
TYPE Review
PUBLISHED 17 November 2022
DOI 10.3389/fspas.2022.1038949

OPEN ACCESS

EDITED BY

Mausumi Dikpati,
High Altitude Observatory (UCAR),
United States

REVIEWED BY

João Manuel Fernandes,
University of Coimbra, Portugal
Clementina Sasso,
Astronomical Observatory of Capodimonte
(INAF), Italy

*CORRESPONDENCE

Theodosios Chatzistergos,
chatzistergos@mps.mpg.de

SPECIALTY SECTION

This article was submitted to Stellar and
Solar Physics,
a section of the journal Frontiers in
Astronomy and Space Sciences

RECEIVED 07 September 2022
ACCEPTED 24 October 2022
PUBLISHED 17 November 2022

CITATION

Chatzistergos T, Krivova NA and Ermolli I

(2022), Full-disc Ca ii K observations—A

window to past solar magnetism.

Front. Astron. Space Sci. 9:1038949.

doi: 10.3389/fspas.2022.1038949

COPYRIGHT

© 2022 Chatzistergos, Krivova and Ermolli.
This is an open-access article distributed
under the terms of the Creative Commons
Attribution License (CC BY). The use,
distribution or reproduction in other
forums is permitted, provided the original
author(s) and the copyright owner(s) are
credited and that the original publication in
this journal is cited, in accordance with
accepted academic practice. No use,
distribution or reproduction is permitted
which does not comply with these terms.
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Full-disc observations of the Sun in the Ca II K line provide one of the longest

collections of solar data. First such observations were made in 1892 and since

then various sites around the world have carried out regular observations,

with Kodaikanal, Meudon, Mt Wilson, and Coimbra being some of the most

prominent ones. By now, Ca II K observations fromover 40 different sites allow

an almost complete daily coverage of the last century. Ca II K images provide

direct information on plage and network regions on the Sun and, through

their connection to solar surfacemagnetic field, offer an excellent opportunity

to study solar magnetism over more than a century. This makes them also

extremely important, among others, for solar irradiance reconstructions and

studies of the solar influence on Earth’s climate. However, these data also

suffer from numerous issues, which for a long time have hampered their

analysis. Without properly addressing these issues, Ca II K data cannot be used

to their full potential. Here, we first provide an overview of the currently known

Ca II K data archives and sources of the inhomogeneities in the data, before

discussing existing processing techniques, followed by a recap of the main

results derived with such data so far.

KEYWORDS

solar observation, solar chromosphere, solar activity, plages sun: sunspots, solar irradiance, solar
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1 Introduction

The Sun is the closest star to Earth and its all-dominant energy source
(Kren et al., 2017). The last couple of decades have seen immense advancement
in solar monitoring. Observations made with satellites, such as the Solar and
Heliospheric Observatory (SoHO; Domingo et al., 1995), Hinode (Kosugi et al., 2007),
or Solar Dynamics Observatory (SDO; Pesnell et al., 2012), allowed us to study the
Sun close-up and provided time series of many solar parameters with high quality
and high cadence, such as with the Geostationary Operational Environmental Satellites
(GOES; Donnelly et al., 1977), Variability of solar IRradiance and Gravity Oscillations
(VIRGO; Fröhlich et al., 1995), PRoject for On-Board Autonomy (PROBA; Teston
and Creasey, 1997; Hochedez et al., 2006), Solar Radiation and Climate Experiment
(SORCE; Rottman, 2005), or Solar TErrestrial RElations Observatory (STEREO;
Kaiser et al., 2005) among others. Observations from space have the advantage of
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being unaffected by Earth’s atmosphere, allowing measurement
of quantities sensible to the atmospheric absorption,
one example being the Total Solar Irradiance (TSI,
the total, spectrally-integrated solar radiative energy
flux measured at the top of Earth’s atmosphere).
Current and future missions, such as the Solar Orbiter
(Müller et al., 2020), Parker Solar Probe (Fox et al., 2016),
Aditya-L1 (Seetha and Megala, 2017; Tripathi et al., 2017),
Solar-C (Watanabe, 2014; Shimizu et al., 2020), and balloon-
borne Sunrise (Solanki et al., 2010; Solanki et al., 2017;
Feller et al., 2020) will keep pushing our understanding of the
physics of the Sun (Kusano et al., 2021).

