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Abstract

ffo stellar surface magnetic fields! Only for the Sun, spectral activity indices

can be related to evolving magnetic features on the solar disk. The Solar
Disk-Integrated (SDI) telescope feeds the Potsdam Echelle Polarimetric and

Spectroscopic Instrument (PEPSI) of the Large Binocular Telescope (LBT)
at Mt. Graham International Observatory (MGIO). Arizona, U.S.A. Weé

[idex. In addition, we compile excess brightness and area indices based on
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full-disk Ca 11K line-core filtergrams of the Chromospheric Telescope (Chro-
Tel) at Observatorio del Teide. Tenerife, Spain and full-disk ultraviolet (UV)
1600 A images of the Atmospheric Imaging Assembly (AIA) on board the

Solar Dynamics Observatory (SDO). IS SHAs-asStARSpecalindices

chromosphere. All indices display signatures of rotational modulation, even

during the very low magnetic activity in the minimum of Solar Cycle 24.
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multi-wavelength observations of activity features reveal
variations consistent with the 11-year activity cycle in all

1 | INTRODUCTION

The amplitude of cyclic variations in the solar atmosphere
can be traced back to the solar dynamo mechanism.
The standard model dictates that the dynamo action
arises in the tachocline, which produces the large-scale
global magnetic field (Charbonneau, 2020; Gilman, 2000).
Once emerged at the solar surface, these fields interact
with the local atmosphere and bring about the various
facets of solar activity (Weiss & Tobias, 2000). Long-term,

layers of the solar atmosphere (Ermolli, Shibasaki, Tla~
tov, & van Driel-Gesztelyi, 2014). In addition to annual
trends, most time-series of solar activity display signif-
icant modulations because of differential rotation with
respect to the formation height of the emission (Bertello,
Pevtsov, & Pietarila, 2012; Scargle, Keil, & Worden,
2013). Synoptic observations of solar activity and mod-
elling the solar dynamo are interdependent — like in a
feedback loop, so that advances in empirical data lead to
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tighter boundary conditions for models and more detailed
models prompt for confirmation by improved synoptic
observations.

The existence and the drivers of magnetic cycles raise
fundamental questions in stellar physics (Egeland et al.,
2017). Major efforts are directed to studying the rela-
tion between the observed activity and the star’s intrinsic
properties such as age, rotation, and spectral type (Gon-
doin, 2018; Judge & Thompson, 2012; Radick, Lockwood,
Henry, Hall, & Pevtsov, 2018). This information serves
as input for models, which facilitates the inference of
stellar internal structure and dynamos (Baliunas, Nesme-
Ribes, Sokoloff, & Soon, 1996; Pesnell, 2012; Pipin &
Kosovichev, 2016). The solar activity cycle is a con-
venient benchmark for activity variations of late-type,
main-sequence stars. Although the solar cycle is well doc-
umented, questions regarding its strength (Bazilevskaya
et al., 2000; Schroder et al., 2017) and long-time vari-
ations (Usoskin, 2017; Willamo et al., 2020) remain
open.

In the chromosphere, plages and enhanced active net-
work are the most prominent Ca1l H & K bright features,
which can induce significant changes in the visible and
UV spectrum of the Sun (Livingston, Wallace, White,
& Giampapa, 2007; Pevtsov, Bertello, & Marble, 2014).
Babcock & Babcock (1955) demonstrated that bright
chromospheric plage regions coincide with the locations
of high magnetic field concentrations in the photosphere.
The wide range covered by the formation height and
the many absorption and emission features visible in the
Ca1rH& K doublet resulted in scores of solar activity
indices, which display a strong 11-year amplitude and cor-
relate well with photospheric and coronal activity indices
(Livingston et al., 2007). In addition, the relation between
the Ca1lH & K line-core brightness and the strength of
the surface magnetic field is used to reconstruct long-term
magnetic variations in the absence of direct magnetic
field measurements (Chatzistergos et al., 2019; Pevtsov,
Virtanen, Mursula, Tlatov, & Bertello, 2016; Rutten
& Uitenbroek, 1991). The Mt. Wilson HK-monitoring
project, initiated by Olin Wilson (Wilson, 1968, 1978)
surveyed about 2300 stars in 1996 —2002 searching for
signatures of cyclic activity variation in their CammH & K
emission. A legacy of this endeavor is the S-index, defined
as the inherent flux scale of the two instruments of the
HK-project, i.e., HKP-1 and HKP-2 (Vaughan, Preston,
& Wilson, 1978). This index serves as a reference stan-
dard for the strength of a star’s magnetic activity, thus
facilitating a direct comparison with the Sun (Baliunas
et al., 1995; Duncan et al., 1991; Hall, 1996; Schroder,
Schmitt, Mittag, Gomez Trejo, & Jack, 2018). Sowmya et

al. (2021) pursued a different approach using synthesized
Ca1tH & K spectra to calculate a realistic solar S-index,
which was validated with solar Ca11H & K imaging and
spectral data, to assess stellar magnetic activity.

Plage and active network indices are related to dis-
persed magnetic fields of active regions and advected
magnetic elements at the boundaries of supergranular
cells, respectively. The most general difference in the
definition of these indices is the choice of the contrast
threshold. Conversely, solar irradiance indices can also be
based on magnetic field measurements (e.g. Chapman &
Boyden, 1986). The Ca11K-plage index is the most com-
monly used proxy for the solar UV irradiance variation
(Foukal et al., 2009; Kariyappa & Pap, 1996; J. Singh,
Priyal, & Ravindra, 2021; Worden, White, & Woods,
1998), and it is also used to reconstruct Total Solar Irradi-
ance (TSI) variations (cf. Chatzistergos, Ermolli, Giorgi,
Krivova, & Puiu, 2020; Preminger, Chapman, & Cook-
son, 2011). However, Johannesson, Marquette, & Zirin
(1995) cautioned that without including the active net-
work, the UV secular trend cannot be properly accounted
for. They developed an index based on the excess emission
in full-disk Ca11 K images obtained at the Big Bear Solar
Observatory (BBSO, Denker et al., 1999; Johannesson,
Marquette, & Zirin, 1998). Naqvi, Marquette, Tritschler,
& Denker (2010) expanded this work by adding a compan-
ion index accounting for the disk-coverage of the features
included in the excess brightness estimators.

Ground-based and space-mission instruments feed large
archives of synoptic observations of the Sun. The syn-
ergy between spectral and image information, available
in the case of the Sun, facilitates a global and compre-
hensive picture of solar activity variations. Spectrometers
with high spectral and temporal resolution, e.g., the
High Accuracy Radial velocity Planet Searcher (HARPS,
Mayor et al., 2003) and the Potsdam Echelle Polarimetric
and Spectroscopic Instrument (PEPSI, Strassmeier et al.,
2015) observe the Sun and other stars with comparable
spectral resolution at optical wavelengths. A spectral res-
olution of R > 100000 was hitherto the domain of solar
high-resolution spectrographs and spectrometers. The
U.S. National Solar Observatory (NSO) deployed the Syn-
optic Long-Term Investigation of the Sun (SOLIS, Keller,
Harvey, & Giampapa, 2003) instrument suite with the
aim to deliver a daily set of magnetograms, filtergrams,
and Sun-as-a-star spectra for selected spectral windows.
In addition, the space-mission Solar Dynamics Obser-
vatory (SDO, Pesnell, Thompson, & Chamberlin, 2012)
reveals in full-disk images and magnetograms details and
dynamics of the solar atmosphere. Recent examples of
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calculating long-term activity indicators and solar activ-
ity studies are presented in the works of Maldonado et al.
(2019), Chatzistergos, Ermolli, Krivova, et al. (2020) and
Bertello, Pevtsov, & Ulrich (2020).

Our investigation of solar activity indices presents in
Section 2 the Sun-as-a-star spectrometer PEPSI/SDI
along with ground-based and space-mission instruments
(ChroTel and SDO/AIA) monitoring chromospheric
activity. The derivation of activity indices is described in
Section 3 for Sun-as-a-star spectra and in Section 4 for
chromospheric full-disk images. The two types of indices
are compared in Section 4.3. Section 5 provides an outlook
of future science with PEPSI/SDI, once a longer time-
series of the S-index will be at hand, covering at least the
rise to the activity maximum of Solar Cycle 25.

2 | OBSERVATIONS

This study is based on high-resolution Sun-as-a-star spec-
tra of the chromospheric Ca11H & K lines, ground-based
synoptic full-disk images of the chromosphere in the light
originating from the core of the Ca1K line, and synop-
tic full-disk UV images from space. These data are the
foundation to compare solar activity indices derived from
unresolved Sun-as-a-star spectra with those extracted
from two-dimensional filtergrams of the entire solar disk.

2.1 | Solar Disk-Integrated telescope

The Potsdam Echelle Polarimetric and Spectroscopic
Instrument (PEPSI, Strassmeier et al., 2015; Strassmeier,
Ilyin, & Steffen, 2018) is a state-of-the-art, fiber-fed
spectrograph operating in a pressure- and temperature-
stabilized chamber in the basement of the Large Binocu-
lar Telescope (LBT, Hill, Green, & Slagle, 2006) at Mt.
Graham International Observatory (MGIO) in Arizona,
U.S.A. PEPSI delivers solar and stellar spectra in the
spectral range 3830-9140 A. The instrument’s design
provides effective radial-velocity stability. The spectral
resolution is determined by the choice of the fibers,
which deliver the light from the telescope to PEPSI.
Daytime observations of the Sun are carried out with
the highest available spectral resolution of R =~ 250 000.
The 11-millimeter aperture Solar Disk-Integrated (SDI,
Strassmeier et al., 2015) telescope mimics the binocular
design of the LBT and is located on a balcony of the LBT
building. The SDI telescope observes the Sun as a star
and feeds disk-unresolved light to a pair of 100 pm-core
fibers, guiding the light to the spectrograph.

PEPSI utilizes two extremely large-format STA1600LN
CCD detectors with 10.3k x 10.3k pixels to record cross-
dispersed echelle spectra at three wavelength settings for
each of the two light feeds. The pixel size is 9 pm X
9 pm. Thus, the detector area is about 10 cm x 10 cm.
Considering that PEPSI can record 16 orders in the red
and blue simultaneously, it is possible to acquire all 92
echelle orders over the whole spectral range in just three
subsequent exposures of the solar spectrum. The typical
exposure time is in the range 0.3 8.0 s, which depends on
wavelength settings and sky brightness. A readout time of
approximately 80 s yields a cadence in the range 8090 s.
The initial reduction of the raw echelle spectra requires
an efficient data processing pipeline specifically designed
for the large amount of high-resolution solar data of up
to 200 GB per day (Strassmeier et al., 2018).

