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ABSTRACT

Context. The chromospheric Ha spectral line is_a strong line in the spectrum of the Sun and other stars. In the stellar regime, this
spectral line is already used as a powerful tracer of stellar activity. For the Sun, other tracers. such as Cau K, are typically used to
monitor solar activity. Nonetheless, the Sun is observed constantly in He with globally distributed ground-based full-disk imagers.
Aims. The aim of this study is to introduce the imaging He excess and deficit as tracers of solar activity and compare them to other
established indicators. Furthermore, we investigate whether the active region coverage fraction or the changing Ha excess in the active
regions dominates temporal variability in solar Ha observations.

Methods. We used observations of full-disk He filtergrams of the Chromospheric Telescope (ChroTel) and morphological image
processing techniques to extract the imaging He excess and deficit, which were derived from the intensities above or below 10% of
the median intensity in the filtergrams, respectively. These thresholds allowed us to filter for bright features (plage regions) and dark
absorption features (filaments and sunspots). In addition, the thresholds were used to calculate the mean intensity Iﬁ/efn for Ha excess
and deficit regions. We describe the evolution of the Ha excess and deficit during Solar Cycle 24 and compare it to the mean intensity
and other well established tracers: the relative sunspot number, the F10.7 cm radio flux, and the Mgu index. In particular, we tried
to determine how constant the Ha excess and number density of Ha excess regions are between solar maximum and minimum. The
number of pixels above or below the intensity thresholds were used to calculate the area coverage fraction of He excess and deficit
regions on the Sun, which was compared to the imaging Ha excess and deficit and the respective mean intensities averaged for the
length of one Carrington rotation. In addition, we present the Ha excess and mean intensity variation of selected active regions during
their disk passage in comparison to the number of pixels of Ha excess regions.

Results. The Ha excess and deficit follow the behavior of the solar activity over the course of the cycle. They both peak around
solar maximum, whereby the peak of the Ha deficit is shortly after the solar maximum. Nonetheless, the correlation of the monthly
averages of the Ha excess and deficit is high with a Spearman correlation of p = 0.91. The Ha excess is closely correlated to the
chromospheric Mg 1 index with a correlation of 0.95. The highest correlation of the Ha deficit is found with the F10.7 cm radio flux
with a_correlation of 0.89, due to their peaks after the solar activity maximum. Furthermore, the Ha deficit reflects the cyclic behavior
of polar crown filaments and their disappearance shortly before the solar maximum. We investigated the mean intensity distribution
for Ha excess regions for solar minimum and maximum. The shape of the distributions for solar minimum and maximum is very
similar, but with different amplitudes. Furthermore, we found that the area coverage fraction of Ha excess regions and the Ha excess
are strongly correlated with an overall Spearman correlation of 0.92. The correlation between the He excess and the mean intensity
of Har excess regions is 0.75. The correlation of the area coverage fraction and the mean intensity of Ha excess regions is in general
relatively low (o = 0.45) and only for few active regions is this correlation above 0.7. The weak correlation between the area coverage
fraction and mean intensity leaves us pessimistic that the degeneracy between these two quantities can be broken for the modeling of
unresolved stellar surfaces.

Key words. Methods: observational — Sun: chromosphere — Sun: activity — Sun: faculae, plages — Sun: filaments, prominences —
Stars: atmospheres

1. Introduction

The first record of a varying sunspot number throughout a so-
lar cycle was found in systematic sunspot observations by S. H.
Schwabe in the 19th century (Schwabe 1844; Hathaway 2010;
Arlt et al. 2013; Arlt & Vaquero 2020). This was followed in
systematic observations by R. Carrington (Carrington 1858) and
G. Sporer (e.g., Sporer 1879; Diercke et al. 2015). R. Wolf es-

tablished the relative sunspot number, counting the spot groups
and individual sunspots (Hathaway 2010). This method is still
used nowadays to determine the international sunspot number
provided by the Solar Influences Data Analysis Center (SIDC)
of the Royal Observatory of Belgium, which is used to monitor
the 11-year activity cycle of the Sun.
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In addition to white-light observations of the Sun, the solar
activity was monitored in different wavelengths, for example, the
chromospheric CaunK line, whose emission in plage regions is
correlated to the magnetic field with a power-law relation with an
exponent of about 0.5 (Schrijver et al. 1989; Rezaei et al. 2007;
Barczynski et al. 2018). Livingston et al. (2007) summarized the
results from three solar cycles where spectroscopic data of dif-
ferent chromospheric lines were analyzed. The spectral Can K
index showed the highest variations throughout the cycle with
amplitudes of about 25%. The higher intensity contrast is partly
due to the steep Planck function and, therefore, stronger tem-
perature response at short wavelengths around 4000 A (Ayres
1989; Sheminova 2012). Other chromospheric line indicators,
including the He 1 10830 A equivalent width, Can 8542 A central
depth, Ha central depth, or CN bandhead at 3883 A, all showed
variations with the solar cycle, but with a lower relative ampli-
tude as compared to Can K (Livingston et al. 2007; Ermolli et al.
2015). Full-disk Ca K measurements show an average increase
of 30% of the central intensity between minimum and maxi-
mum of the solar cycle (White & Livingston 1981), whereby
the increase is associated with solar plages. White & Livingston
(1981) suggested that the variability of the quiet-Sun network
is negligible in the rising phase of the solar cycle. A more re-
cent study by Bertello et al. (2016) inspects the correlation of
the Can K emission index and the sunspot number. They found
a strong correlation on timescales of months or years, which they
explain by the high correlation of both quantities to the magnetic
flux. Naqvi et al. (2010) used average full-disk images of the Big
Bear Solar Observatory (BBSO, Denker et al. 1999) to calcu-
late an index using an adaptive intensity threshold to extract the
bright plage regions from CanK full-disk images. More details
on the method can be found in Johannesson et al. (1998). With
this index, they characterized the solar activity of Solar Cycle 23
for different thresholds in comparison with other solar indices.
A very complete data collection of Can K observations was re-
cently presented in Chatzistergos et al. (2020), who collected
around 290 000 full-disk Can K observations from 43 data sets
including observations between 1892 and 2019. They used the
fractional plage area on the solar disk as an indicator for the so-
lar activity.

Other well-established solar indices include Mgu and the
F10.7cm radio flux. The chromospheric Mgu doublet at
2795.6 A and 2802.7 A has been used since 1978 as a proxy
for solar activity (Viereck & Puga 1999). The index is calcu-
lated from the core-to-wing ratio of the spectral line. This spec-
tral Mg index varies up to 20% between minimum and maxi-
mum. It is especially good in monitoring solar faculae, as Lean
et al. (1997) determined from solar irradiance models, which
consider both sunspot darkening and faculae brightening. The
F10.7 cm solar flux index has monitored the disk integrated ra-
dio emission at 10.7cm or 2800 MHz since 1946 (Tapping &
Charrois 1994; Hathaway 2010). Several measurements a day
are obtained, whereby periods of flares are avoided. The radio
flux is strongly correlated with the relative sunspot number, but
with a lag time of about one month (Hathaway 2010).