As marvellous and beneficial as they are, satellite
observations of the Sun exist for only a few decades,
which is a rather short time interval to assess potential
long term changes in various characteristics of the Sun.
Among others, this is particularly critical for assessing
the long-term variability in TSI and its effect on Earth’s
climate (Gray et al., 2010; Solanki et al., 2013; Krivova, 2018;
Intergovernmental Panel on Climate Change, 2021).

Luckily, a wealth of ground-based solar observations exist
that can be used to study solar behaviour over longer periods
in the past. The invention of the telescope in 1600s marked
the start of systematic observations of the Sun (Vaquero and
Vázquez, 2009), which however became regular only in the
1800s. These early solar observations were limited to the white-
light (or visible) part of the solar spectrum, which samples the
photosphere bringing out mostly dark regions, called sunspots.
They revealed the variable nature of solar activity, represented by
increases and subsequent decreases in the number of sunspots,
the famous 11-year sunspot cycle (Wolf, 1850).

The use of a prism to disperse the solar spectrum,
e.g. by Herschel (Herschel, 1800) or Secchi (Chinnici and
Consolmagno, 2021; Ermolli and Ferrucci, 2021), in the 1800s
allowed sampling different heights in the solar atmosphere.
However, systematic photographic observations of different
heights of the solar atmosphere only started after the
invention of the spectroheliograph by (Hale, 1890; Hale, 1891;
Hale, 1893).The first line that was systematically observed with a
spectroheliograph was the singly ionized Calcium line (Ca II K),
at 3933.67 Å.The earliest recorded observation goes back to 1892
and since then a plethora of such observations from many places
around the globe has been collected (Chatzistergos et al., 2020c).

Observations in the Ca II K line sample the lower
chromosphere and provide direct information on plage and
network regions, which are the chromospheric counterpart
of faculae and network in the photosphere. These regions are
manifestations of the solar surface magnetic field and one of
the keys to studies of its evolution. They are also indispensable
to reconstructions of past irradiance variations (see, e.g.,
Solanki et al., 2013). There are various other chromospheric
data (Ermolli et al., 2015) that can provide information on plage

regions, such as the series of the 10.7 cm radio flux (available
since 1947; Tapping and Morton, 2013), Lyman α emission
(available since 1969; Woods et al., 2000), Mg II index (available
since 1978; Heath and Schlesinger, 1986; Snow et al., 2014), He
I (10830Å) equivalent width (since 1977); Ca II (8542Å) central
depth (since 1978), Hα central depth (since 1984), CN (3883 Å)
bandhead index (since 1979; Livingston et al., 2007), and Ca
II K 0.5 or 1 Å disc-integrated emission index (since 1974;
White et al., 1998). However, all these measurements cover
significantly shorter periods of time and are disc-integrated
quantities, carrying less information than the full-disc Ca II K
observations. This renders Ca II K observations a unique dataset
for studying past solar magnetism and activity, solar irradiance
reconstructions and studies of the solar influence on Earth’s
climate.

Despite the invaluable information encrypted inCa II K data,
they are known for suffering from numerous issues which are
challenging to be accounted for and eventually lead to their
disuse. Over the last couple of decades there has been a renewed
interest in these data. In view of this, considerable efforts have
been put into the digitisation of historical archives, which allows
a more systematic exploitation of these data.

Here we provide an overview of recent efforts aimed at
a systematic exploitation of the potential of full-disc Ca II K
data. We first review the currently known Ca II K archives and
describe instruments used for such observations (Section 2).
We then discuss the main techniques that have been developed
for processing Ca II K images (Section 3). This is followed by
an overview of the main results derived with Ca II K data so
far, specifically focusing on studies regarding Carrington maps
(Section 4), Ca II K plage areas (Section 5), network regions
(Section 6), the relationship between magnetic field strength
and Ca II K brightness (Section 7), as well as reconstructions
of irradiance variations (Section 8). Finally, we summarise the
current status of studies employing Ca II K data in Section 9.