A key science task of PEPSI/SDI is taking quasi-
continuous observations of the Sun during one 11-year
solar activity cycle. Whenever weather and technical con-
ditions permit, PEPSI/SDI records up to 100 individual
spectra per day, depending on the chosen wavelength
range. This work is based on daily averages of spec-
tra, which generally comprise 50— 70 co-added individual
spectra. An example of the strong chromospheric absorp-
tion lines CallH& K is presented in Figure 1. A more
detailed description of this dataset and further processing
steps are presented in Section 3.

2.2 | Chromospheric Telescope

The Chromospheric Telescope (ChroTel, Bethge et al.,
2011; Kentischer et al., 2008), operated by the Leibniz-
Institut fiir Sonnenphysik (KIS) in Freiburg, Germany,
is located at Observatory del Teide on Tenerife, Spain,
where it performs synoptic observations of the Sun
and delivers full-disk filtergrams in three strong chro-
mospheric absorption lines, i.e., CannK 3933.7 A, Ho
6562.8 A, and He110830 A. ChroTel is by and large
an automated instrument with an effective aperture of
D = 10 cm. The sunlight is directed by a small tur-
ret and a system of mirrors to three narrow-band Lyot
filters, thus obtaining consecutive observations in three
wavelength channels with a cadence of three minutes. The
diffraction-limited resolution of the telescope is according
to the Rayleigh criterion o = 1.22\/D = 1.0” at CanK,
1.7 at Ha, and 2.7” at the near-infrared Hel triplet.
ChroTel employs a 2048 x2048-pixel CCD camera with a
Kodak KAF-4320E detector. The quantum efficiency is
still 35% at Ca11 K. Considering the image scale of about
1” pixel ™!, the Ca11K full-disk filtergrams are undersam-
pled by a factor of two, i.e., the effective spatial resolution
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FIGURE 1 (a) Average CallH & K spectrum computed from 60 consecutive exposures obtained by PEPSI/SDI on
2018 June 21. Details of the line fitting procedure are shown in the +1.2 A range around the cores of (b) the Can K
and (c) the Ca11H chromospheric absorption lines. White segments indicate the range of parabola fits and colored
bullets refer to local minima and maxima, i.e., Ky, (dark blue), Ko, (light blue), K3 (white), Ko, (light red), K1, (dark
red), and Hs (white). The 20 Angstrom-wide wavelength bands of the blue and red pseudo continua are marked by
light blue and light red rectangles, respectively. The blue and red triangular bands (FWHM = 1.09 A) are used in

the computation of the S-index.

is either given by the detector or dominated by mediocre
seeing conditions.

The transmission curve of the Ca1l K Lyot filter has a
FWHM = 0.3 A, which is sufficiently broad to include
the two emission reversal peaks at about +0.25 A around
the line core (see Figure 1). However, the Lyot filter can
be configured for broader bandpasses (FWHM = 0.6 A
and 1.2 A). The data reduction and correction proce-
dures are automated and part of the operating software.
Calibrated ChroTel filtergrams along with metadata are
archived at the KIS Science Data Center!, where they
are publicly available in Flexible Image Transport System
(FITS, Hanisch et al., 2001; Wells, Greisen, & Harten,
1981) format. The bottom row of Figure 2 displays two
ChroTel CaliK filtergrams observed at moderately high
and low solar activity levels.

1sdc.leibniz-kis.de

2.3 | Atmospheric Imaging Assembly

The Solar Dynamics Observatory (SDO, Pesnell et al.,
2012) is a NASA mission and part of the Living with
a Star program, dedicated to monitoring solar mag-
netic activity throughout the activity cycle. Its instru-
ment suite consists of three distinct instruments, i.e.,
the Helioseismic and Magnetic Imager (HMI, Schou et
al., 2012), the Atmospheric Imaging Assembly (AIA,
Lemen et al., 2012), and the Extreme Ultraviolet Vari-
ability Experiment (EVE, Woods et al., 2012), where the
first two instruments offer synoptic, high-cadence, multi-
wavelength, full-disk observation of the Sun. During its
decade-long operation since its launch in 2010 Febru-
ary 11, SDO collected vast amounts of data covering the
ongoing Solar Cycle 24 from the preceding minimum in
2010 to present date, where another deep minimum just
passed.

This work is based on UV 1600 A narrow-band full-
disk images obtained with one of AIA’s four 20-centimeter
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FIGURE 2 Full-disk images from the ATA UV 1600 A channel (top) and the ChroTel Ca11K 3933 A Lyot filter
(bottom). Full-disk images representing moderate (2018 June 21) and low (2018 August 30) solar activity were selected
according to the 2018 PEPSI/SDI S-index. A two-dimensional limb darkening function was subtracted from the full-
disk images to enhance the contrast of the chromospheric fine structure. The brightest and darkest intensity values
were clipped in the moderate-activity images, and the same intensity range was used for the low-activity images.

Cassegrain telescopes. The telescope is equipped with a
4096 x 4096-pixel CCD detector with a pixel size of 0.6”
x 0.6” delivering full-disk images with about 1.5” spa-
tial and 12/24 s temporal resolution. The computation
of the solar activity index utilizes long-integration UV
images, a byproduct in the computation of a Background-
subtracted Solar Activity Map (BaSAM, Denker &
Verma, 2019). Whereas a BaSAM represents the tempo-
ral variation of the UV radiation in a time-series, the

long-integration image establishes the background above
which the variation is measured.

The long-integration image significantly increases the
photometric sensitivity of the UV images, while only
slightly sacrificing spatial resolution because of the rel-
atively slow temporal evolution of solar features. Each
long-integration image represents the average of 300 indi-
vidual UV images, after correction for differential rota-
tion, covering a two-hour window centered on 12:00 UT.
In addition, the long-integration images are normalized
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such that quiet-Sun disk center corresponds to unity, and
a two-dimensional limb-darkening function is subtracted
following the approach of Denker et al. (1999). Remain-
ing artifacts related to the field-dependent transmission
profile of the UV filter were removed by modeling large-
scale intensity variations across the solar disk by fitting
low-order Zernike polynomials (Shen, Diercke, & Denker,
2018). Two normalized, limb-darkening corrected, long-
integration UV 1600 A full-disk images are presented in
the top row of Figure 2 to visualize moderate and low
solar activity levels and to illustrate morphological sim-
ilarities with the CanK full-disk images. The dataset
in this study includes daily long-integration UV images
between 2010 May 13 and 2019 September 30 with only
a few interruptions caused by instrument anomalies and
the three-week SDO eclipse seasons near the equinoxes.

Figure 2 illustrates the difference between the quiet and
the moderately active Sun. On 2018 June 21, the northern
activity belt was covered with three 8-class active regions
(NOAA 12715, 12714, and 12713), which harbor sunspots,
and a large plage region at the eastern limb.

In contrast, no active or plage regions were present
on the disk on 2018 August 30. However, the quiet Sun
carries its own message, i.e., the enhanced network out-
lining the supergranular cells, which appear brightest at
disk center in the UV 1600 A and Ca11K emissions. The
strongest emission is visible near disk center and south of
the equator.

3 | SPECTRAL INDICES

The broad-winged Ca11H & K lines are a common feature
in the absorption spectra of F, G, and K stars (Linsky
& Avrett, 1970). Spatially resolved observations of active
region plage areas and network elements reveal significant
emission enhancement in the Ca1n1H& K line cores (e.g.,
Ayres, Testerman, & Brault, 1986; Skumanich, Lean, Liv-
ingston, & White, 1984; Zwaan, Brants, & Cram, 1985).
The predominant theory advocates that the enhancement
is a result of magnetic heating (Athay, 1970; Leenaarts,
de la Cruz Rodriguez, Danilovic, Scharmer, & Carls-
son, 2018). Ca11 H & K-based indices and parameters are
indicative of the variability of the chromosphere during
the 11-year cycle (e.g., White & Livingston, 1978, 1981;
Wilson & Vainu Bappu, 1957).

In the following, the PEPSI/SDI data reduction and
derivation of the PEPSI/SDI S-index are presented.
Furthermore, PEPSI data are probed for instrumental
effects, and the sensitivity of the S-index is determined
and validated by employing several solar references, i.e.,

spectral atlases. In addition to the S-index, nine Ca11 K-
line parameters (Bertello, Pevtsov, Harvey, & Toussaint,
2011; Keil, Henry, & Fleck, 1998) are computed to explore
the full potential of the PEPSI/SDI high-resolution
Cal K spectra.

3.1 | PEPSI/SDI S-index

In their seminal work, Vaughan et al. (1978) cre-
ated a bridge to the original CallH & K flux measure-
ment reported in Wilson (1968). This became necessary
because of the difference in operating the two HKP
instruments, which were involved in the Mt. Wilson HK-
monitoring project. In this work, we use as a reference the
S-index as defined in Vaughan et al. (1978) for Mt. Wilson
spectra. These four channels are indicated in Figure 1 fol-
lowing the exact wavelengths and passbands defined in
Vaughan et al. (1978).

The wide spectral range, simultaneously observed with
PEPSI, easily includes the CaltH & K doublet and the
adjacent continuum bands. The synoptic nature of PEP-
SI/SDI observations combined with the wide range and
high spectral resolution motivated using Sun-as-a-star
spectra in studying chromospheric activity variations
(Dineva, Denker, Strassmeier, Ilyin, & Pevtsov, 2020).

All PEPSI spectra are processed by a dedicated data
pipeline (SDS4PEPSI, Ilyin, 2000) including standard
reduction procedures for high-resolution echelle spectra.
A detailed account of all procedures and technical details
is given in Strassmeier et al. (2018). Bulk-processing of
all raw echelle PEPSI data minimizes any inconsistencies,
which can arise from non-uniform data treatment. The
gravitational shift, radial velocity (RV), as well as any
other velocity contribution from motion with respect to
the observer are removed and the final wavelength scale
is adjusted to the solar barycentric rest frame. Further-
more, PEPSI/SDI spectra are subjected to an absolute
wavelength calibration, ensuring a wavelength accuracy
on the order of meters per second. The resolution in the
spectral window containing the Call H & K doublet R is
~ 220 000.

The PEPSI/SDI dataset contains 260 spectra in total
(184 days in 2018 and 76 days in 2019). The PEPSI
Sun-as-a-star spectra are well suited for examining the
temporal evolution of the Ca 11 H & K spectral indices over
a period of about two years, whereby solar rotation plays
a significant role in shaping the profile of the activity
variations. An example of a PEPSI/SDI daily average
spectrum is displayed in Figure 1. The top panel shows
the extended wavelength range of 124 A from 3889 A to
4013 A, which is required to compute the S-index.
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Each daily spectrum is a weighted average of up to
100 individual exposures. The purpose of the weighted
average is to increase the SNR in the resulting spectrum.
The weights are the inverse variance in each pixel, which
is determined from the Poisson noise estimate derived
from the original raw CCD image. Thus, the variance
of the individual science-ready spectrum combines the
error propagation in each step of the image processing.
Finally, the weights are multiplied with the intensities
at each pixel. Thus, the typical SNR is about 3400:1 for
daily spectra, which is up to seven times that for a sin-
gle exposure. Under the best observing conditions the
SNR can even reach 5000:1. The solar flux obtained with
the PEPSI/SDI telescope is normalized with respect to
the solar spectrum atlas by Kurucz, Furenlid, Brault, &
Testerman (1984), resulting in a flat, residual flux spec-
trum (Strassmeier et al., 2018). After interpolation, the
initial wavelength increment of about 7 mA is sampled to
a finer equidistant grid with increments of 1 mA, which
facilitates a subsequent comparison with other reference
spectra.