Single active regions can influence the total solar irradi-
ance. The lifetime of active regions can vary from a few hours
for small ephemeral regions to months for large active regions
(van Driel-Gesztelyi & Green 2015). Furthermore, the active
regions can evolve or decay during the disk passage. Toriumi
et al. (2020) studied transiting active regions with space-borne
data from the Helioseismic and Magnetic Imager (HMI, Scher-
rer et al. 2012) and the Atmospheric Imaging Assembly (AIA,
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Lemen et al. 2012) onboard the Solar Dynamics Observatory
(SDO, Pesnell et al. 2012) as well as data of the Hinode X-Ray
Telescope (XRT, Golub et al. 2007). The continuum observa-
tions showed that the light curves of the active region’s intensity
decrease when it is at disk center, while the light curve increases
when the active region is close to the limb. This effect is well
known from observations of the total solar irradiance (TSI, Froh-
lich 2012) and shows that the effects of the umbra and penumbra
of the active region dominates close to disk center. The line-of-
sight magnetic flux as well as the UV irradiance (1600 A and
1700 A) show a bell-shaped (or mountain-shaped) curve during
the disk passage. Thereby, UV wavelengths are more sensitive
to faculae regions rather than to sunspots (Simdes et al. 2019;
Toriumi et al. 2020).

During the solar cycle, so-called active longitudes are estab-
lished on the solar surface. These are longitudes, where sunspots
predominantly form (Berdyugina & Usoskin 2003; Hathaway
2010; Kramynin & Mikhalina 2021). They can be studied by
creating Carrington reference frames for each solar rotation.
Berdyugina & Usoskin (2003) discovered that the active lon-
gitudes on the northern and southern hemisphere are separated
by about 180°. The location of the active longitude changes be-
tween solar cycles, but it can be a persistent structure for up to
two decades (Hathaway 2010).

The Sun is regularly observed in another prominent chro-
mospheric line, that is to say the Ha spectral line at 6562.8 A.
Several observatories form the Global Ha Network (Steinegger
et al. 2000), including the BBSO and Kanzelhohe Solar Ob-
servatory (KSO, Otruba 1999), which take regular full-disk im-
ages in the line core of Ha. In total, seven facilities around the
world are part of this network, which continuously observe Ha
line-core filtergrams. Similarly, the Global Oscillation Network
Group (GONG, Harvey et al. 1996) of the U.S. National So-
lar Observatory (NSO) consists of six facilities, which produce,
among other data products, time series of full-disk Ha filter-
grams and photospheric magnetograms. In addition, other obser-
vatories provide regular full-disk Ha observations, for example,
the Solar Flare Telescope in Mitaka, Japan (Hanaoka & Saku-
rai 2020) and the Chromospheric Telescope in Tenerife, Spain
(ChroTel, Kentischer et al. 2008; Bethge et al. 2011). The large
number of ground-based facilities all around the world facilitate
almost continuous coverage of the Sun with full-disk He filter-
grams, bridging bad weather locally and the day-night cycle.

The variation of Ha throughout the solar cycle is known from
disk-integrated observations (Livingston et al. 2007; Maldonado
et al. 2019). The He line has the advantage of displaying fil-
aments alongside sunspots as dark absorption features as well
as plage regions around active regions as bright features. This
is different to other chromospheric activity indicators such as
He 110830 A, where plage and filaments are both seen in absorp-
tion. The influence of filaments on the integrated intensity of Ha
observations was discussed in Meunier & Delfosse (2009). They
found a higher correlation between the Can K index and the Ha
integrated flux during the ascending phase of the cycle compared
to the minimum, which they explained is due to the influence of
absorption features on the solar surface.

Filaments are the dominating absorption features on the solar
disk in He. They appear in all sizes, reaching from small-scale
active region filaments to large-scale quiet Sun filaments, which
can reach sizes of more then half a solar diameter (e.g., Kuck-
ein et al. 2016; Diercke et al. 2018). A special type of quiet-Sun
filaments are polar crown filaments, which are located at high
latitudes (Leroy et al. 1983, 1984). They form at the interface of
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unipolar flux at the poles and flux of opposite polarity, which is
transported from active regions close to the equator toward the
pole. This polarity inversion line (PIL) appears at mid-latitudes
shortly after the maximum of the solar cycle and it appears close
to the pole shortly before solar maximum, which is called "rush-
to-the-pole" (Cliver 2014; Xu et al. 2018; Diercke & Denker
2019; Xu et al. 2021). Polar crown filaments disappear from the
solar disk at around solar maximum, when the magnetic field
reversal happens. To better understand the influence of absorp-
tion features on the solar integrated intensity, an analysis of the
cyclic behavior of absorption features during the solar cycle is
important.

Another advantage of using Ha as a solar activity indicator
is that Ha spectra are easily obtainable for stars other than the
Sun. Thus, activity metrics and cycle information based on Ha
variations on the Sun can potentially be used to infer stellar ac-
tivity properties for which CanH & K diagnostics, for example,
are not obtainable.

The Sun is the only star for which we can obtain spectra
of active regions at high spatial resolution. As a result, there
is an inherent degeneracy for other stars between the projected
area and intrinsic emission strength of their active regions (e.g.,
Cauley et al. 2017). This degeneracy makes it difficult to mea-
sure such properties for other stars, which is important when
trying to quantify and remove the contamination of stellar ac-
tivity from exoplanet transmission spectra (Cauley et al. 2018;
Rackham et al. 2018). It is also important from the view of stel-
lar physics to infer the intrinsic emission strengths in individ-
ual active regions for different chromospheric lines for stars of
varying spectral type and magnetic activity level. Empirical con-
straints on these quantities will provide guidance for sophisti-
cated 3D magnetohydrodynamic (MHD) radiative transfer mod-
els of stellar atmospheres (Freytag et al. 2002; Leenaarts et al.
2012; Holzreuter & Solanki 2015; Stépén et al. 2015; Haberre-
iter et al. 2021).

The aim of this study is to explore the usefulness of the spa-
tially resolved Ha excess as a tracer of solar activity. Bright and
dark regions, each at different thresholds, are identified in Chro-
Tel full-disk He filtergrams. We compare the imaging Ha excess
and deficit with established solar activity tracers such as the rela-
tive sunspot number, the F10.7 cm radio flux, and the Mg 1 index
(Sect. 4.1). One goal is to determine the contribution of He ex-
cess regions during low solar activity to solar cycle variations of
the Ha spectral irradiance and to relate the distribution to some
of the assumptions that are made in X-ray studies of stellar ac-
tivity cycles. (Sect. 4.2). In addition, we address the question of
whether the Ha activity level is dominated either by changes
in the mean intensity of active regions or by the area cover-
age fraction of Ha excess regions on the solar disk (Sect. 4.3
and Sect. 4.4). This is especially relevant for attempting to dis-
entangle the area coverage fraction and active region emission
strength for unresolved stellar surfaces.