2 Ca II K data

Ca II K line was the first line to be systematically monitored,
with full-disc observations starting in 1892 and continuing up to
the present day. Since then, observations have been performed
in Ca II K by over 40 observatories, covering different periods in
time (seeTables 1, 2), with (to the best of our knowledge) 16 sites
performing observations in the Ca II K line at present. Figure 1
maps the approximate locations of the ground-based Ca II K
observatories known to us, complemented by the SOlarDiameter
Imager and Surface Mapper (SODISM) instrument onboard
the PICARD (Meftah et al., 2012) satellite. All observatories are
situated in the Northern hemisphere, with the exception of some
observations performed at the South Pole (not shown on the
map).Themajority of sites are in Europe, with 11 currently active
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TABLE 1 List of spectroheliograph Ca II K datasets. Columns are: name of the observatory, type of detector (if both plate and CCDwere used then the
date in parenthesis refers to the year the transition occurred), estimated period of observations, whether the data have been digitised, total number of
digital images (includingmultiple images on a single daywhen available), spectral width of the spectrograph, average pixel scale of the images, and the
bibliography entry.

Observatory Detector Period Digitised Images SW [Å] Pixel scale [“/pixel] Reference

Abastumani Plate 1954– No — — — Khetsuriani (1967)
Arcetri Plate 1931–1974 Yes 4871 0.3 2.5 Ermolli et al. (2009a)
Cambridge Plate 1913–1941 No — — — Hubrecht (1912), Moss (1942)
Catania Plate 1908–1977 Partially 1008 — 1.1–5 Zuccarello et al. (2011)
Coimbra Plate/CCD (2007) 1925– Yes 19758 0.16 2.2 Garcia et al. (2011)
Crimea Plate 1955–1979 No — — — http://craocrimea.ru/ru/
Ebro Plate 1905–1937 No — — — Curto et al. (2016)
Hamburg Plate 1943–1958 No — — — Wöhl (2005)
Kenwood Plate 1892–1895 Partially 5 — 3.1 Hale (1893)
Kharkiv Plate/CCD (1994) 1951–2021 Partially 564 3.0 3.3 Belkina et al. (1996)
Kislovodsk Plate/CCD (2002) 1960– Yes 9738 - 1.3–2.3 Tlatov et al. (2015)
Kodaikanal Plate 1904–2007 Yes 45047 0.5 0.9 Priyal et al. (2014)
Kyoto Plate 1928–1969 Yes 3119 0.74 2.0 Kitai et al. (2013)
Madrid Plate 1912–1917 No — — — Vaquero et al. (2007)
Manila Plate 1968–1978 Partially 162 0.5 1.2 Miller (1965)
McMath-Hulbert Plate 1948–1979 Yes 4932 0.1 3.1 Mohler and Dodson (1968)
Meudon Plate/CCD (2002) 1893– Yes 20117 0.15, 0.09(a) 1.1–2.2 Malherbe and Dalmasse (2019)
Mitaka Plate 1917–1974 Yes 4193 0.5 0.7–0.9 Hanaoka (2013)
Mount Wilson Plate 1915–1985 Yes 39545 0.2 2.9 Lefebvre et al. (2005)
Sacramento Peak Plate 1960–2002 Yes 7750 0.5 1.2 Tlatov et al. (2009)
Schauinsland Plate 1944–1964 Partially 18 — 1.7, 2.6 Wöhl (2005)
South Kensington Plate 1902–1912 No — — — Lockyer (1909)
Wendelstein Plate 1943–1977 Partially 422 — 1.7, 2.6 Wöhl (2005)
Yerkes Plate 1899–1907 Partially 7 — 2.4 Hale and Ellerman (1903)

Notes: (a) The two values correspond to the periods before and after 15 June 2017.

observatories (see underlined observatories in Figure 1). Three
other active stations are located in Asia (Kodaikanal, Mitaka,
Baikal), one in north America (San Fernando), and one on
Canary islands (Teide). All together, Ca II K archives provide
an excellent temporal coverage of the entire 20th century, with
at least one Ca II K observation per day for 88% of all days
from 1892 onwards and 98% from 1907 onwards among the data
analysed by Chatzistergos et al. (2020c).

