percentage, change only slightly between the
two periods. There is a greater change in 3,, representing the ef-
fect of the dark pixels. In the earlier period, a 1 pp change in the
dark pixel percentage is associated with a change of 42 G in the
mean unsigned magnetic field. In contrast, in the later period, a
1 pp change is associated with a change of 30 G. The mean de-
viation of residuals is again much smaller in the later than the
earlier period.

6. Bright and dark clusters

We used bright pixels (I > 1.95, see Fig. 5) to construct bright
clusters as 4-connected regions of bright pixels in every 0.4Rg
solar disk image. Similarly, dark clusters are defined as 4-
connected regions of dark (I < 0.5) pixels. We searched for bright
and dark clusters separately for every image, and did not track
their temporal evolution from day to day. We excluded all clus-
ters smaller than ten pixels. Above ten pixels the distribution of
cluster sizes follows a power law, but below ten pixels it lev-
els off to a normal distribution, thus representing different statis-
tics. A bright AIA 1600 A cluster is a radiative structure that in-
cludes different emissive structures from the granulation scale up
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to large-scale structures such as plages and sunspots. In units of a
millionth of the solar disk (MSD), which we use hereafter when
reporting on cluster sizes, ten pixels equals about one MSD. The
final AIA 1600 A cluster dataset consists of 954 028 bri ght clus-
ters and 1328 dark clusters. The size of bright clusters ranges
from 1 MSD to 4137 MSD. The median size of bright clusters
is only 2.2 MSD (about 2080 km), so most of them have only a
slightly larger size than granulation. In comparison, the median
size of dark clusters is 12.4 MSD (about 4900 km), while their
size ranges from 1 MSD to 577 MSD.

6.1. Bright clusters

The bright cluster dataset includes information on the size, the
mean unsigned magnetic field, and the mean 1600 A contrast of
each individual bright cluster observed within 0.4 R, between 1
March 2014 and 9 June 2017.

6.1.1. Mean magnetic field versus size

Figure 26 shows the scatter plot between the mean unsigned
magnetic field and the size of bright clusters. The color of the
dots denotes the mean 1600 A contrast in the corresponding
bright cluster. The color scale in Fig. 26 is set to saturate at [ = 8
because, even though the contrast of bright clusters ranges up to
I = 55, there are only 33 clusters whose contrast exceeds I = 8.
Figure 26 shows that the smallest bright clusters of about 1 — 2
MSD may have any value of mean unsigned magnetic field from
practically O G to above 1000 G. When the size increases, the
mean unsigned magnetic field starts to concentrate to a narrower
range, which is rather tightly bounded from above and from be-
low. The average unsigned magnetic field of 4546 bright clusters
with 100 MSD or more is 244 G with a standard deviation of
only 33 G.

It should be noted that the bright clusters with the most in-
tense mean magnetic field of B > 500 G are fairly small, smaller
than 10 MSD, typically only a few MSD. These clusters are
probably newly emerged magnetic flux tubes that cover only a
small area, but have very strong magnetic field. On the other
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Fig. 24. Mean magnetic field as a function of bright pixel percentage for the time a) before and b) after the HMI measurement scheme change on
13 April 2016. Only days with a dark pixel percentage less than 0.001% are shown. The red lines show the best least-squares regression lines. The
best-fit parameters are shown in Table 5.

Table 5. Regression coefficients of the model (B) = By + 81 fsp-

Time Bo Bi R>  MAD
Before | 1.84+0.07 2.67+0.02 | 0.983 0.334
After | 1.62+0.06 2.75+0.02 | 0.979 0.186
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Fig. 25. Scatter plot of observed mean unsigned magnetic field as a function mean unsigned magnetic field predicted from the regression model a)
before and b) after the HMI measurement scheme change on 13 April 2016.

hand, most of the brightest clusters seem to collect into a small the brightest (I > 5) clusters is only 1.5 MSD, and the median
region only a few MSD in size and with only a weak or moderate mean magnetic field B =5 G.

unsigned magnetic field of less than 100 G. The median size of Figure 26b shows the total (unsigned) magnetic flux within a
bright cluster as a function of its size. This relation is close to lin-
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Table 6. Regression coefficients of the model (B) = S + B1fsp + B2/pp-