2. Observations and data processing

The Chromospheric Telescope (ChroTel, Kentischer et al. 2008;
Bethge et al. 2011) is a robotic ground-based 10-centimeter tele-
scope, located at the Observatorio del Teide in Tenerife, Spain.
It was built and is operated by the Leibniz Institute for So-
lar Physics (KIS) in Freiburg (Germany). ChroTel observes the
Hea line with a Lyot-type narrow-band filter at 656.2 nm with
a full-width-at-half-maximum (FWHM) of A1 = 0.05nm and
a cadence of three minutes, whereby higher cadences of up to

one minute are possible on special request. The recorded im-
ages have a size of 2048 x 2048 pixels. The flat-field and dark
corrected Ha filtergrams have been available online since April
2012, Technical problems resulted in larger data gaps of sev-
eral months, that is in 2017 and 2019. For an overview of the
acquired data between 2012 and 2018, readers can refer to Fig. 1
in Diercke & Denker (2019). In Table 1, we present the num-
ber of observing days per year. The ChroTel observations cover
the maximum of Solar Cycle 24 and the declining activity phase
until the minimum of solar activity. Therefore, we have a repre-
sentative statistical sample of the different activity phases within
Solar Cycle 24.

Table 1. Overview of Ha observations with the Chromospheric Tele-
scope in 2012 -2020.

Year Number of observing days
2012 146

2013 210

2014 172

2015 115

2016 102

2017 76

2018 141

2019 38

2020 56*

T starting 13 April
* until 2 September

All images underwent basic data processing steps. We down-
loaded the flat-field and dark corrected Ha level-1 data. To
study long-term solar activity, we selected one He filtergram per
day by calculating the median filter-gradient similarity (MFGS,
Deng et al. 2015; Denker et al. 2018), where magnitude gradi-
ents of an input image and its median-filtered companion are
compared. We selected the image with the highest MFGS value
for each observing day, representing the image with the highest
contrast. The selected filtergrams were rotated so that solar north
is on top and east is to the left, and the elliptical shape of the Sun
was corrected for early morning and late evening data, caused
by differential refraction. All images were scaled so that the so-
lar radius equals r; = 1000 pixels, which results in an image
scale of about 07796 pixel~'. Moreover, the Lyot filter introduced
a nonuniform intensity pattern across the solar disk which was
corrected by approximating the pattern with Zernike polynomi-
als (Denker & Tritschler 2005; Shen et al. 2018). All images
were limb-darkening corrected, normalized to the median value
of the quiet-Sun intensity /y,eq, and aligned. Details of the data
processing are described in Diercke & Denker (2019).

3. Method

In order to explore the capabilities of Ha as a proxy for solar
activity, we use the Ha excess calculated for bright regions and
the Ha deficit for dark (absorption) features. To extract bright
regions, related to plage, we created a mask with the threshold
TFoo belonging to an intensity 10% above the median intensity

med-

Tioo = Tmed + 0.1 X Ipeq.

ey

KIS Science Data Centre: archive.sdc.leibniz-kis.de
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The threshold was selected so that the bright plage regions are
isolated from the surrounding quiet-Sun.

The threshold T?oo for the absorption features is defined with
the following:

—-0.1x Imeda (2)

whereby we do not differentiate between sunspots and filaments.
In Fig. 1 (top left), we display the original He filtergram. The
red box indicates the area magnified in the bottom left corner.
The red contours illustrate the isolated patches of plage and the
blue contours show the selected dark absorption features, such
as filaments and sunspots. Compared to continuum images from
HMI/SDO (Fig. 1, top right), some sunspots and pores are not
visible in the Ha filtergrams and, therefore, they are also not
included in the masks. The mask for the bright plage regions for
the entire solar disk is displayed in the bottom right panel and
that for the dark absorption features is shown in the bottom right
panel of Fig. 1. Larger filaments are well recovered in the mask,
but also small-scale filaments are recognized.

We used morphological image processing to extract these re-
gions more efficiently. First, we applied morphological closing
on the masks using a circular structuring element with a radius
of ten pixels. We excluded small areas with less than 20 pixels
and removed border effects at 0.99 ro. From all pixels R;;, we
calculated the imaging Har excess E of the bright regions sim-
ilar to the method described in Johannesson et al. (1998) and
Nagqvi et al. (2010). For the intensity /;; of each pixel, the fol-
lowing equation is defined:

D
Tip0 = Imed

1 (S —TE
Eron = - th 47 J 100
1% = 7000 ;ff W {f,,_o
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a sample region. The red and blue contours indi-
cate the selected bright and dark features for the
masks, respectively.

The nomenclature is compliant to the definition in Naqvi et al.
(2010). Dividing by the factor 1000 results in values in a conve-
nient data range.

As we defined the imaging Her excess, we define the imaging
Ha deficit Do from the threshold T100 for the following dark
absorption features:

§ ()()| if I;; < T
D fi ith !
100 = 1000 ] W {fj O

ij = %100

b
it I;; > Ty,

)

In Section 4.1, we compare the imaging Ha excess and deficit
with the mean intensity 12 jpean of all bright regions with an inten-
sity I;; above threshold T100

1 =1
E _ E " : ) t
Imedn - nt ﬁj with { = 0

The mean intensity I, is the sum of all intensities f; above
threshold TIE00 divided by the number of pixels nr above the
threshold. In relation to this, we define the mean intensity of

dark absorption features 12, equivalent t0 [ With I;; < TP .

Both the mean excess intensity /£, and the mean deficit inten-
sity D, are compared relative to the median intensity /eg.

Another quantity we want to introduce here is the mean ex-
cess intensity 1% meanx ©f individual isolated patches K in an im-
age. The definition is equivalent to Equation (5), but calculated
for each individual patch separately. This quantity is used in
Sect. 4.2, where we calculate their distribution for a certain time
span during minimum and maximum.

;> TE

lOO 5
I<T )

100
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2012 and March 2014, respectively.

Furthermore, we define the area coverage fraction of the Ha
excess Ag, which is the total number of pixels nt above threshold
TFOO divided by the total number of pixels belonging to the solar
surface in the filtergram Py:

nr

Ap= —
71700 x Py

(6)

The area coverage fraction Ag is used in Section 4.3.The area
coverage fraction of the Ha deficit Ap is defined in the same
way. In Section 4.4, we use only the total number of pixels nt ar
above threshold TFOO, which belong to selected active regions
(ARs). Here, we inspect the Ha excess regions of the active re-
gion, which are a collection of several isolated patches of plage.

Several established solar activity tracers are commonly used
in the solar community. To study the value of the Ha excess
and deficit as a tracer of solar activity, in the following we com-
pare both quantities with three established proxies: spectral mag-
nesium Mg index,’ the solar radio flux at F10.7 cm,® and the
sunspot number.* For each index, we use the daily value and the
monthly average value. For the imaging Ha excess and deficit,
we calculate the monthly average for the complete time period.
To compare the Ha excess and deficit with the other tracers, we
calculate their monthly average. The Spearman correlation pg is
then calculated for the monthly average of each tracer.

’https://www.iup.uni-bremen.de
*https://spaceweather.gc.ca
“http://www.sidc.be

4. Results
4.1. Imaging Ha excess and deficit

In this section, we analyze the imaging Ha excess and deficit for
bright and dark regions during Solar Cycle 24. We compare both
quantities to the mean intensity of the bright regions 1%, , as
well as to other activity indices, that is to say the relative sunspot
number, the F10.7 cm radio flux, and the Mg index. The moti-
vation of this study is to characterize the intensity excess from
the bright regions for possible relations to stellar activity studies.
The Ha deficit might help the solar-stellar connection commu-
nity to quantify how much the Ha intensity decreases across the
solar or stellar disk because of absorption features in the atmo-
sphere.