Tables 1, 2 list the main characteristics of all Ca II K archives
known to us. There are unfortunately only a few long-running
archives, with the series from Meudon and Kodaikanal being
the only ones extending for more than a century, although, at
the time of writing this, Coimbra falls marginally short of a
century. Most archives perform only a few observations per day
(typically between one and five), but some more recent ones
(such as RomeMonteMario, Kanzelhöhe, andBrussels) also have
high-cadence observations. Formost applications of Ca II K data
one observation per day is typically sufficient, however having
multiple observations per day from various sources is extremely
important. On the one hand, there are applications for which
the exact time of observation might be needed, for instance for
comparing Ca II K images to magnetograms to select data pairs
as close in time as possible (Chatzistergos et al., 2019d), or to
recover TSI variations within a day (Chatzistergos et al., 2021a).
On the other hand, complementary observations from different

sites over the same days allow assessment of the quality of the
available datasets and identification of potential inconsistencies
within the archives. Furthermore, multiple overlapping days
frommany archives allow a better cross-calibration of parameters
extracted from these data, such as plage and network areas,
discussed in Section 5 and Section 6. Examples of historical Ca
II K observations of good quality are given in the first row
of Figure 2. Tables 1, 2 reveal how different the observational
characteristics of the various archives are. Some sites used
spectroheliographs, while others filters. More recent set-ups
used a charge-coupled device (CCD; Janesick, 2001) camera to
directly produce digital files, while the historical data were stored
on photographic plates some of which are now available also in
digital form. To understand the underlying differences between
the archives, we first introduce the instruments used to obtain Ca
II K observations.

2.1 Instrumentation used for
observations

2.1.1 Spectroheliograph and optical filters
We first discuss instruments used to isolate a selected limited

range of wavelengths around the Ca II K line, which are the
spectroheliograph and optical filters. Spectroheliographs are in
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FIGURE 1
Map showing approximate locations of the Ca II K observatories. Observatories marked in ciel either do not yet have data in digital form or there
have been no published results from the digital images. All other archives are shown in various random colours. The locations are marked by
numbers, while the names of the sites are listed with the corresponding numbers and colours to help associating the name with the
observatory. The underlined names refer to sites performing Ca II K observations at present.

general big and bulky instruments. A spectroheliograph employs
a prism or a diffraction grating to disperse the incident solar
light. A slit, with a controllable width, is then placed such as to
allow only the radiation within the desired wavelength band to
pass. In this way, spectroheliographs allow isolating a spectral
window around the Ca II K line. Ca II K was the first line
observed with a spectroheliograph, with the Hα line following
shortly after (Chatterjee et al., 2017a). It is important to note that
a spectroheliograph does not allow observing the entire solar disc
instantaneously, rather only a narrow strip imposed by another
narrow slit at the entrance of the telescope. Various mechanical
components are used to smoothly move the entrance slit and/or
the photographic plate to scan and image the entire solar disc.
As a result, a full scan of the solar disc requires a few minutes.
Figure 3 shows photographs from some of the most prominent
spectroheliographs, including Meudon, Kodaikanal, Kyoto, and
Mitaka.

Unfortunately, neither the motion of the mechanical parts
of the spectroheliograph nor the width and position of the slits
are consistently precise. The uneven motion of the instrument
leads to geometrical distortions of the recorded image, leading
to certain strips being sometimes more stretched than others
or even overlapping. Thus brightness of the images might vary
over different strips. Four such examples are shown in the second
row of Figure 2. In certain archives, such as Kyoto (see the first
image of the second row in Figure 2), these strips are curved
(Chatzistergos et al., 2020b), most likely due to the arrangement
of the optical parts of the telescopes.We note that such brightness
variations across strips can also be introduced by changes of
the atmospheric transmission during scanning of the entire disc.
Problemswithmaintaining the position andwidth of the spectral
slit constant affect the altitude of the solar atmosphere that is

sampled. The third row of Figure 2 shows three images from
Kodaikanal observatory and one fromMtWilson, demonstrating
the effects of different setups of the spectral slit on the
observations.The first two of them, fromKodaikanal, were taken
on the same day but clearly sample different heights in the
atmosphere (as can be seen by the absence of sunspots in the
first image and their clear appearance in the second one). The
third (Kodaikanal) and the fourth (Mt Wilson) images show the
cases, where either the width or the centering of the slit changed
over the course of scanning the solar disc. This produced images
that look more photospheric (with large sunspots regions)
on the left, while more chromospheric on the right sides of
the images. Instrumental changes also affect the bandwidth
of observations and thus the consistency of the long-running
archives. For instance, the grating system inMtWilson series was
changed on the 21 of August 1923 (Chatzistergos et al., 2019b),
while Meudon changed from a 1-prism to a 3-prism system
in 1908 (D’Azambuja, 1930), both leading to a better dispersed
solar spectrum and thus narrower bandwidth observations.
Chatzistergos et al. (2019b) and Chatzistergos et al. (2019c) also
discussed potentially degrading quality of Kodaikanal data with
time.