Time ﬁo Bl ,82 R2 MAD
Before | 0.69+0.14 2.96+0.03 42.38+1.03 | 0.960 0.783
After | 1.32+0.09 2.92+0.04 30.21+0.69 | 0.976 0.329
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Fig. 26. Scatter plots of a) the mean unsigned magnetic field of a bright cluster vs. its size and b) the total unsigned flux of a bright cluster vs. its

size. The color shows the mean 1600 A contrast of the bright cluster.

ear and the unsigned flux ® of a bright cluster can be expressed
as

D = (254.7 % Npy — 3386)G X Ay, @)

where N, is the size of the cluster in pixels and A, = 435 km?
is the area of a single pixel. The slope of the regression line is
254.7+0.1 G, which is an alternative way to determine the mean
magnetic field of bright clusters. This is how the mean magnetic
field of plages was first calculated by Schrijver (1987) and how
it has been calculated more recently in an effort to reconstruct
the past magnetic activity based on Ca II K plages (see, e.g.,
Virtanen et al. 2019a).

6.1.2. Mean 1600 A contrast versus size

Figure 27a shows the scatter plot between the mean contrast and
the size of bright clusters. The color of the dots now denotes the
mean magnetic field of the corresponding bright cluster. Some
20-30 small, very intense bright clusters with small mean mag-
netic field dominate the vertical range of Fig. 27a. These clus-
ters correspond to the brightest data points in Fig. 26a. These
brightest clusters are likely caused by energetic particles hitting
the AIA 1600 A CCD detector. The AIA 1600 A and 1700 A
FUV channels have not been de-spiked, unlike the extreme UV

Article number, page 20 of 27

channels (for a detailed explanation, see the Guide to SDO Data
Analysis?).

Figure 27b shows the same plot as Fig. 27a, but with a more
limited y-axis range that better shows the bulk of (true) bright
clusters. For all cluster sizes, the mean contrast range is tightly
bound from below, and the lower limit increases with size fairly
systematically. The upper mean contrast limit is more scattered
but decreases with size on average. The average mean contrast
of the 4546 bright clusters with 100 MSD or more is 2.67,
with a standard deviation of only 0.13. Bright clusters with the
strongest magnetic field lie in the lower left corner of this scat-
ter plot. They are rather small (< 10 MSD) and have at most
moderate contrast (I < 3). Figure 27b resembles Fig. 26a in the
sense that the mean contrast converges to an increasingly narrow
range when the size increases, as the mean unsigned magnetic
field does in Fig. 26a.

6.1.3. Mean 1600 A contrast versus mean magnetic field

Figure 28a shows the scatter plot between the mean contrast and
the mean unsigned magnetic field of bright clusters. The color
of the dots indicates now the size of the bright cluster. Again,
the brightest clusters due to the likely false signals dominate the
vertical range of Fig. 28a as they did in Fig. 27a. Figure 28b
shows the same data as Fig. 28a, but with a limited y-axis range.

3 https://www.lmsal.com/sdodocs/doc/dcur/SDODO060 . zip/
zip/entry/
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5. The color shows the mean unsigned magnetic field of the bright cluster.

The scatter plot of Fig. 28b for the bulk of bright clusters al-
most resembles a triangle. For a given mean magnetic field, the
mean AIA 1600 A contrast of a bright cluster can have a range
of values, whose lower bound is almost constant and whose
upper bound depends on the mean magnetic field. Until about
B =50 G, this upper bound roughly increases with the magnetic
field, and above it this limit decreases. The largest bright clusters
lie on the right-hand side of the triangle, not at the largest mean
magnetic field values, but with the mean unsigned magnetic field
of around 100 — 300 G, in agreement with Fig. 26a.

6.2. Dark clusters

The dark cluster dataset, similarly to the bright cluster dataset,
includes the information on the size, the mean magnetic field,
and the mean 1600 A contrast of each dark cluster observed
within 0.4R; between 1 March 2014 and 9 June 2017. Figure 29
shows the same relations between the properties of dark clusters
as those presented for bright clusters in Figs. 26a, 27a, and 28a.
Figure 29a shows the scatter plot between the mean unsigned
magnetic field and the size of dark clusters. Most field values are
independent of cluster size and have field values between 1.0—
1.8 kG. They are approximately normally distributed around the
mean of u = 1371 G with a standard deviation oo = 126 G. The
mean contrast of the dark cluster decreases with the cluster size,
as seen in Fig. 29b. This inverse relation is also visible in Fig.
29a, where the largest dark clusters are colored darker than the
smaller clusters. However, the mean contrast does not depend on
the mean magnetic field, as seen in Fig. 29c. This is also visi-
ble in Fig. 29b, where no difference in color is found along the
scatter plot.