Solar Cycle 24 started in late 2008, but ChroTel observa-
tions have been available in the archive since April 2012. The
maximum of Solar Cycle 24 on the northern hemisphere was in
November 2012, which was followed by the maximum on the
southern hemisphere about 16 months later in March 2014 (Sun
et al. 2015). The recorded data cover the activity minimum in
2018 and 2019, as well as the start of Solar Cycle 25 in 2019 and
2020.

In Figure 2, we compare the Ha excess Ejqp (top left panel)
directly with the Ha deficit Do of the absorption features (top
middle panel). Both indices are set against the mean inten-
sity IE,,, of Ha excess regions, as described in Equation (5),
throughout Solar Cycle 24 (top right panel). The daily values
(cyan x) as well as the monthly average (white curve) are dis-
played. Comparing the Ha deficit to the Ha excess, both curves
show a cyclic behavior related to the solar activity. The Ha ex-
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cess is highest around maximum and decreases toward the min-
imum when the number of active regions and the related bright
plage regions is lower (Fig. 2, top left panel). The curve of the
Ha deficit for the absorption features (top middle panel in Fig. 2)
follows the global evolution of the solar activity, as well, but it
peaks at different times. The vertical gray bars in Fig. 2 indi-
cate the magnetic field reversal in the northern (left panel) and
southern hemisphere (right panel) during the maximum of Solar
Cycle 24 (Sun et al. 2015). The Ha excess has its highest peak
around the time of the magnetic field reversal in the southern
hemisphere (second gray bar) in 2014, but with smaller peaks
before and after the first magnetic field reversal in the northern
hemisphere (first gray bar). The He deficit has one peak before
each magnetic field reversal related to each hemisphere, but at
a later time as for the Ha excess. The highest peak is around
the end of 2015. Afterwards the Ha deficit reduces to a mini-
mum, similar to the Ha excess. Nonetheless, the correlation of
the monthly averaged Ha excess and deficit is high with a Spear-
man correlation of pgp = 0.91.

The changes between the maximum and minimum of the so-
lar cycle are best visible in the Ha excess Ejgy. Here the val-
ues vary between EJi ~ 20 around the activity maximum and
Ejo0 ~ 1 around the activity minimum. The spread of the daily
Ha excess around the maximum varies between Ejo9 ~ 5 and
E o0 = 20, whereas around the minimum the variations are much
smaller between Ejo0 ~ 2 and E;g9 =~ 0. This is related to the
very small number of active regions during the minimum. We
can see that the Ha excess and deficit increase shortly before the
magnetic field reversal in the northern hemisphere (left gray bar).
For the magnetic field reversal in the southern hemisphere (right
gray bar), the Ha excess increases just before the magnetic field
reversal to its maximum and it stays high for several months.

For the Ha deficit of absorption features, the values vary be-
tween D9 = 7 and Dyo9 = 0 between maximum and mini-
mum, respectively. The variation is much stronger in the maxi-
mum, covering the full range from maximum values to low val-
ues of about Djgp ~ 1 in just a few days, while variations of
the daily Ha deficit are very small during the minimum. Just
before the magnetic field reversal in the northern and southern
hemispheres, the Ha deficit is high and drops after the rever-
sal. Nonetheless, the number of absorption structures increases
to an even higher level after the magnetic field reversal. The drop
from a high number of absorption features toward the minimum
is steeper than for the bright regions. We discuss the He deficit
in detail in Section 5.

The variations of the mean intensity I%.,, of Ha excess re-
gions (top right panel in Fig. 2) are large throughout the entire
cycle, but decrease toward the minimum. The daily variations
decrease in the minimum and the intensity level is clearly re-
duced. Comparing the mean intensity of Ha excess regions to
the imaging Ha excess, we recognize that the Ha excess is bet-
ter suited to reflect the solar activity than the mean intensity, be-
cause in the mean intensity, the daily variations are much larger.
Especially the declining phase of the solar cycle is better rep-
resented by the imaging Ha excess. The Ha excess depends on
the number of pixels, which go into the calculation, resulting in
a better scaling of the curve and a better comparison to other
activity tracers.

In the following, we compare the Ha excess and deficit
with the spectral magnesium Mg index, the solar radio flux
at F10.7 cm, and the sunspot number (lower panels in Fig. 2).
We display the daily observations for each activity tracer as sin-
gle points and their monthly average as a solid white line. The
trend of the Ha excess is very similar to the other three prox-
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ies throughout the solar cycle. Toward the maximum the daily
variations of the Ha excess are high, but in the monthly average
the Ha excess is much higher than in the minimum, where the
daily variation is also reduced. The first peak of the He excess is
due to the maximum in the northern hemisphere. The same peak
is visible in the solar radio flux at F10.7 cm, the sunspot num-
ber, and it is slightly shifted in the Mg u index as well. The sec-
ond peak in the Ha excess coincides with a peak in the sunspot
number and a small peak in the F10.7 cm radio flux. The high
increase in the excess in Ha shortly before the magnetic field
reversal in the southern hemisphere (right gray bar) is similar to
the sunspot number and the F10.7 cm radio flux as well, whereby
the latter stays at a high level for several month after the rever-
sal, whereas the Ha excess decreases in a similar manner as the
Mg index. The maximum of the Mgu index is shortly after
the magnetic field reversal in the southern hemisphere. There is
another increase in the Ha excess in the declining phase of the
cycle in the end of 2017, which is also visible in all the other
three tracers at the same time. The correlation of the Ha excess
is lowest for the smoothed sunspot number with pgssy = 0.88
and pgmssy = 0.91 with the mean monthly sunspot number.
The correlation to the F10.7 cm radio flux is pgrio = 0.93. The
highest correlation is with the Mg index with a correlation of
pEMg = 0.95. The Har excess and the Mg index display both
the solar activity of the chromosphere.

The first peak of the Ha deficit coincides with the three other
tracers. Their is a smaller peak after the magnetic field reversal
of the southern hemisphere, which coincides with the maximum
of the Mg index and the F10.7 cm radio flux, but this is most
probably just an artificial peak due to a lack of data in the be-
ginning of 2015. The real peak of the Ha deficit is at the end of
2015, when most other tracers have already started to decline.
The additional peak toward the minimum in the end of 2017 is
visible for the Ha deficit as well. The Spearman correlation of
the monthly mean of the Ha deficit with the other three tracers
of solar activity is lower compared to the Ha excess, but still
relatively high. The highest correlation was calculated between
the He deficit and the F10.7cm radio flux with ppgjo = 0.89,
followed by the correlation with the Mg index ppm, = 0.87.
The correlation with the smoothed sunspot number and the mean
monthly sunspot number is pp ssy = 0.85 and pp mssn = 0.84.