Changes in the PEPSI data reduction pipeline, which
are related to the continuum correction, led to differences
in the residual flux levels between the 2018 and 2019
normalized spectra. In particular, the difference is about
4.6% and 2.1% lower in the 2019 dataset blue and red
pseudo-continua, respectively. The difference in the resid-
ual flux in the two line-cores is about 5.2% and 4.4% lower
in the 2019 dataset, measured in a 1.09-Angstrém range
centered on the Ca11 K and H line-core, respectively. This
discrepancy was carefully taken into account for the time-
series data presented in this study by carefully matching
the 2019 to the 2018 data.

For the computation of the PEPSI solar S-index, we
follow closely the recipe by Vaughan et al. (1978). The
index Spgpst is defined as the continuum normalized
ratio between the integrated residual flux F' in the four
aforementioned wavebands:

P "

R+ Fv
The constant value @ = 2.4 is recommended for the orig-
inal Mt. Wilson index Syw by Vaughan et al. (1978)
and later by Duncan et al. (1991), as well as in the han-
dling of contemporary normalized flux data (e.g., Hall,
Lockwood, & Skiff, 2007; Lovis et al., 2011; Schroder,
Mittag, Pérez Martinez, Cuntz, & Schmitt, 2012). In the
original HKP-2 measurements, the line-core passbands
were exposed eight times longer than the continuum pass-

Spepst = o0 X 8

bands. Therefore, we multiply the flux ratio by eight in
Equation (1).
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FIGURE 3 Time-series of the PEPSI/SDI CantH& K
S-index (top), ChroTel CanlK index Coso (middle), and
ATIA UV 1600 A index Usso (bottom). The alternating
dark and light gray stripes denote one-month periods.
The plus signs reflect the irregular data coverage of the S-
and Coso-indices, while the Ussg-index has a continuous
coverage.

The Spgpsr time-series is displayed in the top panel of
Figure 3. The values vary between 0.152 and 0.153, with
an average of 0.1522 £+ 0.0003, where the standard devia-
tion reflects the variation of solar activity rather than an
error estimate. Note the offset and the scaling in the label
of the ordinate. The difference between the 2018 and 2019
mean Spgpsi-values is of the magnitude of the standard
deviation. This difference is so small that instrumental
effects and the cross-calibration of the 2018 and 2019
data may leave an imprint. Nonetheless, the decline in
Spepst from 2018 to 2019 is in agreement with the deep-
ening minimum of Solar Cycle 24. Furthermore, the index
shows a clear indication of rotational modulation caused
by bright chromospheric plages transiting the visible solar
disk.

The average Spgpsi-value during the declining phase of
Solar Cycle 24 to the minimum is about 7% lower than
the S-value of 0.163 reported by Egeland et al. (2017)
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for the minimum period between Solar Cycles 23 and 24,
which occurred in December 2008. In Table 1 of Ege-
land et al. (2017), their results are placed in the context
of previous studies (i.e., Baliunas et al., 1995; Duncan
et al., 1991; Hall & Lockwood, 2004; Radick, Lockwood,
Skiff, & Baliunas, 1998; White, Skumanich, Lean, Liv-
ingston, & Keil, 1992). The reported S-values are in the
range 0.162—0.179 for the 2008 minimum, which can not
just be attributed to measurement errors. Schroder et al.
(2012) even obtained 8.6% lower values than Egeland et
al. (2017), which are as low as S = 0.150 on plage-free
days. When approaching the December 2019 minimum,
the Spgpsi-values come close to the extreme minimum
values stated by Schroder et al. (2012). In contrast, the
average S-index in 2018 reported by Maldonado et al.
(2019) based on HARPS spectra is 4.6% higher than
the respective average Spgpsi-index. Some discrepancies
between the December 2008 and the December 2019 min-
ima can be explained by poor sampling when taking the
averages. Thus, solar cycle variations may significantly
impact average S-values.

Various steps, from obtaining the spectra to comput-
ing the indices, can contribute to discrepancies, which
then accumulate to significant differences between the
index values found in literature. In Section 3.2, we com-
pare a PEPSI spectrum to various solar reference spectra.
The fraction of the variance that can possibly arise from
data handling is tested and discussed in Section 3.3. In
Section 3.3, we demonstrate the intrinsic consistency and
science capability of the Spgps1 by discussing the rotation
modulation of the two-year time-series.

The purpose of the S-index, regardless of the instru-
ment, is to create a scale of stellar magnetic activity,
in which the Sun serves as a benchmark and stepping
stone to other stars. Thus, any data processing proce-
dure to compute the S-index has to ensure a close match
with the Syrw-index. This can be achieved, for example,
via a set of standard stars (Duncan et al., 1991). Such
a calibration is currently not available for PEPSI data.
Therefore, we point out that the Spgpsr-index may still
contain unresolved instrumental contributions.

3.2 | Solar Spectral References

Solar observation with high-spectral resolution obtained
with Fourier Transform Spectrometer (FTS, Brault,
1985) at the McMath-Pierce Solar Telescope (Pierce,
1964) at the Kitt Peak National Observatory in Arizona,
U.S.A. have been extensively employed in the composi-
tion of high-fidelity spectral atlases. A variety of atlases

are publicly available at the NSO Historical Archive.? The
NSO FTS data contain observations of disk-integrated,
disk-center, and sunspot spectra. The FTS construction
and spectral restoration facilitates a spectral resolution R
on the order of 106. In addition, FTS observations provide
high SNR data, virtually free of instrumental scattered
light.

The absolute disk-center intensity atlas (Neckel, 1999)
is widely used a quiet-Sun reference. It is compiled from
McMath-Pierce FTS observations by James W. Brault
and colleagues, covering a small region near disk-center,
and was obtained between 1980 and 1981 during a period
of high solar activity. However, the disk-center intensi-
ties were chosen to reflect quiet-Sun conditions as close
as possible. The spectral resolution is R ~ 350000 near
the Ca1r1H & K doublet, with a wavelength increment of
AX = 2.0 mA (Doerr, Vitas, & Fabbian, 2016).

FTS observations of the same period, combining disk-
integrated spectra and spectra of a region-of-interest
(ROI), contributed to a solar flux atlas introduced by
Kurucz et al. (1984). Kurucz (2006) presented a revised
version of these solar flux data, which included a cor-
rection with a synthetic telluric spectrum and provided
the associated residual flux. Both spectral references have
high SNR (&~ 2500:1) and spectral resolution (R =~
400000) in the blue spectral region with a wavelength
increment of AX = 4.6 mA. More McMath-Pierce FTS
data were obtained between 1981 and 1989, on days
with considerably high magnetic activity, which resulted
in an optical spectral atlas provided by Wallace, Hin-
kle, Livingston, & Davis (2011). The spectral resolution
reaches up to R = 700000 with a wavelength increment
AN =24 mA.

First-light of PEPSI/SDI resulted in several Sun-as-
a-star campaigns in 2015/16 (Strassmeier et al., 2018).
The reduction procedures for daily spectra, as well as the
main properties of the resulting spectra, are similar to
the 2018 /19 dataset employed in this work. Three observ-
ing days with the best data quality were selected for an
initial analysis. Finally, three spectral profiles were com-
puted as the weighted average of about 100 consecutive
exposures. The integration time for a single spectrum was
about 15 s, i.e., significantly longer than in the present
dataset. Strassmeier et al. (2018) refers to these three
datasets as PEPSI “deep spectra’.

Applying a scaling procedure described in Dineva,
Denker, Strassmeier, et al. (2020) to the spectral atlases
and the three PEPSI/SDI deep spectra facilitates a

2www.nso.edu/data/historical-archive
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convenient and uniform cross-comparison with the daily-
average PEPSI/SDI spectrum on 2019 October 20. This
spectrum corresponds to the lowest level of solar activity
with Spgpst = 0.152. The cross-comparison is performed
over the 130 A wavelength range shown in the top panel
of Figure 1. In addition, the central wavelengths for
the CalnTH& K lines are determined by a least-squares
parabola fit. Owing to the different calibration procedure,
a small blue- or a redshift may still be present in the
different profiles and has to be corrected. Therefore, the
photospheric singly ionized Fe1 line at A 3932.63 A is used
as a wavelength reference because telluric line blends are
not available in the inner part of the Ca1lK line.

Figure 4 illustrates the result of the cross-comparison
between three spectral atlases, two PEPSI deep spectra,
and one daily-average PEPSI/SDI in the +1.2 A wave-
length range around the Ca1rK line core. The light-blue
area marks the triangular Fx bandpass, also indicated
in Figure 1b. The gray dashed line at the bottom of
Figure 4 represents the low-limit, basal chromospheric
Ca1l emission during an extreme minimum period identi-
fied by Livingston et al. (2007). They speculate that such
conditions may be representative for the Maunder Mini-
mum (Maunder, 1904). The most pronounced differences
in the profiles occur in the +0.5 A range around the cen-
tral wavelength, affecting the emission reversal features
and the line core. Certain variations can be attributed
to disk-integrated versus ROI observations or high ver-
sus low solar activity, which are represented by emission
enhancements (Kurucz, 2006; Wallace et al., 2011) and
basal emission (PEPSI/SDI, PEPSI deep spectra, Neckel,
1999), respectively.