7. Relevance for Ca Il K-based reconstructions

In this paper we study the relation between AIA 1600 A contrast
and HMI magnetic fields. However, these results are also useful
for magnetic field reconstructions based on other wavelengths,
for example those obtained from Ca II K spectroheliograms. Ear-
lier, Rutten et al. (1999) and Loukitcheva et al. (2009) studied
the relation between Ca II K and TRACE 1600 A emissions
whose spectral content is close to that of AIA 1600 A. Rutten
et al. (1999) showed that the bright features observed by TRACE
1600 A correspond closely to features seen in Ca IT K observa-
tions taken at the Swedish Vacuum Solar Telescope on La Palma,
while Loukitcheva et al. (2009) showed a linear relation between
TRACE 1600 A and Ca II K brightness as measured by the Big
Bear Solar Observatory. More recently, Bose & Nagaraju (2018)
compared the total areas of bright features in co-temporal AIA
1600 A and Ca II K images taken by the Chromosperic Tele-
scope (ChroTel; Bethge et al. 2011) at the Observatorio del Teide
in Izafia on Tenerife. They found that the total areas matched
well, the difference being less than 1.5 %.

We studied the relation between AIA 1600 Aand Call K
emissions, in 115 co-temporal AIA 1600 A and Ca Il K observa-
tions made by ChroTel. We calibrated the ChroTel images with
the same method that we used for the AIA data. Since ChroTel
observations have a slightly lower resolution of 1.029 arcsec/pxl,
we downgraded the AIA images to the same resolution. We also
applied a Gaussian filter to the AIA images with different win-
dow sizes in order to mimic the effect of the atmosphere to Chro-
Tel observations.

Figure 30 shows the co-temporal ATA 1600 A image, the
blurred AIA 1600 A image, and the ChroTel Ca II K image of
0.4R, disk taken on 1 April 2014 at 10:00 UTC. Figure 31 shows
the pixel contrast distributions of simultaneous AIA-ChroTel ob-
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servations for all 115 days (panels a and d), for the 10 most active
days (panels b and e), and for the 10 quietest days (panels ¢ and
f). The upper row shows the distributions for the unblurred AIA
images and the lower row for the blurred AIA images. Simulta-
neous Ca II K distributions are the same for both rows. Although
the AIA 1600 A image in Fig. 30a has nominally the same reso-
lution as the ChroTel image in Fig. 30c, the AIA image displays
much more detail than ChroTel, mainly due to the scattering and
absorption of light in the Earth’s atmosphere, which effectively
blurs the ChroTel image. From the contrast distributions in the
upper row of Fig. 31, we see that the dynamic range of Chro-
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Tel is much narrower than that of AIA. Thus, AIA is much more
sensitive, especially at the low end of the contrast spectrum.
Figure 30b depicts the same image as Fig. 30a, but blurred
with a Gaussian window whose full-width at half maximum
(FWHM) is 10 pixels. The pixel contrast distributions of sim-
ilarly blurred AIA 1600 A images for all 115 days (panel d),
for the 10 most active days (panel e), and for the 10 quietest
days (panel f) are shown in the lower row of Fig. 31 together
with ChroTel Ca II K pixel contrast distributions. When using
the 10-pixel Gaussian, the blurred ATIA 1600 A image (in Fig.
30b) and the ChroTel Ca II K image (in Fig. 30c), as well as
the corresponding pixel distributions in Fig. 31, resemble each
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other very closely. The quiet-day distributions almost overlap,
but the active-day distributions still show the slightly weaker
sensitivity and greater saturation of ChroTel. Considering that
AIA and ChroTel are quite different instruments and that sim-
ple blurring by Gaussian filtering brings contrast distributions so
close to each other, this gives strong evidence for a close con-
nection between AIA 1600 A contrast and Ca II K emission.