In the following section, we compare the mean intensity of
bright Ha regions IE.,. and the mean intensity of dark Ha ab-
sorbing regions /2., . Additionally, for both quantities, we calcu-
late their difference to the median intensity I,eq. All images are
normalized to the median intensity, which means that /;,¢q = 1.
Together with their monthly mean, these quantities are displayed
in Fig. 3. The behavior of £, and ID, = throughout the years
is very similar. During the maximum, /., is high indicating
a large number of bright regions and /2., is small, indicating
a larger number of absorbing features on the Sun. Toward the
minimum, /£, and I, are decreasing and increasing, respec-
tively, approaching values closer to Iq. Sighting the relative
difference of both mean intensities, the difference is close to
zero throughout the observing period. The Spearman correlation
of the monthly averaged mean intensity for the Ha excess and
deficit is high with a Pearson anticorrelation of pgp = —0.81.

4.2. Intensity distribution of active regions

In the context of solar and stellar activity, not only is the num-
ber of active regions of interest, but as is the distribution of Ha
intensities of the observed regions. To investigate how the active
(during solar maximum) and inactive parts (during solar min-
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Fig. 3. Comparison of the mean intensity of bright Ha regions IE_,,
(blue crosses, top panel) and the mean intensity of dark Ha absorbing
regions /D, (red crosses, bottom panel) relative to the median intensity.
In the middle panel, the relative distance to an intensity of /e,y = 1 of
B, and ID s displayed. In addition, the monthly mean is shown with
a white line.

imum) of the solar cycle differ in the Ha properties of active
regions, we selected individual isolated patches of Ha excess re-
gions observed on the Sun solar minimum and maximum, as de-
scribed in Sect. 3. For the solar maximum, we used observations
between 2012 and 2015, which include 202 991 isolated patches
of Ha excess regions in total. For the solar minimum, we used
data between 2016 and 2020 including 25 426 isolated patches.
The number of active regions during the solar activity minimum
is very low, which was the reason why we decided to calculate
the mean intensity Ifﬂean’K of individual isolated patches of Ha
excess. We produced a histogram of the number of observed iso-
lated patches as a function of the normalized He mean intensity
(Fig. 4). The total number of bright regions between solar max-
imum (red histogram) and minimum (blue histogram) differs by
a factor of about four. The shape of those two distributions is al-
most the same, as can be seen when scaling the distribution for
the inactive Sun up to the level of the active Sun (light blue his-
togram). Both distributions resemble a skewed Gaussian, with
a longer tail toward higher intensities. The tail is slightly more
extended for the active Sun. The application of this result is dis-
cussed in Sect. 5.1.

—— active Sun
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—— inactive Sun scaled up
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1000 A
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Fig. 4. Intensity distribution of Iflean,K for individual regions above the
threshold shown as a histogram for the active Sun (red) and the inactive
Sun (blue). A scaled-up histogram of the inactive Sun is provided for an
easier visual comparison with the active Sun (light blue).

4.3. Active longitude of the Ha excess and deficit

In this section, we inspect solar rotation for all Carrington rota-
tions in the data set in detail, separating the data set into maxi-
mum (2012 -2014) and declining phase (2015 —2020) for both
the Ha excess and deficit (Figs. 5 and 6, respectively). For the
Sun, a Carrington rotation is defined with a rotation period of
27.2753 days (Knaack et al. 2004). The ChroTel data set con-
tains 84 Carrington rotations. We sorted each observed image
in its respective Carrington frame and calculated the average of
the area coverage fraction Ag, the imaging Ha excess Ejgp and
deficit Djgo, and the mean intensity /%, (Fig. 5). For each day
of an average Carrington rotation, between 13 and 24 data points
are summed up. We calculated the standard deviation for each
quantity. The same was repeated for the Ha deficit and their re-
spective quantities (Fig. 6).

In Fig. 5, the mean area coverage fraction of the Ha excess,
the mean Ha excess, and the mean intensity averaged for one
Carrington period are displayed. During the maximum phase
(upper left and middle panel), there is a clear bell shape of the
mean area coverage fraction and the Ha excess with the maxi-
mum in the middle of the Carrington reference frame, indicat-
ing the active longitude of Solar Cycle 24 at about 150°. For
the mean intensity, the bell shape is not so clearly visible, but
still at around the middle of the Carrington rotation, the mean
intensity is slightly higher. The Spearman correlation between
the area coverage fraction and the He excess is very high with
pea = 0.92, but also the Spearman correlation between the Ha
excess and mean intensity is relatively high with pg; = 0.69. On
the other hand, the Spearman correlation of the area coverage
fraction and the mean intensity is only pa1 = 0.49.

In the declining phase (Fig. 5, lower panel), the bell shape
completely disappeared for all three quantities. The area cover-
age fraction reduced from values between 2% and 5% to values
between 0% and 3%. The imaging Ha excess reduced from val-
ues between 4 and 15 to values between 0 and 10. The mean
intensity still occasionally reaches values of up to 1.21 I/l eq,
but lower intensities of about 1.13 I/l ;.4 are now also possi-
ble. The standard deviation for the mean intensity reaches higher
values than during the maximum phase. The correlation is even
higher for the area coverage fraction and the Ha excess with
pea = 0.96, whereby the correlation with the intensity is very
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Fig. 5. Area coverage fraction of Ha excess regions in percent (left row), the mean intensity of the Ha excess regions (right row), and the imaging
Ha excess Ejg (middle row) averaged for all Carrington rotations during the maximum phase of Solar Cycle 24 (upper column) and the declining
phase of Solar Cycle 24 (lower column). The shaded areas indicate the standard deviation. In the middle row, we provide the Spearman correlation
coeflicient pg o of the Ha excess and the area coverage fraction, the correlation coefficient pg; of the Ha excess and the mean intensity, and the
correlation coefficient of the area coverage fraction and the mean intensity pa 1.

low (og; = 0.03). The same applies for the correlation of the
area coverage fraction and the mean intensity (o1 = 0.02).

In Fig. 6, the averaged Carrington rotation for the imaging
Ha deficit, the covarage fraction Ap of the Ha deficit, and the
mean intensity of absorption features /2., is displayed. In the
maximum phase (upper panel), the bell shape for the area cov-
erage fraction and Ha deficit is again visible, but the mean in-
tensity does not visibly change during the averaged Carrington
period. The peak of the Ha deficit is between 150°and 180°in
the Carrington reference frame, which is comparable to the peak
of the He excess. For the area coverage fraction, there are two
very large spikes for the standard deviation, which may be corre-
lated with very large filaments on the solar surface, which influ-
ence the standard deviation. In the declining phase (lower panel),
the bell shape is no longer visible for the coverage fraction and
Ha deficit. The values decrease for the area coverage fraction
from about 0.8% to 1.5% to values below 0.8%. The imaging
Ha deficit is on average between 1 and 3 in the maximum phase
and it reduces to values between O and 2, which indicates that
fewer filaments are present on the solar disk. The mean intensity
slightly increases from about 0.84 to 0.85 on average, indicat-
ing fewer absorption features. The standard deviation visibly in-
creases as well for the mean intensity during the declining phase,
whereas the standard deviation is relatively low in the maximum
phase. The correlation of the area coverage fraction and the Ha
deficit is lower in the maximum phase compared to the Ha ex-
cess with pp o = 0.84, but it increases to ppa = 0.95 in the
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declining phase. The Spearman correlation for the Ha deficit
and the intensity indicates an anticorrelation pp; = —0.81, but
comparing both quantities, they do not seem to correlate at all.
For the declining phase, only a correlation of pp; = —0.44 was
calculated. The correlation of the area coverage fraction and the
mean intensity is in both the maximum phase and the declin-
ing phase which are relatively low with values of po; = —0.53
and pa1 = —0.34, respectively. The shape of the Ha excess and
deficit for an averaged Carrington rotation is discussed in Sec-
tion 5.1.