According to the analysis of the basal chromospheric
flux by Schréder et al. (2012), i.e., during minimum con-
ditions or absence of surface activity, the corresponding
S-index becomes as low as 0.150. The observations were
obtained with data from the Heidelberg Extended Range
Optical Spectrograph (HEROS, Hempelmann, Gonza-
lezperez, Schmitt, & Hagen, 2005), the main instrument
of the Hamburg Robotic Telescope (HRT), between Octo-
ber 2008 and July 2009, i.e., including extreme minimum
conditions and the start of Solar Cycle 24. In compari-
son, the Spgpsr-index is 0.152 on 2019 October 20 (see
black line profile in Figure 4). The PEPSI deep spectra
on 2016 November 16 and 17 result in S-index values
of 0.148 and 0.150, respectively. These low values can
be attributed to slightly different calibration procedures
that were used at the time. While the two 20-Angstrém-
wide pseudo-continuum bands can be considered as a
stable normalization factor, the S-index values depend
highly on the line-core depths and emission reversals of

1 Wallace et al. (2011)
0.08 -| Kurucz (2006)

Residual flux

| PEPSI/SDI (2016 November 17) §=0.150
0.04 71 PEPSI/SDI (2016 November 16) §=0.148 r
' + PEPSI/SDI (2019 October 20) §=0.152 r
I —_— I R 7 T
-1.2 -0.8 -0.4 0.0 0.4 0.8 1.2

Wavelength A [A]

FIGURE 4 Comparison of the Ca11 K-line core features
between the daily average PEPSI/SDI spectrum on 2019
October 20 (thick black), the Wallace et al. (2011) atlas
(light blue), the Kurucz (2006) atlas (green), the Neckel
(1999) atlas (orange), and two PEPSI “deep spectra’
(Strassmeier et al., 2018) on 2016 November 16 and 17.
The black dashed line at a residual flux of 0.04 marks the
basal quiet-Sun Ca 11 K-core depth. Color-coded S-indices
for the atlas spectra are given on the right side of the plot
panel. The low value in the case of Neckel (1999) is due
to the inherent differences between disk-integrated and
disk-center atlases.

the Ca11H & K absorption lines. Thus, episodic events of
low solar activity may be superposed on the solar activity
cycle.

3.3 | Validation of the S-index

A flat continuum is a common property of most con-
temporary disk-integrated, wide-range spectral datasets,
i.e., the inherent slope of the solar radiation flux is lost.
Due to heavy line blanketing and the wide wings of
the CallH& K doublet, the pseudo-continuum in the
122 Arange is often below unity (see Figure 1). Con-
versely, artifacts resulting from the composition of the
cross-dispersed echelle spectra, the intensity calibration,
and the normalization procedure may alter the residual
flux. The ratio between the integrated pseudo-continua
FRr and Fy for the entire observing period is displayed in
Figure 5 with an average value of 1.22. Comparing the top
panel of Figure 3 to Figure 5 shows that the ratio varies
with time but without a clear dependence on solar activ-
ity and that the rotational modulation is absent. Thus,
instrumental and environmental effects may introduce an
error of about 0.2%. Such effects are even lower for the
time period 2018 April —December, but also outliers exist,
for example in 2019 June. These variations must be taken
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FIGURE 5 Temporal evolution of the flux ratio of the
red and blue PEPSI/SDI pseudo-continua Fr and Fy,
respectively.

into account when discussing the robustness and accuracy
of the Sprpsi-index time-series.

The off-axis design of the SDI telescope in combina-
tion with an integration sphere ensures that observations
are free of guiding jitter. Furthermore, the elaborate
wavelength calibration procedures and consecutive daily
averaging of single exposures result in a spectrum closely
resembling an atmosphere at rest. That is, any global or
local oscillation signals are smeared by the averaging. The
remaining shifts of the Ca1lH and Ca11K line-core posi-
tions Ak; and Ay; with respect to the central wavelengths
are related to chromospheric variations during the 11-year
activity cycle. The temporal evolution of Ak, is discussed
in Section 3.4, among other Ca1l K-line parameters.

Selected PEPSI/SDI daily-average spectra, represent-
ing high, average and low Spgpgi-indices, are subjected
to several numerical experiments, which were designed to
test the self-consistency of the 2018 and 2019 datasets.
These experiments aim to quantify any measurement
errors, which may lead to discrepancies between the
Spepsi-index and other S-index values presented in the
literature. Two major cases are considered, i.e., inaccurate
placement in wavelength of the four integration passbands
and modifications of the pseudo-continuum slope.

In the first experiment, the two rectangular passbands
Fgr and Fy are shifted up to +0.5 A with respect to
each-other. Deviations from the initial Spgpsi-value are
less than 1% and independent of the direction of the dis-
placements. The same procedure is applied to the two
triangular bandpass, Fx and Fy, centered on the two line
cores. In this case, the largest increase in the Spgpgi-value
of about 18% is associated with the largest displacement
of the triangular passband. To ensure that the Spgrpsi-
value deviates less than 1% from the initial value, the

wavelength displacement must be smaller than 0.12 A.
Thus, the S-index is very sensitive to zero-point offsets
of the triangular passbands. Moreover, a change in the
FWHM of the triangular passband has a significant effect
on the Spgpsr-index. Already a £10 mA difference in the
FWHM results in a +1.2% change in the Spgpsi-values.

The seconds experiment concerns the trend removal
applied to the pseudo-continuum. The trend in a spectro-
graph profile may be related to various technical issues
that can arise during the observations or to the choice
of data reduction procedures. In the experiment, the
selected daily-average PEPSI/SDI spectra are multiplied
by a linear trend, where the mean value is unity and the
slope varies such that the endpoints cover the range 0.9—
1.1. The Planck function, for an effective temperature
Teg = 5777 K serves as a benchmark for the theoretical
slope of the solar flux in the given wavelength interval.
The largest change occurs in the Fr and Fy values, which
vary by up to +8.2%. However, the Spgpsi-values are
much more stable and only change by less than 1%.

Changing solar activity, which strongly affects the
Ca1lH & K line cores, was not considered in the numeri-
cal experiments. However, the line cores are the locations,
where the Sprpgi-index values are most sensitive to mea-
surement errors. Therefore, proper data calibration is
important to avoid biases in S-index time-series.

In Section 3.1, the discrepancies between the Spgpsi-
index time-series and others presented in literature (Ege-
land et al., 2017; Maldonado et al., 2019; Schréder et
al., 2012) are up to about 7%. Considering the results
from the numerical test, the Spgpsr-indices are consis-
tent with declining chromospheric activity, approaching
the minimum between Solar Cycles 24 and 25. A further
improvement in calibrating the PEPSI/SDI spectra can
be expected from comparison with a sample of Mt. Wil-
son standard stars, which will also facilitate a more direct
comparison with other datasets.

The Spgpsr-index time-series plotted in the top panel
of Figure 3 clearly shows rotational modulation. For
example, the large peak in 2018 June 21 (three [-class
active regions) and the two more moderate peaks in 2018
February 11 (one S-class active region) and 2018 April 22
(one a-class and one fS-class active region) indicate the
disk passage of large active regions with surrounding
bright plages. These are followed by many smaller peaks
with gradually reduced Spgpsi-values, which trace the
declining phase of Solar Cycle 24. Unfortunately, a large
gap in the PEPSI/SDI observations of almost five months
between 2019 January and May prevented recording data
during a period of enhanced solar activity (see other
activity indices in the middle and bottom panels of
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FIGURE 6 Lomb-Scargle periodogram (dark blue
curve) of the PEPSI/SDI S-index time-series for 2018 and
2019. Three periodograms (light blue, cyan, and yellow
curves) refer to validation tests, when only three-quarters,
two-thirds, and one-half of the data points were used. A
noise estimate (horizontal red line) is based on the average
of 1000 samples, where the S-index values were randomly
shuffled. Power peaks that are three times this value (hor-
izontal dashed red line) can be considered significant. The
Carrington rotation period of 27.3 days (thick vertical
purple line) is given for reference. Other significant peaks
(vertical purple lines) refer to periods of 21.9, 34.2, 58.3,
and 93.5

days.

Figure 3). The Sprpsi-values for 2019 show two consec-
utive peaks in June towards the end of this time period.
The remainder of 2019 is characterized by a basal level
of the Spgpsr-index, which is even lower compared to
2018 and does not show any clear indication of rota-
tional modulation. Possible explanations included the
aforementioned changes in the PEPSI/SDI data reduc-
tion pipeline (see Section 3.1), poorer sampling in 2019,
and seeing/environmental conditions, which may obfus-
cate rotational modulation. Synoptic observations from
space (see bottom panel of Figure 3) still show rotational
modulation even at extremely low activity levels, where
only the enhanced chromospheric network plays a role in
sustaining the basal chromospheric emission.

In another validation step, the qualitative description
of the rotational modulation of the Spgpgi-index is com-
plemented by a quantitative analysis. In the case of
unevenly sampled data, such as the Spgpgr-index, the pre-
ferred method of estimating the power spectrum is the
Lomb-Scargle periodogram (Lomb, 1976; Scargle, 1982).

The Lomb-Scargle periodogram, which was com-
puted from the Spgpgr-index time-series, is presented
in Figure 6. The dark blue curve indicates the power
spectrum estimated from the entire dataset. Three addi-
tional sets of power estimates were computed from three-
quarters, two-thirds, and one-half of the data points
to validate the significance of the periodic signatures.
Each curve represents an ensemble average based on
1000 samples, where the Spgpsi-index values were ran-
domly selected. The horizontal red line provides a noise
estimate, which is based on 1000 samples of randomly
shuffled Spgpsi-index values. A robust criterion for the
significance of a peak in the power spectrum is when the
peak exceeds three times the noise estimate, which is fur-
ther indicated by the dash-dotted red line. The large gap
between the 2018 and 2019 data results in high power at
low frequencies. Therefore, the abscissa only starts at a
frequency of 0.01 day—!.

The Carrington rotation period of 27.3 days is marked
with a thick purple vertical line. The immediately adja-
cent power peak corresponds to a period of 26.7 days and
is accompanied by a smaller power peak at higher fre-
quencies. In addition, other peaks with significant power
are present with periods of 21.9, 34.2, 58.3, and 93.5 days,
which can be related to (sub-)harmonics considering accu-
racy and precision of the measurements. The presence of
side band may be attributed to the unevenly sampled
data and to the unbalanced presence of activity features
in the northern and southern hemisphere.

In summary, robustness and accuracy of the Spgpsi-
index were validated by a set of numerical experiments,
which determined that the only significant deviations in
the Spgpsi-index values may occur due to inconsistencies
in the Fr and Fy passbands.

Furthermore, the power spectrum analysis allowed us a
self-consistency check, uncovering the Carrington period
from the unevenly sampled Spgpgr-index time-series —
even during declining solar activity towards the end of
Solar Cycle 24.

3.4 | Car1iK-line parameters

The Ca1ntH & K lines have similar profiles, although the
CallK line has a more clearly defined emission reversal,
and notably so during low activity periods (Figure 1).
This characteristic inspired White & Livingston (1978)
to introduce a set of parameters within a 1—Angstr6m—
wide passband around the CallK line core. The five
profile features relative to the CalrK-line parameters
are marked with color-coded bullets in Figure 1b. The
most extensive record of these features, which consists of



12

. Dineva ET AL.