Optical filters allow instantaneous observations of the
whole solar disc. These are wavelength-selective filters placed
at the optical path of the telescope, which means they are
employed with a much simpler instrumental configuration
than spectroheliographs. Due to that, filtergrams do not
exhibit severe image distortions like the ones mentioned
for the spectroheliograms, e.g. brightness variations across
linear segments. However, the way the filter is placed (for
example if there is a potential tilt; Löfdahl et al., 2011)
can still affect the bandpass, while there can also be
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FIGURE 2
Exemplary raw full-disc images of the Sun in the Ca II K line. The first row shows images of good quality from four historical photographic
archives, indicated at the top of each image together with the date of observation. The next three rows aim at highlighting some characteristics
of such data. In particular, the second row shows image distortions due to spectroheliograph problems, while the third row showcases visual
differences due to variations in central wavelength or bandpass used for observations. The last row shows Ca II K drawings from Kenwood and
Rome observatories as compared to a filtergram and spectroheliogram from Rome and Kodaikanal taken on the same day as the Rome drawing.

deterioration with time, thus changing the filter transmission
profile.

One very important aspect to keep in mind is that
various observatories use non-identical observational settings,
that is either filters with different transmission profiles or
spectroheliographs with different slit widths, and thus sample
different heights in the solar atmosphere (See Figure 3 in
Ermolli et al., 2010). Spectroheliographs were used since
1892, and thus most long-running archives were produced
with spectroheliographs. Filters started being used for Ca II

K observations in the late 1950s (e.g. Ohman, 1956), and
are employed at most of the currently running observatories.
Currently, only four sites use a spectroheliograph, namely those
at Coimbra, Kharkiv, Kislovodsk, and Meudon. In general,
filtergrams, have broader bandwidths than spectroheliographs.
Chatzistergos et al. (2020c) showed that the average nominal
bandwidth of 43 available datasets remained about 0.3 Å between
1904 and 1987 whenmainly spectroheliographs were used, while
it increased to about 2.5 Å on average for the later periods when
filtergrams became more common. Figure 4 shows the average
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FIGURE 3
Spectroheliographs used at the observatories of Meudon ((A); https://www.observatoiredeparis.psl.eu/the-meudon-spectroheliograph.
html?lang=en, Kodaikanal ((B); https://kso.iiap.res.in/new/instruments, Mitaka ((C); https://solarwww.mtk.nao.ac.jp/en/topics/topics_0001.html,
and Kyoto ((D); photo taken by T. Chatzistergos).

quiet Sun Ca II K line profile from the high-resolution disk-
integrated atlas from the Hamburg Observatory1 (Neckel, 1999;
Doerr et al., 2016) highlighting various features of this line: the
core denoted as K3, the emission peaks K2v and K2r, as well as
the secondary minima K1v and K1r, where “v” and “r” stand
for the violet and red parts of the wing, respectively. Coloured
vertical bars mark wavelength bands of some prominent Ca II K
series, for comparison. In particular, we show the passbands of
spectroheliograph observations at Meudon (green), which since
2017 employs the narrowest known to us nominal bandwidth of
0.09 Å (prior to 2017, it was 0.15 Å) and thus includes only part
of the K3 minimum. However, Meudon also took observations
with offsets to the central wavelength (shown in light blue,
purple, blue, orange, and brown). An average over modern
CCD-based data is represented by the Rome/PSPT (precision
solar photometric telescope; shown in dark grey) which has a
considerably broader bandwidth than Meudon, including all
K1, K2, and K3 features of the Ca II K line, but also extending
more to the wing of the line, thus having more photospheric
contribution. We also show the bandwidth of the San Fernando
archive (light grey), which is, to our knowledge, the broadest one
and extends even further into the wing than Rome/PSPT. We
note that San Fernando observatory uses two telescopes called

1 ftp://ftp.hs.uni-hamburg.de/pub/outgoing/FTS-Atlas/.