8. Discussion

In this paper we introduced the concepts of bright and dark pixels
and bright and dark clusters using the AIA 1600 A contrast, and
studied the relation between average contrast (I) and unsigned
magnetic flux (B) and size of clusters. Bright (dark, resp.) clus-
ters are 4-connected regions of bright (dark) pixels. Bright and
dark pixels are associated with magnetic populations of mod-
erate and strong field pixels, respectively, obtained from HMI
magnetograms. Dark pixels were defined as pixels whose con-
trast is below I = 0.5 and bright pixels as those whose contrast
is greater than I = 1.95. The bright pixel threshold corresponds
to the contrast level that maximizes the average size of bright
clusters. The dark pixel upper limit corresponds to the contrast
level, below which there are practically no pixels on quiet days.
We showed that the average size of magnetic clusters displays
a bimodal distribution as a function of threshold. The peaks of
this distribution correspond to the moderate field (B = 55 G) and
strong field (B = 1365 G) magnetic threshold values, which max-
imize the average size of these two populations of magnetic clus-
ters and produce in this sense the most coherent clusters within
these two populations. The value we found for the moderate field
is in agreement with that of Schrijver (1987), who found that
B = 50 G produced the most coherent active regions, which he
called magnetic plages. Our AIA 1600 A contrast thresholds can
be considered optimal since they correspond to these magnetic
thresholds (moderate field & bright pixels, strong field & dark
pixels), and thus have a clear physical meaning.

8.1. Disk averages

The disk-averaged (using 0.4R disk) ATIA 1600 A contrast in-
creases roughly linearly with the corresponding mean unsigned
magnetic field, but there is wide variability that increases with
increasing magnetic field (see Fig. 21). This variability depicts a
saturation pattern that is clearly organized by the percentage of
dark pixels present on the solar surface. A fairly small percent-
age of dark pixels of less than 0.1% is sufficient to deviate the
respective day from the linear relation. Figure 22 shows that the
relation between the mean contrast and mean unsigned magnetic
field becomes almost linear when the dark pixel percentage is
less than 0.001%.

Saturation of chromospheric emission with increasing mag-
netic field has been noted earlier in both disk-averaged and pixel-
by-pixel relations. Schrijver et al. (1989) suggested that the satu-
ration can be explained in terms of flux tube geometry, assuming
that the radiative losses of flux tubes are proportional to their
area at the emission height. Since expanding nearby flux tubes
meet at some altitude, the sum of their projected areas above
this merging height is less than that of individual flux tubes at
the same altitude. If the merging of flux tubes happens below
the emission height, their emission is less than that of individual
flux tubes, which causes the saturation. The qualitative aspects
of this picture were confirmed by the two-dimensional model of
Solanki et al. (1991).

We found that the percentage of bright pixels present on the
solar disk almost entirely explains the variability of the mean
contrast (R? = 0.998, see Fig. 23a). There is a robust linear rela-
tionship between these two parameters that is not affected by the
dark pixel percentage. Thus, it also holds on those days when the
mean contrast is saturated due to a large unsigned mean magnetic
field (see Fig. 21). Since this relation between mean contrast and
bright pixel percentage also holds on days when the dark pixel
percentage is large, the excess of dark pixels (e.g., sunspots) de-
creases the mean contrast mainly by reducing the number of the
bright pixels, not by the low contrast of dark pixels.

A situation analogous to Fig. 21 is found in Fig. 23b, which
depicts the relation between the mean unsigned magnetic field
and bright pixel percentage. While most points are quite closely
linearly related, there are points above the average regression
(with larger magnetic field), which have an increasingly large
dark pixel percentage. We note that the points with large percent-
age of bright pixels also have a large percentage of dark pixels.
This is natural since sunspots occur together with other active
regions. Figure 24 shows that when the dark pixel percentage is
small, this nonlinearity disappears, and the bright pixel percent-
age has a strictly linear relation with the mean unsigned mag-
netic field (see also Table 5). When the dark pixel percentage
is larger, this relation gives the minimum of the mean unsigned
magnetic field for a fixed bright pixel percentage. When we use
the dark pixel percentage with the bright pixel percentage in a
multilinear regression, we obtain a better estimate for the mean
unsigned magnetic field over the whole range of values (see Fig.
25 and Table 6). We find that 95% of the values predicted by
this model lie within + 2 G of the actual values. This result al-
lows us to express the magnitude of the global mean magnetic
field in terms of the percentages of bright and dark pixels, which
could be useful when constructing the past solar magnetic activ-
ity. Since the 1600 A contrast has a close spatial correspondence
(Rutten et al. 1999; Bose & Nagaraju 2018, see also Fig. 31)
and is linearly related to Ca II K emission (Loukitcheva et al.
2009), it is reasonable to expect that the bright and dark pixel
percentages are related to fractional areas of Ca II K plages and
sunspots; there are datasets for both that cover more than a cen-
tury. However, a more careful analysis between the AIA 1600 A
and Ca II K data is needed and is the subject of future work.