] 4.08 1 —
& ] N ] G 595 ,
S 8.80+ : = =) 1s 3 r
X 1P x 404 ¢ 4 ' X conde o . i
- ] ." ". H = N i < ¢ :.‘ . = 5907’ ‘. s ; E
8754 -l y 5 goeak s R TR AT L
Z ] DT SR Z 1. &.0% -t 258578 N.o.Ec..: el F
.A X J., e s,‘ o e, R 4()()—[' 0.."'.&,1 . .. S 1. ‘”'..:’" 3 a0, £
=) IR IR RY - T S A g * 1 r TR AP ot gl = IR S W b WP otee s
15} a3 LR Y] : 5} 1 < T a%t o nte = ] R R 3 o 3gd [
< 87077 T4 aRira ! (R TRk 1 ¢ ¥ ogss] el LN
=} ] N o “ d K L ] i &
= ]a S 394 b © jc
865 T T T T T T T T T T T 575 T T T T T T T
132 1 1 .\ 1 1 _ 1 1 1 s 1 1 1 s 1 1 1 1 s T
°< 0.388 . c ok
.. = 1 . &L
g $o g 3 Ll 2 Ty
o R B 1 a’ - = X T S
£ Vool E o3ty g R
g iy, 5] 3% ol . (N > B
5}‘ . R % ] ¢ ‘Jn o3 ."."' ;
S . 20380 %.yuERLE 5
E E ,. ‘...: . LY _;:.:
S 03764 - .
T T T T T T T T T T T T T T T T T T T T
2 ] 1 1 1 1 1 _ 1 1 1 1 |- 1 157 1 1 P 1 1 1
E 81 . = ] . =
: ek g 0oy ; : AR :
g . < - = : . g 1.56., .
E T & i . o 5 [ : A 1% I
S 6y drolian PO g 13 N L ! AT
K A A A - 2 F4 B o g 1% i g
A Rt :&':'-:‘. Yo L% g 05974 L. 2':'.,3 é 1. { " ."-.‘:.
S ] TWenly. . ? E ¥ £ 155 o
S 4] - ee. By : ‘g 1 1
o i 2 ] h 3
O g {1
T T T T T T 058 T T T T T T T T T T T T T T
0 100 200 300 400 500 600 700 0 100 200 300 400 500 600 700 0 100 200 300 400 500 600 700

Days since 2018 January 1

FIGURE 7 Time-series of the CallK-line parameters: (a) integrated emission

in a 1.0-Angstrém-wide passband,

(b) integrated emission in a 0.5-Angstrém-wide passband, (c) Ks intensity, (d) line asymmetry, (e) separation of
Ks, and Ko, maxima, (f) K, and K3 intensity ratio, (g) line-core displacement with respect to the Ca1lK central
wavelength, (h) separation of K;, and Ky, minima, and (i) Wilson-Bappu parameter.

observations obtained at NSO’s Sacramento Peak Obser-
vatory (NSO/SP), covers several solar activity cycles from
1974 November to 2015 October.? This program was con-
tinued by NSO’s SOLIS facility at Kitt Peak National
Observatory (KPNO).

The PEPSI/SDI data bridge the time when SOLIS
was relocated from KPNO in 2014, temporarily moved
to Tucson until 2018, and is now permanently installed
at BBSO. Furthermore, the Ca1i K-line parameters com-
plement the Spgpsr-index, linking spectral features to
variations of solar activity.

The wavelength position and residual flux values are
determined by least-squares, second degree polynomial
fitting in the range indicated by white color in Figure 1b.
For consistency with the established nomenclature, the
term “intensity” is used instead of residual flux, when
referring to Ca1l K-line parameters.

3lasp.colorado.edu/lisird/data/cak/
4solis.nso.edu/0/iss/iss_timeseries.html

The 1—Angstr6m—integrated emission parameter is
essentially the equivalent width measured in a 1-
Angstrom-wide passband centered at Ak, (Figure 7a).
Hence, this parameter reflects the variation of the
K3 intensity with solar activity. According to line-
formation theory, the 1-Angstrom-wide passband is con-
taminated by photospheric emission from the line wings.
Another parameters, the 0.5-Angstrém-integrated emis-
sion (Figure 7b), i.e., the equivalent width, isolates
strictly the chromospheric portion of the Ca11 K emission
(Linsky & Ayres, 1978; Pevtsov, Bertello, & Uitenbroek,
2013).

Other intensity-based parameters are the core intensity
at Aks (Figure 7¢), the line asymmetry (Figure 7d), and
the intensity ratio (Figure 7f). The intensity ratio, which
is taken between the blue emission reversal maximum Ko,
and the absorption minimum K3, measures the emission
reversal strength. The line asymmetry is defined as the
intensity computed by dividing the intensity difference
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between Ky, and K3 and the intensity difference between
Kgr and Kg.

The wavelength-based Ca11K-line parameters include
the Ak; displacement with respect to the CallK cen-
tral wavelength at 3932.67 A (Figure 7g), the separation
between the two maxima K, and Ks,. (Figure 7e),
the separation between the two minima Ki, and Kj,
(Figure 7h), and the Wilson-Bappu parameter

W = log [7628 ()\R — Av)] 5 (2)

where AR is the wavelength position of the point half-way
between Ky, and Ks,., and Ay is measured between K,
and Ko, (Figure 7i). The Wilson-Bappu parameter was
introduced by Wilson & Vainu Bappu (1957) as a measure
of the enhanced Ca11K line-core emission expressed as a
logarithmic width.

Time-series of the hereto described nine CaliK-line
parameters are displayed according to their variation
trend, i.e., their decrease or increase with respect to
solar activity. Since long-term records of these parame-
ters are available from other instruments, their correlation
with respect to other activity indices, e.g., with the rela-
tive sunspot number (SSN), is known (Bertello, Pevtsov,
Tlatov, & Singh, 2016; Livingston et al., 2007).

All parameters displayed in the top row of Figure 7
show a similar temporal variation as the Spgpsr-index
plotted in the top panel of Figure 3. A distinct pattern
of rotational modulation is evident in the two inte-
grated emission parameters, and to a lower degree in the
K3 intensity. Indeed, Lomb-Scargle periodograms (not
shown) for time-series of the 0.5- and 1.0-Angstrém-
integrated emission display a distinct power peak match-
ing the Carrington rotation period. In addition, the
amplitude of the variation increases between 2.0% to 3.0%
in Figure 7a—c even at times of low activity.

The three parameters displayed in the middle row of
Figure 7 exhibit opposite trends compared to the ones in
the top row. In quiet-Sun areas, the Ks, peak in CantK
profiles is usually stronger than the Ko, peak (Carlsson &
Stein, 1997). Hence, the line appears asymmetric (White
& Livingston, 1981). This effect becomes negligible with
rising solar activity. Spatially resolved plage spectra show
almost symmetrical emission features. A weak Ks, peak
indicates a low number or the absence of bright plages on
the solar surface. Therefore, the line-asymmetry increases
around the activity cycle minimum.

The wavelength separation between the two maxima
shows little deviation from its mean value, although it

increases when surface activity is low. According to Bjor-
gen et al. (2018) the larger separation, i.e., a broader emis-
sion profile, is caused by heating above the temperature
minimum.

The intensity ratio displayed in Figure 7f also increases
when approaching minimum conditions at the end of
Solar Cycle 24. Although the intensity in both Ks, and
K3 decreases, this happens at a different rate.

The last three CaiiK-line parameters are displayed
in the bottom row of Figure 7 and show a mixture of
increasing and decreasing trends. The K3 wavelength is
redshifted with respect to the central wavelength. The less
magnetic activity is observed on the solar disk, the larger
the redshift. Through comparison between synthetic and
spatially averaged spectra, Bjorgen et al. (2018) demon-
strated that the Ak, is a powerful diagnostics of vertical
velocities in the chromosphere.

Figure 7h presents the K; minima separation, which
mirrors the temporal evolution of the Ky maxima separa-
tion. In spatially resolved spectra of active region plages,
the minima separation increases. Thus, a decrease of the
minima separation indicates fewer active region plages
on the visible disk. Furthermore, the rotation modula-
tion pattern is well defined in the minima separation.
Indeed, power spectrum estimates computed from these
time-series reveal a well-defined power peak near the
Carrington rotation period. Finally, the Wilson-Bappu
parameter is stable around its mean value. The hereto
discussed results are consistent with the measurements
presented by White & Livingston (1981) and Livingston
et al. (2007) for the low activity phase of the few observed
solar cycle minima between 1974 and 2006. Although the
results agree in magnitude, each minimum has its own
basal level of activity, which is not necessarily the same
as in the previous or the following minima.

While the various trends of the PEPSI/SDI Ca1rK-
line parameters agree with the findings of Bertello et
al. (2011), scaling factors between the SOLIS/ISS and
PEPSI/SDI data have to be considered. The SOLIS/ISS
observations started in 2006 December and comprise a
much longer period than the PEPSI/SDI data. Dineva,
Denker, Verma, et al. (2020) demonstrated that the core
of the CamnK-line obtained with PEPSI/SDI is deeper
compared to SOLIS/ISS for the same day. This difference
in depth affects the intensity-based parameters. In addi-
tion, Bertello et al. (2011) applied a more elaborate fitting
method to the CalrK-line core, using a decomposition
into Fourier components before integrating the emission
in the fitted range.



14 E. Dineva ET AL.
l 1 1 1 1 l 1 1 1 1 l 1 1 1 1 1 1 l 1 1 1 1 l 1 1 1 1 l 1 1 1 1 l 1 1 1 1 l
35T 35 ]
1 p=0384 L 1 p=066 L 720
1 r=091 + [ 1 r=0.74 + [ B
Z 3.0+ - 2 304 B 660
(=) 4 + . (=) 4 + L ]
+ + +
- 1 r o 1 o¥ T F b
5 L 5 FET e e L 6007
x 2.5 - x 2.5 PRI - ]
= 4 L = 4 + WL 5 L g
5 | L5 ] : )?ﬁ,.,‘ I 540
= =] + NS + i
= 1 F £ 1 OGP et F ]
| 2.0+ - I 204 LoD L 1
“n | L “n | L 480
4 [ 4 L > 7
] L ] L E ]
1'5 T T T T ‘ T T T T ‘ T T T T ‘ T T 1.5 T T T T ‘ T T T T ‘ T T T T ‘ T T T T ‘ T T T T ‘ E 420
8.65 8.70 . 8.75 8.80 0.580 0.585 0.590 0.595  0.600 0.605 *®
1.0 A emission index Minima separation [A] & 360
o
Q
S S S RS R S S RS SR AN £
1 p=-054 . {p=-032 F 2 300
1 - 0.46 + 5 1 r=-029 + A
2 304 L2 304 = 240
[e=} - - (e} - + .
¢~+ i L m+ i X, +y + f L
i I + Yo,
= 7 r S 7 #o+ Tt r 180
X 2.5 + [~ X 2.5+ + + "-l-+ + [~
= | L — i + + L
g - 5 4 ﬂ,,h** it#, ¥, 3 120
= + +
g - g R zﬁg 3
204 + — 204 —
« . - e . - 60
1'5 T T T T ‘ T T T T ‘ T T T T ‘ T T T T 1A5 T 1 T T ‘ T 1 T T ‘ T 1 T T ‘ T T T T ‘ T T T T ‘ T T T T 0
1.67 1.68 1.69 1.70 1.71 3 4 5 6 7 8 9

Intensity ratio

Core displacement [mA]

FIGURE 8 Scatter plots of the Spgpsi-index vs. the integrated emission in a 1.0—Angstr6m—wide passband, the Ko,
and K3 intensity ratio, and the line-core displacement with respect to the Ca11 K central wavelength. Spearman’s rank-

order and Pearson’s linear correlation coefficients p and r are given in the top-left corners of each panel, respectively.