4.4. Ha excess of active regions

In this section, we discuss the variation of the mean intensity
and He excess during the passage of 15 different active regions
between 2012 and 2020. The selected regions are listed in Ta-
ble 2. In the table, we marked the active regions with low activity
(small number of C-class flares) and high activity (large number
of C-class flares and at least one M-class flare) with asterisks.

The active region in July 2018 did not develop sunspots and
therefore it did not receive a NOAA identification number, but
because of the large, clear visibility in EUV images, this active
region received an identification number with the Spatial Pos-
sibilities Clustering Algorithm (SPoCA, Verbeeck et al. 2014).
Since the region in the He filtergrams was dominated by plage
regions, we decided to include this region to our data sample.
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Fig. 6. Area coverage fraction of He deficit regions in percent (left row), the mean intensity of the Her deficit regions (right row), and the imaging
Ha deficit Dy (middle row) averaged for all Carrington rotations during the maximum phase of Solar Cycle 24 (upper column) and the declining
phase of Solar Cycle 24 (lower column). The shaded areas indicate the standard deviation. In the middle row, we provide the Spearman correlation
coeflicient pp 4 of the He deficit and the area coverage fraction, the correlation coefficient pp; of the Her deficit and the mean intensity, and the
correlation coefficient of the area coverage fraction and the mean intensity pa 1.

Table 2. Overview of selected active regions and their observing period
between 2012 —-2020. The asterisk indicates the flaring activity of the
active region.

NOAA Observing period
11476** 2012/05/09 —2012/05/16
11555 2012/08/26 — 2012/09/04
11818** 2013/08/10 — 2013/08/20
11835 2013/08/25 — 2013/09/05
11850* 2013/09/19 — 2013/10/01
12049* 2014/04/29 — 2014/05/08
12139* 2014/08/11 — 2014/08/22
12389* 2015/07/24 — 2015/08/03
12578 2016/08/15 — 2016/08/26
12686 2017/10/24 - 2017/11/01
12709 2018/05/08 — 2018/05/19
12712* 2018/05/24 — 2018/06/04

SPoCA 219047 2018/07/08 —2018/07/18
12767 2020/07/22 —2020/08/01
12769 2020/08/01 — 2020/08/13

T NOAA identification not available
* Flaring active regions (C-class)
** Flaring active regions (M-class)

We selected active regions NOAA 11818 (2013 August 9 -
20, 12 days), NOAA 11835 (2013 August 25 — September 4,
11 days), and NOAA 11850 (2013 September 19 — October 1,

13 days) to illustrate their disk passage in the Ha filtergrams
(Fig. 7). For the sake of clarity, we concentrated on the eight
central days (days 4—11) and discarded the limb observations.
The active regions NOAA 11850 and NOAA 11818 showed flux
emergence until about the middle of their disk passage and they
decayed in the following days. The regions developed small-
scale sunspots and active-region filaments, which also decayed
during the disk passage. NOAA 11835 developed fully by day 4
of the disk passage and decayed over the course of the disk pas-
sage. However, Fig. 8 contains the values for the whole disk pas-
sage and it is centered on the passage of the active region through
the central meridian. In Fig. 7, we illustrate the isolated patches
of Ha excess in the mask inside the field-of-view, which were
used to calculate the imaging Ha excess and its mean intensity.
The total number of pixels was derived from all pixels belong-
ing to the mask. The evolution of the imaging Ha excess (black
curve), the mean intensity of each Ha excess region (red curve),
and the number of pixels of each region (blue curve) during the
disk passage of 15 active regions is displayed in Fig. 8. The days
are normalized to the passage of the active region through the
central meridian. The active regions are roughly organized by
their size with the smallest active regions in the top row and the
largest active regions in the bottom row. As defined in Eq. (3),
the imaging Ha excess is a function of the number of pixels in
each mask and the intensity.

For most of the selected active regions, the shape of the num-
ber of pixels and the Ha excess can be described with a bell
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Fig. 7. Regions of interest (ROIs) extracted from ChroTel Ha full-disk filtergrams, displaying the disk passage (days 4 —11) of three active regions
in 2013 during the maximum of Solar Cycle 24: NOAA 11850 (top), NOAA 11835 (middle), and NOAA 11818 (bottom). The respective mask

for each ROl is displayed with red contours.

shape. The mean intensity varies from the bell-shape structure,
but in many cases it is still visible (Fig. 8, f, h, i, j, and m).
In these cases, the Spearman correlation is also very high be-
tween the Ha excess and the mean intensity. The correlation be-
tween the Ha excess and the number of pixels is high in most
cases. In ten of the 15 cases, this correlation is the highest of
the three calculated correlations. Especially for the larger active
regions, the correlation is between pgp = 0.71 and pgp = 0.97
(Fig. 8, h—m), which indicates a large dependence of the Ha
excess on the size of the region. Nonetheless, especially dur-
ing large flare activity, the mean intensity is largely effected and
also influences the Ha excess, as is visible for the active regions
NOAA 11476 and NOAA 11818 (Fig. 8, k and 1), where sev-
eral flares including M-class flares appeared during the disk pas-
sage. For NOAA 11818, the Spearman correlation of the Ha ex-
cess and the mean intensity exceed the correlation of the Ha ex-
cess with the number of pixels. For active region NOAA 12767
(Fig. 8, d), the shape of the three parameters are very similar,
but the correlation of the Ha excess with the mean intensity is
relatively low with pg; = 0.32. Therefore, we shifted the mean
intensity by one day and repeated the calculation of the correla-
tion, which resulted in a much higher value of pg; = 0.84. The
correlation of the number of pixels with the mean intensity in-
creased to pp; = 0.75 as well. A similar behavior is found for
NOAA 11476, NOAA 12712, and NOAA 12578 (Fig. 8, k, i,
and b, respectively).

In addition, we created scatter plots (not shown) of all active
regions for each parameter and calculated the Spearman corre-
lation for them. This results in a very high correlation for the
Hea excess and the number of pixles with pgp = 0.92. The cor-
relation of the Ha excess with the mean intensity is still high,
but much lower with pg; = 0.75. The correlation of the number
of pixels and the mean intensity is ppy = 0.45. By shifting the
mean intensity by one day backward, the correlation of the mean
intensity and the number of pixels increases to ppy = 0.53.
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5. Discussion
5.1. A new tracer of the solar activity: Imaging Ha excess

The prominent Ha spectral line is commonly known to reflect
solar activity, but it is rarely used as such. The work by Liv-
ingston et al. (2007) is one of the very few studies that analyzed
the evolution of the He line-core intensity for Solar Cycle 22
and 23 in comparison to many other spectral indices. The study
of Meunier & Delfosse (2009) analyzed the influence of dark ab-
sorption features on the integrated He intensity with respect to
its correlation to the Can K index. In this study, we explore the
possibilities of using Ha full-disk filtergrams to create a tracer
for the solar activity, that is to say the imaging Ha excess and
deficit.