The analysis of disk-averaged data shows a slight change in
the relation between contrast and unsigned magnetic field after
HMI changed the scheme for collecting vector magnetic field
measurements. This change decreased the noise level in mag-
netic field measurements, which is important mainly for weak
fields. Stronger fields are relatively less affected by noise or its
reduction (see Fig. 20). We note that none of our main conclu-
sions are affected by this change, although some regression pa-
rameters are slightly different before and after the HMI measure-
ment scheme change.

8.2. Bright clusters

We found that the bright clusters have the mean unsigned mag-
netic field B = 254.7 + 0.1 G (see Fig. 26b). As the size of
bright clusters grows, the mean unsigned magnetic field con-
verges towards this constant value (Fig. 26a). Schrijver (1987),
who used observations of Kitt Peak 40-channel magnetograph,
found that the magnetic field of a plage is nearly constant and
about 100 + 20 G. Later, using a larger sample of active regions,
Schrijver & Harvey (1994) found a somewhat higher flux den-
sity of about B = 135-150 G for plages. Similar average mag-
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Fig. 30. Co-temporal AIA 1600 A and ChroTel Ca I K images of the 0.4R, disk taken on 1 April 2014 at 10:00 UTC. a) AIA 1600 A; b) blurred

AIA 1600 A (FWHM = 10 pixels); ¢) ChroTel Ca II K.
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Fig. 31. Pixel contrast distributions of ATA 1600 A (blue) and ChroTel Ca II K (orange). Top row: Unblurred AIA 1600 A. Bottom Row: Blurred
AIA 1600 A (FWHM = 10 pixels). ChroTel Ca II K distributions are the same for both rows. Left column: All 115 days. Middle column: The 10

most active days. Right column: The 10 quietest days.

netic fields for plages have recently been used to reconstruct the
past magnetic activity of the Sun. For example, Virtanen et al.
(2019a), who used synoptic maps constructed from observations
of the Kitt Peak 512-channel magnetograph, found the mean
magnetic field of plages to be about 111 G.

The observation by Schrijver (1987) that plages are radiative
structures with a constant magnetic flux density suggests that
the large AIA 1600 A bright clusters could be plages, or at least,
be related to plages. The fact that we find the mean magnetic
field of bright clusters to be roughly 100 G larger than found
earlier for plages is most likely due to the higher spatial reso-
lution of the HMI instrument. In lower-resolution observations

Article number, page 24 of 27

the measured magnetic field is decreased both due to the mixing
of fields of opposite polarities and due to mixing of weak and
strong fields of the same polarity. The former effect decreases
the measured flux especially in the quiet Sun, but the latter effect
is more prominent in the active regions since they are largely
unipolar (Krivova & Solanki 2004). If we compare the bright
and magnetic clusters in our data (see Fig. 12) with plages, as
determined by Chatzistergos et al. (2020b), among others, it is
quite clear that our clusters are less uniform (less-connected,
more fractal-like) than plages of lower-resolution observations.
The difference between the high-resolution AIA 1600 A data
and the low-resolution Ca II K data is also evident if we com-
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pare the bright pixel lower threshold Igp = 1.95 to contrast
levels in previous Ca II K studies. It is well above the maxi-
mum contrast (about 1.5) of Mount Wilson Ca II K synoptic data
(Bertello et al. 2010; Pevtsov et al. 2016; Virtanen et al. 2019a)
and close to the maximum contrast of Precision Solar Photomet-
ric Telescope (Rome/PSPT) full-disk Ca II K data (Chatzistergos
et al. 2019b). Only a few studies explicitly mention the thresh-
olds used to distinguish different features, typically network and
plages, from their data. These thresholds vary from 1.1 to 1.35
(Priyal et al. 2014, 2019; Chatzistergos et al. 2019b; Singh et al.
2021). The higher resolution of AIA and HMI data allows a more
accurate separation of bright and moderate to strong field pixels
from the quiet Sun, which also leads to a larger mean magnetic
field strength for large bright clusters and plages. The question
about the absolute level of the measured magnetic field has been
studied by Riley et al. (2014) and Virtanen & Mursula (2017),
among others, who compared the magnetic field measurements
between several solar observatories and showed large differences
in magnetic field intensities between different datasets.