The “plasma” color table indicates the chronological order of the data points starting on 2018 January 1. In addition,
two types of symbols indicate the data point which belong to 2018 (crosses) and 2019 (diamonds) datasets.

Four parameters with strong (anti-)correlations, indi-
cated by the Spearman’s and Pearson’s correlation coef-
ficients p and r, respectively, are displayed in Figure 8§,
where color and shape of the markers indicate the time
of observations. The top-left panel of Figure 8 shows a
scatter plot of the Spgpgr-index vs. the 1.0—Angstr6m—
integrated emission. The latter is closely related to the
Fx value (see Equation 1). Therefore, these two time-
series exhibit the strongest correlation. In the neighboring
panel, the correlation between the Spgpsi-index and the
minima separation is significantly smaller, although it is
the second strongest. In contrast to the 1.0-Angstrom-
integrated emission, the minima separation seems to
approach a lower limit of about 0.585 mA, which is also
evident in Figure 7h and represents likely the basal level
of chromospheric activity.

The parameters, which show negative or inverse corre-
lations with the Spgpsr-index, are displayed in the two
bottom panels of Figure 8. The relation between the

intensity ratio and chromospheric optical depth (Sku-
manich, 1967; White & Livingston, 1981) implies that
when the optical depth increases in the chromosphere, the
Sun-as-a-star Cal1 K emission decreases, hence the nega-
tive correlation coefficients. However, this relationship is
not, very strong. Finally, the inverse correlation between
the Ak, displacement and the Spgrps-index is even weaker
as shown in the bottom-right panel of Figure 8.

All scatter plots in Figure 8 are characterized by a clus-
tering of the low activity values (yellow diamonds), which
represent late 2019, where the lowest Sprpgr-index values
were measured. One obvious reason is the absence of any
plage regions, resulting in an extremely weak rotational
modulation (see Figures 3 and 7). Since the S-index is
a product of the emission in the CallH & K line cores,
only the network continues to contribute. This may also
explain the two-branch structure at low activity, most
prominently seen in the top-left panel of Figure 8.
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4 | AREA AND EXCESS INTENSITY
INDICES

Bright features related to high concentrations of mag-
netic fields, i.e., active region plages and chromospheric
network, govern the variations in the CallH & K emis-
sion in the chromosphere. During high-activity phases
of the solar cycle, excessively bright active region plages
outshine the enhanced network. However, during solar
minimum conditions, the enhanced network is the sole
contributor to the basal Ca11H & K emission.

Using disk-resolved Call K filtergrams, activity indices
are computed, which monitor the excess emission and
areal coverage of plage and network, thus, quantifying
chromospheric surface morphology and activity. In addi-
tion, a similar index pair is derived from full-disk images
recorded at UV wavelengths. The main difference between
CalniK and UV indices is that the latter refer to lower
chromospheric heights and are less susceptible to canopy
effects (Krijger et al., 2001).

In the following, processing of disk-resolved images
and computing excess brightness and area indices will be
briefly introduced. These disk-resolved indices will be con-
trasted with earlier implementations of indices, before a
correlation analysis is performed, establishing the relation
between disk-resolved and spectral activity indices.

4.1 | Chromospheric Telescope

In synoptic observing mode, ChroTel acquires one image
per wavelength channel every three minutes. In good
weather conditions, time-series of CallK filtergrams
cover up to seven hours per day. The automated data-
reduction pipeline includes corrections for dark- and
flat-field frames, which yields Level 1.0 science-ready data
in FITS format (Bethge et al., 2011). Corrections for
image rotation and solar position angle still need to be
applied. This study utilizes Ca11 K filtergrams recorded
between 2012 April and 2019 October (see Figure 1 in
Diercke & Denker (2019) for data coverage). The Median
Filter-Gradient Similarity (MFGS, Deng et al., 2015;
Denker et al., 2018) image quality metric was applied to
the daily time-series to identify the best frame for each
day. This image quality metric, among others, is imple-
mented as part of the sTools software library (Kuckein
et al., 2017). The MFGS values for each filtergram are
computed in a region of 600 x 600 pixels at disk center.
The filtergrams with highest MFGS value is selected for
further processing.

Downsampling the 2048 x2048-pixel ChroTel images so
that the solar radius corresponds to 512 pixels improves

the SNR and yields an image scale of about 1.86" pixel ~*.
In the next step, a two-dimensional limb-darkening func-
tion is computed following the recipe described in Denker
et al. (1999), which also includes an intensity nor-
malization so that the quiet-Sun disk-center intensity
corresponds to unity. Removal of the CLV results in a
contrast-enhanced Cal1lK image.

Imaging of a large field-of-view (FOV) with Lyot fil-
ters often introduces variations of the background, which
cannot be removed by flat-fielding and may even be
time-dependent for a telescope with alt-azimuth mounts
such as ChroTel. This problem was addressed by Shen et
al. (2018) who demonstrated that field-dependent back-
ground variations can be fitted by Zernike polynomials
(Noll, 1976) so that the artifacts can be subsequently
removed. Neglecting or overfitting the background varia-
tions significantly affects threshold-based activity indices.

5th radial

Choosing Noll’s mode-ordering number j = 21 (
order) for fitting the ChroTel images ensures a good
approximation of the background variations. The sensi-
tivity of Zernike polynomials with higher values of j is
strongly biased towards the limb and does not match
the spatial scale of the background variations. The back-
ground correction results in lower excess emission indices
of about 8.0%, whereby indices with higher thresholds
are more strongly affected. In summary, the hitherto
described procedures yield 892 contrast-enhanced, full-
disk Ca11 K filtergrams covering 22% of Solar Cycle 24. As
an example, two CallK filtergrams are displayed in the
bottom panels of Figure 2 illustrating moderate activity
and quiet-Sun conditions.

Johannesson et al. (1998) presented three indices based
on contrast-enhanced Ca11 K full-disk images obtained at
BBSO. These data consist of video and digital records,
which require different index definitions (Johannesson et
al., 1995). The common criterion is an intensity thresh-
old for feature selection, which is then used to compute
the integral value of the excess emission. This yields an
activity index accounting for the variation of the Ca1r K
irradiance. Continuing this effort, Naqvi et al. (2010) pro-
cessed about 10 years of BBSO CaliK filtergrams and
computed the integral pixel brightness D, where the index
definition followed that of Johannesson et al. (1998). Fur-
thermore, Naqvi et al. (2010) presented a new index, i.e.,
the area index A, which quantifies the fraction of the solar
disk covered by features that made up the D-index.

Using enhanced-contrast CallK filtergrams, Naqvi et
al. (2010) defined the excess brightness as

1 [ fiy=Ri;— T, Ry >Ty
Dp=——3 fiwith{ J& = 't i 3
¥ 1000%:f”Wl {fijzo Rij < Ty’ 3)
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FIGURE 9 Color-coded maps of the excess brightness
thresholds T}, for the AIA UV 1600 A and the Chro-
Tel CanK 3933 A images on 2018 June 21 depicted in
Figure 2.

where R;; is the intensity excess of a pixel and T}, refers
to an intensity threshold given as a fraction of the nor-
malized quiet-Sun intensity Iqs = 1 at u = 1. The bottom
panel of Figure 9 is a visual representation of the thresh-
olded excess brightness map. The intensity fraction is
multiplied by 1000 for compact labeling of the excess
brightness, i.e., Digp corresponds to a threshold Tigp =
0.1 or 10% of the normalized disk-center quiet-Sun inten-
sity Iqs. The subscripts 4 and j represent the locations
of pixels in Cartesian sun-center coordinates. The sum-
mation is carried out over all pixels contained within the
solar disk. The division by 1000 casts the Dg-index val-
ues in a convenient data range. However, this has the
drawback that the size of the full-disk images affects the
amplitude of the Dy-indices.

This issue can be addressed by using the empirical
two-dimensional limb-darkening function. Summing the
corresponding intensities of all pixels on the disk provides
an estimate of the total brightness of the “featureless” Sun
L = 3" L;;. Therefore, the excess brightness in Equation 3
can be expressed in terms of the total brightness

1
Ch=1 > fis- (4)
ij

The fraction Cj can also be expressed as a percentage
of the total brightness L. A similar approach can be
used for area indices by summing all pixels for a cer-
tain threshold 7} and dividing them by the number of all
pixel contained with the solar disk N. Thus, Ag refers to
the fraction of the solar disk that is covered by features
exceeding the brightness threshold T},. The superscript C'
is used for disambiguation in the later discussion of UV
indices. This procedure assists in the physical interpre-
tation of the Ci- and Akc—indices. A further qualitative
improvement beyond the previous work (Johannesson et
al., 1995, 1998; Naqvi et al., 2010) is the removal of the
field-dependent background variations (see Figure 9 for
validation) introduced by Lyot-type filters. Such artifacts
often lead to a bias, especially near the limb, for low
thresholds T}, (cf. Figure 2 in Naqvi et al. (2010)). The
remaining challenge for comparing disk-resolved Ca11 K-
indices is mainly related to the different passbands of
the narrow-band Ca1iK-filters, i.e., the narrower the fil-
ters, the higher the contrast of features such as plages
(cf. Chatzistergos, Ermolli, Krivova, et al., 2020) and
consequently the higher the excess brightness.

The BBSO Ca1iK filtergrams, on which Naqvi et al.
(2010) based their Dj-indices, were recorded with a 1.5 A
(FWHM) Daystar filter. The 0.3 A (FWHM) ChroTel fil-
ter gathers light entirely from the chromosphere above the
temperature minimum. Consequently, a ten times higher
T}, corresponds roughly to the indices described in pre-
vious works (Johannesson et al., 1995, 1998; Naqvi et
al., 2010). The thresholds are mapped onto the full-disk
images in Figure 9 and range between 5% and 125% of the
normalized quiet-Sun intensity Ig at disk center. Accord-
ing to the above nomenclature, the C1ggp-index computed
with a threshold of Tigp0 = 1 or 100% of I,s has a cor-
responding area-fraction index A{,,. The Cigpo-index
includes the excess emission of only the brightest part of
active region plages.