We compared the positive and negative Ha excess with
the following already established solar indices: relative sunspot
number, F10.7 cm radio flux, and Mg index. The highest cor-
relation with the H-alpha excess was found with the Mg i1 index,
which originates in the chromosphere, similar to the Ha spec-
tral line. The correlation of the Ha deficit and the Mg index
is also very high, but the correlation to the F10.7 cm radio flux
is slightly higher. We also investigated the mean intensity of Ha
excess regions, which showed that the mean intensity of Ha ex-
cess regions also changes with the solar cycle. The threshold for
the He excess was selected to include mainly plage regions. The
disadvantage of the mean intensity is that the daily variations are
very high and the decrease toward the solar minimum is shallow.
This is different for the imaging Ha excess. Here, the advan-
tage is that it scales with the number of pixels. This results in a
steeper decrease in the curve toward the minimum and a better
representation of the maximum peaks. In addition, it allows for
a better comparison with other activity tracers. The imaging Ha
excess of bright regions displays the strongest variations in am-
plitude because bright regions disappear nearly completely from
the solar disk during solar minimum. In the master thesis of Le
Phuong (2016), an Ha spectral index from spectra of the Inte-
grated Sunlight Spectrometer (ISS, Keller et al. 2003) of SOLIS
was derived based on the intensity enhancement in the line core.
However, the variations during the solar cycle were weak, as in-
dicated in the study of Maldonado et al. (2019). In any case, so-
lar activity is small compared to stellar activity, which might be
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Fig. 8. Ha excess (dash-dotted black line), mean intensity (dashed red line), and number of pixels in mask (solid blue line) for 15 active regions
during their disk passage. The vertical dashed lines indicate the crossing of the the active region through the central meridian. For each active
region, we calculated the Spearman correlation of the Ha excess with the number of pixels pgp and with the intensity pg |, as well as the Spearman
correlation of the number of pixels and the intensity pp;. The asterisks next to the active region number indicate the flaring activity (see Table 2).

a limiting factor for spectral indices, while disk-resolved indices
may perform better.

Not only does the Ha excess reflect solar activity, but also the
imaging Ha deficit, which had never been studied before. The
trend of the Ha deficit, as well as the high correlation to the Ha
excess and other tracers of solar activity indicate a dependency
on the solar cycle. The daily variation of the Ha deficit is much
stronger in the maximum, covering the full range from maximum
values to low values of about Doy ~ 1 in just a few days, while
variations of the daily He deficit are very small during the min-
imum. This indicates that absorption features such as filaments
are reduced in number during the solar minimum. Dark features
are associated with the solar cycle, such as sunspots and fila-
ments. Moreover, polar crown filaments — large-scale filaments
in polar regions — start to appear in a large number around and af-
ter the minimum of the solar cycle until they reach a peak shortly
before the magnetic field reversal, that is around solar maximum,
when they disappear from the solar disk (Cliver 2014; Xu et al.
2018; Diercke & Denker 2019). In Fig. 2 (upper middle panel),
we find that just before the magnetic field reversal in the north-
ern (November 2012) and southern hemispheres (March 2014),
the Ha deficit is high and drops after the reversal, which indi-
cates the disappearance of polar crown filaments after the mag-
netic field reversal at the end of the rush-to-the-pole of polar
crown filaments. This shows a very good representation of the
polar crown cycle with the imaging Ha deficit. Nonetheless, the
number of absorption structures increases to an even higher level
after the magnetic field reversal, leading to the peak of the Ha
deficit at the end of 2015 (Fig. 2). In the ChroTel He filtergrams,
it is visible that the number of large-scale quiet Sun filaments at
mid-latitudes and sunspots and active region filaments in the ac-

tivity belt increased, which led to the increase in the Ha deficit.
A second rush-to-the-pole is not observed (Diercke & Denker
2019).

The Ha synoptic charts of filaments from several Ha sur-
veys were used by Makarov & Tlatov (2000) and Makarov et al.
(2001) to calculate an activity index for the large-scale magnetic
field indicating a cyclic behavior for several solar cycles (Ermolli
et al. 2014). In contrast to this, we extracted the Ha deficit di-
rectly from He full-disk filtergrams and we have shown that it
can be used as a tracer for solar activity. The Ha deficit mon-
itors the coverage of Ha absorption features from small-scale
active region filaments and sunspots to large-scale quiet Sun and
polar crown filaments. Whereas the active region filaments and
sunspots are directly related to the solar cycle and can be corre-
lated to the solar activity, the polar crown filaments are an indi-
rect measure of the solar activity, which should not be neglected
in a complete view of the solar activity cycle of the Sun.

A close relationship between excess regions and deficit re-
gions can be assumed by comparing the mean intensity of ex-
cess and deficit regions (Fig. 3). Also the daily variations can
be relatively high comparing both quantities, the monthly aver-
age indicates a closely related trend, with a high anticorrelation.
The mean intensity of the excess regions peaks at about the same
values. The peaks are related to the maximum of intensity in the
northern and southern hemisphere, and additional peaks occur
shortly after the maximum in 2015 and another intensity increase
in the end of 2017, which is reflected in all solar activity tracers.
The peaks of the mean intensity of He deficit are related to the
polar crown activity cycle and after the magnetic field reversal
on both hemispheres to an increased number of quiet-Sun and
active region filaments.
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The distribution of He excess intensities on the solar disk
can be linked to our knowledge of other stars that display activ-
ity cycles. Stellar activity cycles are studied in various observ-
ables, that is from chromospheric emission (Noyes et al. 1984;
Baliunas et al. 1995; Hall & Lockwood 2004; Metcalfe et al.
2010) over white light modulation (Reinhold et al. 2017; Nielsen
et al. 2019) to X-ray emission (Hempelmann et al. 1996; Sanz-
Forcada et al. 2013). Here, we focus on a particularly useful
comparison to findings about stellar coronae during stellar ac-
tivity minima and maxima. While our solar observations refer to
the chromosphere, high and low activity regions in the corona are
colocated with their counterparts in the chromosphere. We can
therefore make some qualitative comparisons to findings from
stellar coronae.

Coronal changes over a stellar activity cycle can be observed
in soft X-rays, and a small number of cool stars have been moni-
tored over more than a decade for their coronal cycles (Hempel-
mann et al. 2006; Favata et al. 2008; Robrade et al. 2012; Or-
lando et al. 2017). When analyzing soft X-ray spectra with mod-
erate resolution, such as they are provided by the current large X-
ray observatories XMM-Newton (Jansen et al. 2001) and Chan-
dra (Weisskopf et al. 2002), the data quality typically allows for
two to three temperature components of the stellar corona to be
fitted simultaneously. Robrade et al. (2012) show that for the two
stars 61 Cyg A and a Cen B, the coronal spectra in both the high
and low activity states can be fitted with three temperature com-
ponents each. When letting the temperatures of the three com-
ponents free to fit, they found that the fitted temperatures are
virtually the same, and only the emission measure of each com-
ponent changes over the course of the cycle. This is in line with
our finding that the distribution of mean intensities of individual
Ha excess regions retains basically the same shape between so-
lar minimum and maximum, and only the number of regions that
are present changes.