The constancy of plage mean magnetic field is an important
fact, which allows a simple relation between plage area and its
total magnetic flux. Such a relation can be used in the recon-
struction of magnetic fields, for example using historical Ca K
line observations. Since there is a good agreement between the
1600 A and Call K emissions, the constant mean magnetic field
of bright clusters could be used to estimate the total magnetic
field from the observed Ca II K plages (Pevtsov et al. 2016).
This is important, for example, when predicting the early polar
fields using the surface flux transport model and active regions
which have a central role in the evolution of large-scale magnetic
fields (Virtanen et al. 2019a). i

We also found that the mean 1600 A contrast of the largest
bright clusters (plages) is almost independent of cluster size (see
Fig. 27). The average mean contrast of bright clusters larger than
100 MSD is I = 2.67 + 0.13. This is in qualitative agreement
with the results of Schrijver et al. (1985), who found that the
plage mean contrast is virtually independent of plage size.

We found that the mean contrast of bright clusters as a func-
tion of the mean unsigned magnetic field has an upper bound
that depends on magnetic field, and a lower bound that is al-
most constant (see Fig. 28). While for weaker magnetic fields,
the upper bound increases with increasing field, above approx-
imately 50 G it starts to decrease. The lower bound is set by
the condition defining the bright pixels forming the bright clus-
ter, but the upper bound has an interesting physical cause. It can
be understood in terms of magnetic field energy input or pro-
duction, for example via reconnection within the bright cluster.
The contrast of a bright cluster would then indicate the amount
of reconnection taking place within the cluster. The larger the
reconnecting flux inside the bright cluster, the more magnetic
energy is released and transferred to thermal and bulk flow en-
ergy of chromospheric plasma, and the more background FUV
radiation is produced, increasing the FUV contrast of the cluster.
The mean magnetic field of a bright cluster is a measure of how
tightly packed the magnetic flux tubes within the cluster are and
what is the fraction of the oppositely signed flux tubes. Thus, the
stronger the mean magnetic field of the cluster, the higher the
probability of reconnection of oppositely signed flux tubes and
the larger the FUV emission is. So, as the mean magnetic field
of a bright cluster grows, the reconnection rate first increases as
the flux tubes are brought closer together, which is seen as the
increasing upper bound of the bulk of bright clusters in Fig. 28.

It should be noted that by far, the largest FUV contrasts
are found for bright clusters with a rather weak magnetic field,

mostly below 20 G (see Fig. 28). This suggests that there are
roughly an equal number of flux tubes of either polarity in these
clusters. Moreover, as Fig. 28 also shows, the size of these clus-
ters is very small, indicating that the oppositely signed flux tubes
are densely packed in these clusters. These clusters are probably
related to polarity inversions, which have been connected with
abnormally high Ca Il K emission rates by Schrijver et al. (1989)
and Harvey & White (1999).

The development of magnetic flux accumulation culminates
as field strength approaches 50 G, beyond which the contrast up-
per bound turns to decrease with increasing magnetic field. The
mean magnetic field increases in these clusters that are domi-
nated by flux tubes of the same polarity, where the signed mean
of the magnetic field increases, while the probability of recon-
nection slowly decreases. We also note that the largest sizes of
bright clusters are found in the middle of this range of decreasing
contrast upper bound (see Fig. 28b). As also shown in Fig. 26, all
the largest bright clusters have roughly the same unsigned mean
magnetic field of 254.7 G. They also have roughly the same
mean contrast of about 2.67. This all suggests that the largest
clusters have roughly the same density of magnetic flux tubes,
and that the fraction of oppositely signed flux tubes is rather
limited and roughly constant for all bright clusters. These results
give interesting new information about the main phase of plage
evolution.

8.3. Dark clusters

The mean unsigned magnetic field of a dark cluster does not de-
pend on its size (see Fig. 29a). The mean magnetic field of dark
clusters is approximately normally distributed around the mean
p = 1371 G with standard deviation o = 126 G. These values
match well with the known properties of sunspots whose typical
magnetic field strength is 1000-1500 G (Solanki 2003). While
the mean unsigned magnetic field of dark clusters is roughly
constant, their mean contrast is inversely proportional to the log-
arithm of their size (see Fig. 29b). Although this inverse relation
is quite systematic and statistically significant, the range of con-
trast variation is quite small. Within 1.5 orders of magnitude of
sizes from 3 to 100 MSD, the mean contrast decreases by only
20 % from 0.48 to 0.40. A similar relation was found by Mathew
et al. (2007), who showed that relation between the umbral con-
trast and umbral radius could be described by an inverse power
law. We also note that the size of the smallest dark clusters (about
1550 km) is comparable to the size of pores (2000 — 4000 km)
and the umbra of the small sunspots (Bogdan et al. 1988; Ruck-
lidge et al. 1995).