The excess brightness index Cj includes the entire chro-
mospheric network and all plage regions without any
distinction between these features. Increasing the thresh-
old gradually reduces contributions from the dimmer
quiet network, leaving only islands of bright magnetic fea-
tures. Thus, the Css0-index includes plage regions with
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FIGURE 10 Time-series of the excess brightness
indices C} and their corresponding area indices Akc based
on ChroTel Ca1rK full-disk images. The alternating dark
and light gray stripes mark successive years since 2010.
Each index pair C}, and Akc is plotted in the same shade
of blue. The legend in the upper-left corner of the panels
provides the key to the intensity thresholds of 25%, 50%,
75%, and 100%. The indices are vertically separated by a
constant value for better display. The gaps in the datasets
correspond to days without observations, and some days
with mediocre data quality were removed as well.

different sizes and the enhanced network, which appears
as an “orange peel” pattern of the supergranular bound-
aries in Figure 9. The next index Csgp contains only the
brightest elements of the enhanced network, whereas the
C750-index consists mainly of plages. These thresholds
are only indicative, i.e., without information about mag-
netic field and local dynamics, it is impossible to properly
differentiate between active features.

The aforementioned four subsets of the excess bright-
ness time-series C} are presented in the top panel of
Figure 10 along with the corresponding Ag—indices. The
indices are expressed as a percentage of total bright-
ness L of the featureless Sun and of the solar disk area,
respectively. The Cosg-index show the largest amplitude
since it include most of the magnetic features seen in
the CallK line. This is also the only index displayed in

Figure 10, which does not reach zero values. The ampli-
tude of each following Cj-index reduces monotonically,
where Casg-, C750-, and Ciggo-indices reach values below
0.1% also during periods of high solar activity. All four
indices show peaks corresponding to the maximum of
Solar Cycle 24 around 2014 April and strong secondary
peaks in 2014 July and October. The ChroTel excess
brightness indices represent well the general secular trend
of Solar Cycle 24 (e.g., Chatzistergos, Ermolli, Krivova, et
al., 2020). However, the exact time of the peaks is difficult
to determine due to gaps in the time-series.

The appearance of the A{-indices resembles its com-
panion Ci-indices, however with larger amplitudes. More-
over, the maximum of the AS. -index occurs in 2014 July
accompanied by two secondary peaks in 2014 March and
October. The excess brightness and area fraction indices
show significant rotational modulations. The strong peaks
around solar maximum can be attributed to large, long-
living, magnetically complex active regions passing across
the solar disk. Growth and decay of these recurring active
regions leave their marks as secondary maxima.

4.2 | Atmospheric Imaging Assembly

The next set of excess brightness and area indices is
based on long-integration UV images. Before computing
the time-averaged UV images, each single-exposure image
is corrected for differential rotation, with the 12:00 UT
frame as a reference. Furthermore, the long-integration
images are normalized such that the disk-center intensity
is unity, and in the next step, the two-dimensional CLV
function is subtracted.

Each of the hereto outlined steps are executed anal-
ogous to the processing of the ChroTel CanK filter-
grams described in Section 4.1. The AIA observations are
not compromised by Earth’s turbulent atmosphere and
instrument jitter. Thus, the UV 1600 A full-disk images
have intrinsically a better contrast than the ground-based
ChroTel observations. In addition, the filter transmis-
sion is much more uniform compared to the ChroTel
Lyot filter, so that the excess emission is on average
only about 1.6% lower compared to images without back-
ground correction. According to Simoes, Reid, Milligan,
& Fletcher (2019), the plage emission in the ATA 1600 A
channel is dominated by photospheric continuum emis-
sion. The bright features trace the underlying structure
of chromospheric Ca11H & K plages and network, and to
lesser extent the internetwork grains (Krijger et al., 2001;
Tritschler, Schmidt, Uitenbroek, & Wedemeyer-Bohm,
2007).
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Deriving the UV indices follows the same logic as pre-
sented in Section 4.1. First, the excess brightness is com-
puted according to Equation 3 employing thresholds T}
between 0% and 125% of the normalized quiet-Sun inten-
sity I4s. The AIA long-integration, contrast-enhanced
UV full-disk images adapt to the same brightness thresh-
olds as used for the Cg-index. A map of the solar disk
with brightness thresholds mapped onto it is displayed in
the top panel of Figure 9.

Finally, according to Equation 4, the UV excess bright-
ness Ug-index is expressed as a fraction of the total
brightness of the “featureless” Sun Ly with an associated
area AY-index. Outliers in the time-series are identified
as values above the 3o-level computed for the entire
detrended dataset. In addition, only 37 days are miss-
ing for the period since the start of AIA observations
until 2019 November 26. The missing data points are
replaced by median values to avoid gaps in the otherwise
continuous index time-series.

The ATA observations cover most of Solar Cycle 24,
through a gradual rise of activity from 2010 to 2014, when
the cycle reaches its maximum, followed by a steeper
ascending phase towards the minimum in 2019 November.
This development is well represented in the four subsets of
the Ug-indices and their Ag-index companions displayed
in Figure 11. Similar to Figure 10, these plots correspond
to the brightness thresholds T} equal to 25%, 50%, 75%,
and 100% of the normalized disk-center intensity I,s.

The Ussp-index, which combines the excess brightness
of network and plages alike, varies between 1% and 10%.
Reducing the contribution of the network, the Usgp-index
varies between 0.1% and 6.3% and the Ur5o-index between
0.02% and 3.74%. Finally, the Uyggo-index, which contains
only the brightest elements of plages and active regions,
varies between 0.003% and 2.25%. All four Uj-indices
show the same secular trend, but with reduced amplitude
when increasing the threshold. The similarity of the Ussg-
and Ujggo-indices suggests that the main drivers of the
overall UV variability is the excess UV emission of large
complex active regions, whereas the network is respon-
sible for the basal emission. The same conclusion holds
true for the chromosphere, as becomes evident from a
comparison of Figures 10 and 11.

The high level of activity that is present in all Uj-
indices, culminating in late 2011, encompasses a period of
about seven months, where several active regions evolve
(Song & Tian, 2018), which are surrounded by bright
plages and enhanced network. The Aj-index time-series
shows the larger coverage by active regions as well but at
a reduced level, which stays below the level for the sec-
ondary maximum of solar activity in 2014. The very high
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FIGURE 11 Time-series of the excess brightness
indices Uy and their corresponding area indices Ag based
on ATA 1600 A full-disk images. The alternating dark and
light gray stripes mark successive years since 2010. The
index pairs are plotted in the same shade of purple. The
legend in the upper-left corner of the panels provides the
key to the intensity thresholds of 25%, 50%, 75%, and
100%. The indices are vertically separated by a 2% for
better display.

Uj-values in late 2011 are an indication that the intrinsic
excess brightness of active region plages is enhanced dur-
ing solar maximum conditions, which cannot be explained
by a larger coverage alone.

The Usso-index computed separately for each hemi-
sphere is presented in Figure 12. The southern hemisphere
index is plotted upside-down to visualize and compare the
temporal variations of Ussg index in both hemispheres.
The asymmetry of solar cycle variations is striking. Both
hemispheres evolve independently, and the presence of
large active regions have a considerable impact. The
northern hemisphere shows a first maximum in late 2011,
whereas a double-peaked maximum appears in 2014 in
the southern hemisphere. Solar activity is high in the
southern hemisphere for the entire year 2014. This trend
reverses in early 2015, but at lower activity levels. Similar
trends are observed in the SSN time-series and also the
hemispheric sunspot number (HSN) exhibits asymmetries
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FIGURE 12 Time-series of the excess brightness Ussg-
index computed separately for the northern and southern
hemispheres based on ATA UV 1600 A long-integration
images with a 25% threshold. The alternating dark and
light gray stripes mark successive years since 2010. The
southern hemispheric Usgg-index is plotted upside-down
for convenience.

(P. R. Singh, Saad Farid, Kumar Pant, & Kumar Singh,
2021; Veronig, Jain, Podladchikova, Potzi, & Clette,
2021). However, a certain lag between the SSN and the
excess brightness time-series is expected, e.g., due to the
differences in lifetime and decay rates of bipolar active
regions and plages (Foukal, 1998).

Knowledge about hemispheric asymmetries is essen-
tial in dynamo theory. In particular, low-latitude active
regions have the potential to exchange flux across the
equatorial boundary, affecting flux transport to the poles
by meridional flows. The rotational signatures are well
defined in both hemispheric time-series. However, start-
ing in 2018, the rotational modulation of the Ussp-index
almost completely vanishes from the southern hemisphere
while still being present at a low level in the north-
ern hemisphere (cf. Sun, Hoeksema, Liu, & Zhao, 2015).
Thus, the southern hemisphere may represent in this
period the lowest activity state of the Sun observed so far.

Denker & Verma (2019) presented a magnetic index
based on BaSAMs employing HMI line-of-sight (LOS)
magnetograms. A comparison with Figure 10 in Denker
& Verma (2019) shows that the excess brightness Usso-
index follows closely the magnetic BaSAM-index rather
than the daily sunspot number. For example, both indices
show the two maxima in 2012 and 2014, where the latter
one is double-peaked, which are unique characteristics of
Solar Cycle 24. Furthermore, the Ussp-index maintains a
basal level, much like the magnetic BaSAM-index. Thus,
the magnetic and excess brightness indices represent “two

log,,(Power) [arbitrary units]
-5 -4 -3 -2 -1 0

Period [days]

100

50

20

10

500 1000

1500 2000 2500
Days since 2010 January 1

3000 3500

FIGURE 13 Power spectrum based on the Morlet
wavelet transform of the global Ussg-index and its two
hemispheric components. The two curved lines at the
sides represent the cone-of-influence, i.e., outside these
bounds, edge effects impinge upon the power spectrum.
The rainbow-colored logarithmic scale of the power spec-
tral density covers five decades.

sides of the same coin”, i.e., the variation of the ubiqui-
tous magnetic field of the Sun plus the contributions by
(decaying) active regions.