The average solar rotation shows a clear bell-shaped appear-
ance in the maximum phase of the solar cycle, with a higher
imaging Ha excess and area coverage fraction in the middle of
the rotation period compared to the beginning and end (Fig. 5).
For the mean Ha excess intensity, the trend is visible but not
as pronounced as for the other two parameters. The same trend
is seen for the imaging Ha deficit and the corresponding area
coverage fraction (Fig. 6). For the declining phase in both cases,
this behavior is not noticeable. For single rotation periods, such
a trend could be caused by individual large active regions which
remain on the solar surface for several solar rotations. Nonethe-
less, we averaged over 34 Carrington rotations, which should
average out such effects. The behavior of sunspots emerging at a
preferred longitude is known as active longitude (Berdyugina &
Usoskin 2003; Hathaway 2010; Kramynin & Mikhalina 2021).
In this study, the active longitude is visible for the Ha excess
related to plage regions, as well as for the Ha deficit, which is
mainly related to active region filaments.

In addition, we calculated a strong correlation between the
imaging Ha excess or deficit with their corresponding area cov-
erage fraction. This indicates that the dominant factor in the cal-
culation of the Ha excess and deficit is the number of regions
which go into its calculation. The influence of the mean inten-
sity on the Ha excess is discussed for individual active regions
in the next paragraph.

For most of the active regions selected for this study, the
mean intensity (red curve), as well as the number of pixels and
imaging Ha excess (black curve) show similar temporal pro-
files, which resemble the bell-shaped profiles of the UV irradi-
ance for active regions presented in Toriumi et al. (2020), where
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the 1600 A and 1700 A images display the transition region and
(upper) photosphere. The UV intensity profiles mainly represent
signals from bright plage regions, which is also the case for the
Ha excess.

The Ha excess is strongly correlated to the number of pixels
in this region in most cases. Nonetheless, the intensity can influ-
ence the Ha excess as well, that is during M-class flares, when
the intensity is locally enhanced. The correlation of the Ha ex-
cess and the mean intensity is high in the majority of the active
regions. On the other hand, the number of pixels and the mean
He excess intensity do not seem to correlate well. Only in a few
cases is the correlation above 0.5.

5.2. Activity contamination in exoplanet transmission spectra

The Sun has frequently been used in case studies to understand
how exoplanet properties can be affected by the surface features
of their host stars (e.g., Meunier et al. 2010; Llama & Shkol-
nik 2015; Haywood et al. 2016). Detections of molecules and
atoms in exoplanet atmospheres can be contaminated by stellar
active regions, which has been coined the "transit light source ef-
fect" or "contrast effect” by various authors (Cauley et al. 2018;
Rackham et al. 2018). Indeed, transits of active latitudes can en-
tirely mimic an absorption signal in the planet’s atmosphere for
strong chromospheric lines such as He or He 1 10830 A (Cauley
et al. 2017; Salz et al. 2018; Cauley et al. 2018). While broad-
band variability and/or multicomponent spectral fitting can place
strong limits on the star spot coverage fraction (Gully-Santiago
et al. 2017) and, in some cases, bright faculae and plage cover-
age fractions (Morris et al. 2017), these techniques provide little
information concerning the emission line flux from individual
bright active regions. Being able to constrain the strength of ac-
tive region emission for individual stars will provide us with a
much more precise contamination estimate for exoplanet atmo-
spheric absorption, that is, how much of the observed signal is
due to the occultation of active regions by the planetary disk.

Active region contamination of transmission spectra is only
a problem for planets transiting active stars. One group of sys-
tems for which this is particularly important is short-period plan-
ets transiting very young stars, for example, V1298 Tau (David
etal. 2019), AU Mic (Plavchan et al. 2020), and DS Tuc (Newton
et al. 2019). Ultraviolet and He transmission spectra for these
targets can be used to search for signatures of extended atmo-
spheres and evaporation, which requires an understanding of the
degree to which stellar active regions affect the planetary signal.
A relationship between the area coverage fraction of magnetic
bright regions and the average intensity of the emission from
those active regions could be included in models of the rota-
tional modulation of these young stars in order to provide con-
straints on the two model parameters. This method is especially
applicable to young stars given their relatively short rotation pe-
riods, which makes it possible to collect data across many rota-
tions. Although a functional form for the relationship between
the emission line strength and active region coverage derived for
the Sun may not be directly applicable to premain sequence stars
or different spectral types.

The Ha data presented here offer some insight into this prob-
lem. Figure 5 demonstrates that the area coverage fraction of Ha
excess regions strongly correlates with the imaging He excess,
but the correlation to the mean intensity of Ha excess regions
is relatively low. For five out of the 15 selected active regions,
the correlation is high and for three additional cases the corre-
lation significantly increases when the mean intensity is shifted
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by one day backward, which would imply a delayed increase in
the intensity in these cases. Nonetheless, the anticipated direct
relationship of the size of the Ha excess regions and their mean
intensity cannot be found in the data.

The data were limb darkening corrected and normalized to
the median intensity, but they were not corrected for geometrical
effects at the limb. Nonetheless, we compared the Ha excess, the
area coverage fraction, and the mean intensity of Ha excess re-
gions between them, so they would be effected in a similar man-
ner by the geometrical distortion. The relationship between them
did not change. The same is applicable for the internal evolution
of the active region during its disk passage.

6. Conclusions

Solar full-disk Ha observations are available, almost continu-
ously, from a network of ground-based observatories. They are
an ideal source for tracking solar activity. Moreover, Ha is com-
monly used in stellar observations and a comparison of solar and
stellar relations is possible. For the solar case, Ha is not an estab-
lished tracer for solar activity yet, but this study should change
this by showing some easy quantities, which can be derived from
He full-disk observations.

This study shows the value of the Her spectral window in
deriving a tracer for solar activity. The imaging Ha excess cre-
ated from Ha excess regions in full-disk filtergrams is closely
related to other chromospheric tracers such as the Mg index.
The Ha deficit reflects the solar activity throughout the cycle,
as well, with a high correlation to the F10.7cm radio flux. The
main advantage of the imaging Ha excess compared to the mean
intensity is a better reflection of the solar activity — especially
compared to other tracers — which is derived from the strong de-
pendency on the area coverage fraction of Ha excess regions.
Furthermore, we show that there is a strong correlation of the
mean intensity of the Ha excess and deficit throughout the cy-
cle, when comparing the monthly average of both quantities.

We have analyzed the influence of the area coverage fraction
and the mean intensity on the imaging Ha excess and deficit in
detail throughout the rotational period and for a sample of 15
active regions. The correlation with the area coverage fraction
was in all cases very high, whereas the correlation to the mean
intensity was lower or very small. In a few cases, the correla-
tion was high. A direct relationship between the mean intensity
of the Ha excess regions and the area coverage fraction was not
found. This would have an impact on the modeling of stellar ac-
tive regions, where the area coverage fraction and the intensity
of Ha emitting regions are required to accurately represent chro-
mospheres of solar-like stars. Furthermore, the active latitude of
sunspots is visible with the Ha excess and deficit in a Carrington
reference frame averaged over the maximum phase of the solar
cycle. The histogram of the mean intensity of Ha excess regions
for the maximum and minimum of the solar cycle revealed a sim-
ilar shape, but it was reduced by a factor of four in the minimum
of the solar cycle.
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