We also found that, as an interesting contrast to bright clus-
ters, the mean contrast of dark clusters does not show any de-
pendence on the mean magnetic field which is roughly constant
(see Fig. 29c). The variability in the contrast of the dark clus-
ters comes only from their size, with smaller dark clusters being
slightly brighter (see Fig. 29b).

9. Conclusions

In this paper we studied the relation between the SDO/AIA
1600 A emission contrast and unsigned photospheric magnetic
fields from SDO/HMI, mainly within 0.4R-radius disk around
the disk center. We investigated this relation for bright and dark
pixels and bright and dark clusters defined here in an objective
and robust way. Our analysis indicates that the ATA 1600 A im-
ages are not consistently flat-fielded, and that the existing flat-
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fielding does not fully remove the long-term trend effect of de-
tector degradation. While studies using only a few 1600 A im-
ages might not be significantly affected by these calibration is-
sues, the use of 1600 A brightness for long-term studies requires
careful calibration and the removal of degradation effects.

We developed a robust and objective method to define two
contrast thresholds that were used to define the bright (I > 1.95)
and dark (I < 0.5) pixels from the bulk of more moderately bright
pixels. These contrast thresholds also correspond to magnetic
field thresholds that produce maxima for the size distributions
of the populations of moderate (55 G < B < 475 G) and strong
(B > 1365 G) magnetic clusters obtained from HMI magne-
tograms. Using these magnetic field thresholds the distribution
of magnetic clusters is most coherent. The bright clusters corre-
spond to moderate field clusters and represent plages as well as
the enhanced network (see Fig. 9). The dark clusters correspond
to strong field clusters and represent pores and sunspot umbrae.

We showed that the variability of AIA 1600 A contrast can
be almost entirely explained by the variability of the number of
bright pixels present on the solar surface. This implies that the
variation in the AIA 1600 A contrast over the solar cycle closely
follows and can be represented by the change in percentage of
the solar disk occupied by bright pixels (typically forming plages
and network), not by the change in their mean contrast. While we
cannot rule out that such changes in contrast may still occur on a
smaller spatial scale, the observations at 0.6 arcsecond per pixel
resolution do not show such changes. We also showed that the
bright pixel percentage serves as a good proxy of the disk mean
unsigned magnetic field when the dark pixel percentage is close
to zero. When both bright and dark pixels are taken into account,
we can fairly accurately estimate the mean unsigned magnetic
field using a multilinear regression model with bright pixel per-
centage and dark pixel percentage as regression parameters. We
found that for 95% of the daily images the regression model pre-
dicted the field strength within + 2 G of the actual value. This
supports earlier results that historical datasets of sunspots and
Ca II K plages can be used to produce a reliable proxy for the
global solar unsigned magnetic field over more than one cen-
tury. Although we showed that blurred AIA 1600 A images cor-
respond to ground-based Ca II K images very well, future work
is needed to show in detail that this paper’s results also apply to
Call K data.

We found that the bright clusters have nearly a constant mag-
netic field of 254.7+0.1 G. The large bright clusters correspond
to chromospheric plages whose magnetic field is known to be
constant. However, the value we find is approximately 100 G
larger than the field strength found in earlier studies and is used
in reconstructing the solar magnetic field from Ca II K plage
observations. This difference is most likely due to the high spa-
tial resolution of HMI, since a low-resolution observation aver-
ages small elements of opposite polarity as well as weak and
strong fields, and thereby leads to smaller observed magnetic
field. The findings of this paper will improve the understand-
ing of the correspondence between FUV emission and magnetic
field, the evolution of chromospheric plages, and the accuracy of
magnetic field reconstructions based on historical observations
of Ca II K spectroheliograms. They also provide useful infor-
mation when studying the high-resolution pixel-by-pixel-based
reconstructions of the solar magnetic fields and the evolution of
solar magnetic fields in flux transport simulations. However, a
detailed study demonstrating that these findings based on AIA
1600 A observations also apply to Ca II K spectroheliograms
will be made in a separate study.
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