The wavelet power spectrum displayed in Figure 13 also
displays the signature of the aforementioned North-South
asymmetry. The top panel shows the power spectrum
of the global Ussp-index, whereas the middle and bot-
tom panels correspond to the northern and southern
hemispheric Uszso-indices, respectively, as displayed in
Figure 12. Both hemispheric power spectra are normal-
ized by the same factor, i.e., the average of the maximum
power in both hemispheres, ensuring that the power spec-
trum maps can be directly compared. The rainbow colors
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are indicative of the power spectral density as a func-
tion of period and observing date. Bands of high power
(vellow and red colors) occur a periods close to the Car-
rington rotation period. The northern Ussp-index has
a steady rotational modulation pattern, separated into
compact groups associated with large active regions rotat-
ing on and off the solar disk. Therefore, the wavelet power
spectrum exhibits several strong cores related to the Car-
rington rotation period. The main rotational signal in the
southern hemisphere also appears around the Carrington
rotation period. However, the power amplitude is signif-
icantly lower, except the two-peaked maximum of solar
activity in 2014. The width of the bands with enhanced
power is about 10 days, though broadening by excursions
to lower periods exists. Power at longer periods is mainly
observed in the northern hemisphere but at a lower level
and with a more diffuse appearance. Short-period power
occurs at half the Carrington rotation period and likely
corresponds to the disk passage of isolated and short-
lived active regions. Hemispheric asymmetries cannot be
deduced from the global power spectrum, which accentu-
ates the maxima in 2012 and 2014 for the northern and
southern hemispheres, respectively. The drop of power by
about five orders of magnitude is a distinguishing feature
for the southern hemisphere during the solar minimum
period in 2018 and 2019. The rotational modulation pat-
tern is completely absent, while still being present at a
much reduced level in the northern hemisphere.

4.3 | Spectral vs. disk-resolved indices

Two major types of activity indices are discussed in this
work. The Spgpsi-index belongs to the first type, i.e.,
a Sun-as-a-star spectral index, whereas the Cj- and Uj-
indices constitute the second type, i.e., an index that
amalgamates information from disk-resolved data. Com-
bined, these indices facilitate a robust multi-wavelength
analysis of the solar activity cycle. While plages dominate
the CantH& K and UV 1600 A continuum emissions dur-
ing high solar activity, the magnetic network sustains the
basal emission during low activity periods. Consequently,
these indices are proxies of the magnetic field strength,
and the different thresholds isolate different types of mag-
netic field topology. Thus, they provide clues about the
coupling between photosphere and chromosphere and the
resulting energy transport.

The Spgpsi-index benefits from its heritage as a Sun-
as-a-star index, combining the line-core Ca11H & K emis-
sion. However, the line-core passbands, as defined in
Vaughan et al. (1978), include certain contributions from
the photospheric line wings. Therefore, the S-index is

not entirely a chromospheric activity index. According
to CantH& K formation theory (Bjgrgen et al., 2018),
the S-index describes the combined magnetically driven
emission variability of the upper photosphere, around the
temperature minimum, up to about 2000 km above the
solar surface.

The narrow Call K passband isolates light originating
only from above the temperature minimum. Therefore,
this excess brightness index can be considered purely
chromospheric. Its UV counterpart gathers light origi-
nating from the temperature minimum region (Fontenla,
Avrett, & Loeser, 1993; Vernazza, Avrett, & Loeser, 1976,
1981).

The Spgpsi-, Cas0-, and Ussg-indices for the period
between 2018 January 1 and 2019 December 31 are
displayed in Figure 3. Beyond different technical and
methodological implementations, similarities and differ-
ences in the three indices are driven by the physical prop-
erties of the respective radiation formation heights. The
Usso-index presents the most complete record. Therefore,
it is used as the benchmark time-series.

Just considering the years 2018 and 2019, i.e., towards
the end of Solar Cycle 24, the highest activity level in the
Ca1 K disk-resolved index occurs in 2018 June. Although
the Cys0-index does not reach exactly zero, it closely
approaches it during periods of low activity. On the other
hand, the Sprpsr- and Ussg-indices have a well-defined
basal level, which stay above zero during low solar activ-
ity. Similarities between the Spgpsi- and Ussp-indices may
arise from the photospheric contamination of the S-index
and a more closely matching formation height.

The relationship among the three indices is illustrated
in three scatter plots displayed in Figure 14. The first two
panels compare index values in the period displayed in
Figure 3, which is defined by the length of the PEPSI/SDI
time-series. The first panel shows the correlation between
the two CallK indices.
tion coefficient p indicates a less monotonic relationship
among the indices. In this case, it points to a larger scat-
ter so that a simple linear model is sufficient for the fit.
In addition, considering the small sample of 85 common
data points for the comparison of PEPSI/SDI and Chro-
Tel data, a linear fit seems appropriate and demonstrates

A lower rank-order correla-

a good correlation of these datasets. The Spgpsr- and
Usso-indices show a similar trend (middle panel) with
better statistics (three times more data points) but with
higher correlations. The orange and yellow data points
show a larger scatter in the S-index at times of extremely
low activity in 2019. This is also evident in the first
panel, but only for a few data points because of the small
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FIGURE 14 Scatter plots of the S-, Cy50-, and Ussg-indices. The diagonal straight lines represent linear fits. In
addition, a geometric regression model was applied to the Usso-index (thick curve). Pearson’s linear and Spearman’s
rank-order correlation coefficients r and p are given in the lower-right corner of each panel, respectively. The number
of common data values n differs in each plot, and their chronological order is color-coded. Dates of the first and last

data points are given above the individual plot panels.

temporal overlap of the two indices in 2019. In particu-
lar, S-index values are below the trend line in October
and November 2019, whereas the values between June
and September 2019 are on the same scale as the 2018
Spepsi-index. This may indicate that active region plages
and the low associated rotational modulation, seen in the
Usso-index for this period, become inconsequential for the
S-index.

The third panel compares a much larger sample (n =
892) of the overlapping Ca50- and Ussp-indices. The linear
and rank-order correlation coefficients approach unity. A
linear regression delivers already good results. However,
a geometric regression model y = ag + a;x** adapts bet-
ter to data points at higher levels of the solar activity.
The fitted exponent as = 0.6 =~ 0.5 implies a quadratic
relationship between the Cosg- and Ussgp-indices. A com-
parison of Figures 10 and 11 shows that the evolution
with time is similar with respect to the secular trend
and the rotational modulation. Therefore, the quadratic
relationship indicates topological differences in the emit-
ting features. These differences become smaller during
low activity, when the C550- and Ussg-indices mainly
describe the quiet chromospheric network, proving that
short- vs. long-term relations are not necessarily identi-
cal (Pevtsov et al., 2014). Increasing activity leads to a
higher topological complexity of the magnetic field and
canopy effects, which are more prominent in the CantK
filtergrams, become more important.

5 | CONCLUSIONS

The Mt. Wilson HK-monitoring program started a multi-
decade effort, which continuous to this day, of solar and
stellar Ca11 H & K spectroscopy as a means to identify and
characterize magnetic activity cycles in main-sequence
stars, e.g., via the S-index. The analysis of the thus
compiled data contributed significantly to our current
knowledge of stellar activity from quiet over periodic to
highly active stars and to a better understanding of stellar
atmospheres. Recognizing signs of activity in the stellar
spectrum is crucial when applying the radial velocities
method in the search of exoplanets (Astudillo-Defru et
al., 2017; Dumusque, 2018).

The HEROES S-index (Schroder et al., 2012) and the
Sprpsr-index (see Section 3.1) show similar levels of activ-
ity, albeit focusing on two different minima, i.e., at the
beginning and end of Solar Cycle 24. In a follow-up study,
Schroder et al. (2017) pointed to a decline of the HEROES
S-index starting in 2015 and reaching values below 0.160
already in 2016. The Maldonado et al. (2019) HARPS
S-index time-series (also discussed in Section 3.1) con-
firms the Schroder et al. (2017) results for the time when
both time-series overlap. Based on the time-series end-
ing in 2016, Schroder et al. (2017) argue that Cycle 24
is a weak activity cycle with small amplitude. This is
corroborated by the average Spgpsi-index of about 0.152
in 2018 and 2019, which reflect some of the lowest S-
index values reported so far. The declining trend of the
Spepsi-index continues towards solar minimum at the end
of 2019. The composite S-index time-series presented in
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Egeland et al. (2017) indicates that S-index values below
0.160 are rare during solar minima. The deepest mini-
mum occurred between Solar Cycles 22 and 23. However,
comparison with previous activity cycles must be made
with caution because the SNR and spectral resolution of
the spectra significantly affect the S-index (see discussion
in Section 3.3).

The Sun’s special status in chromospheric activity
studies arises from the fact that the spectral “fingerprint”
left in Sun-as-a-star observations can be matched to activ-
ity features on the solar disk. This provides guidance for
interpreting stellar spectra exhibiting signatures of chro-
mospheric activity. The Cy50-index, which includes all
bright features of the active Sun, indicates an almost com-
plete absence of plages and enhanced network elements
— in particular in the southern hemisphere during 2019.
Thus, the Spgpsi-index at that time represents the basal
chromospheric activity during a deep solar minimum.

Regular PEPSI/SDI observation with high-spectral
resolution produced a daily though irregular record,
which, combined with elaborate data-processing tech-
niques and analysis, yields a versatile dataset with broad
spectral coverage including the strong Ca 11 H & K absorp-
tion lines. Other strong chromospheric absorption lines
such as the Balmer series, the infrared CaTl triplet or the
NaD doublet were not yet explored and promise more
information on solar cycle variations of the chromosphere.
Thus, this work is only the initial pass of an ongoing effort
to characterize solar activity via its PEPSI/SDI spectra.
Furthermore, the existence of synoptic full-disk obser-
vations from ground- and space-based instrumentation
presents a unique, i.e., in the stellar context, opportu-
nity to study the surface features, which are responsible
for the spectral signatures that modulate the S-index.
The Spgpsi-index is computed for the declining phase
of the Solar Cycle 24. Various data analysis techniques
were employed and demonstrated that a strong relation-
ship exists between the S-index and the CaliK and UV
1600 A continuum excess brightness.

The analysis of the disk-resolved indices during the
recent low-activity period of Solar Cycle 24 confirms
the role of the chromospheric network as the major
contributor to the basal CallH& K emission. It is the
manifestation of the perpetual chromospheric magnetic
field. Considering age and rotation of Sun-like stars
with comparable activity levels (Baliunas et al., 1995;
Hall et al., 2007), basal CantH& K emission is always
present, even for stars with a flat activity level, which is
also recognized in theoretical descriptions (e.g., Schrijver,
Dobson, & Radick, 1989; Schroder et al., 2012). However,
the combination of disk-integrated spectra and full-disk

observations provided physical parameters that made it
possible to address scenarios with different contributors
to chromospheric activity.

Studying long-term solar activity based on disk-
resolved observations from various instruments is a
complicated and nontrivial task (Chatzistergos, Ermolli,
Krivova, et al., 2020). For example, to relate the ChroTel
Cr-index to the BBSO Dj-index (Naqvi et al., 2010) faces
the challenge that observations do not overlap. Fortu-
itously, the synoptic SDO observations comprise a wealth
of full-disk filtergrams (visible, UV, and EUV), magne-
tograms, and dopplergrams. In particular, the ATA UV
1600 A proved to be very helpful for comparing the
Spepsi-index and the ChroTel Cj- and Ag-indices. More
generally, the ATA observations can serve as a straightfor-
ward benchmark, when comparing solar activity indices
for most of Solar Cycle 24 and the just started Solar
Cycle 25.
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