Cartesian full disk telescope, CFDT, 1 and 2. To highlight the
effects of the passband on the observations, in the lower half
of Figure 4 we show examples of observations taken on the
same day at different sites having different characteristics. We
emphasise that the previous discussion refers to the nominal
bandwidth of the various observatories, while the actual ones
might differ.

2.1.2 Image capturing devices
The more recent observations use a CCD (Janesick, 2001)

or a complementary metal-oxide semiconductor (CMOS;
Fossum, 1993) sensor to store the images directly in digital
formats (to simplify the discussion, in the following we will refer
to CCD and CMOS collectively as CCD). These are essentially
linear detectors, meaning that the recorded image value is
directly proportional to the incident radiation. However, there
can still be saturated or dark regions below the noise level. CCD-
based data are subject to the standard dark, bias, and flat-field
calibration of CCD detectors (Meurs, 1987).This is an important
step to reduce intensity biases and artefacts due to issues with the
detector or dust in the telescope components. To our knowledge,
the earliest employment of such devices for Ca II K observations
might have been at the South Pole in 1981 and then at the Mees
and San Fernando observatories in 1988. All sites that started
observations after 1995 use a CCD sensor.

Earlier data were stored on photographic plates, which
comprise a photosensitive emulsion coated on a glass plate or
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FIGURE 4
The normalised high-resolution disc-integrated solar spectrum over a 10 Å interval centred at the core of the Ca II K line from the atlas of the
Hamburg Observatory. Also shown are the nominal pass-bands of selected Ca II K archives, including the two extreme cases from San Fernando
(light grey) and Meudon K3 (light green up to 2017, darker green since 2017), an average case for CCD-based archives from the Rome/PSPT
(dark grey), along with six off-band archives: MLSO/PSPT (red), Meudon K2r (orange), K1r (brown), K2v (blue), K1v (purple), and Meudon K1* (light
blue, this is referred to as K1 in the Meudon database even though it is not at the K1 minimum, but centred further away at the wing of the line at
3932.3Å). The vertical light grey lines mark wavelength intervals of 1 Å from the core of the Ca II K line. The bottom part of the figure presents
five exemplary observations taken on the same day (2013/09/23) at San Fernando, Rome/PSPT, Meudon K3, Meudon K1v, and Meudon K1*.

celluloid film (we will collectively refer to them as plates in
the following). The photographic process involves the exposure
of the emulsion to create a latent image, which is revealed
after the application of developing agents (Mees, 1942; James
and Higgins, 1968; Dainty and Shaw, 1974). Thus, exposed
regions turn darker depending on the incident radiation. In
contrast to CCD sensors, photographic plates are not linear
detectors. This means the recorded darkening on the plates
is not directly proportional to the incident radiation. The
response of the plates, typically referred to as the characteristic
curve or Hurter–Driffield curve (Hurter and Driffield, 1890), is
defined as d = f (log E), where E is the exposure (defined as
intensity multiplied by time) and d is the density (defined as
d = log10 (1/T), where T is the transparency of the emulsion,
a term describing how darkened the emulsion got). The
characteristic curve has in general a sigmoid shape (Figure 5)
and is linear only in its central part (part c in Figure 5A), which
is the region of proper exposure. Regions with low intensity of
incident radiation usually end up on the underexposure level or
even below the fog level (thus escaping being registered), while
under excessive exposure, darkening turns weaker than what is
expected from the linear relation.Knowledge of the characteristic
curve is crucial for photometric calibration of photographic

observations. Unfortunately, this curve depends on multiple
additional factors (emulsion composition, developing agents,
temperature and humidity levels at the time of the observation,
storage conditions of the plates etc; Chatzistergos, 2017), with
the consequence that each observation has its own unique
characteristic curve, which needs to be determined to allow the
photometric calibration.

The bulk of the historical Ca II K data are stored on
photographic plates. However, there are also some plage
drawings in Ca II K, such as the ones from the Rome observatory
(see Figure 2 fourth row). Rome observatory has a collection of
1564 drawings covering 14 July 1965 to 14 July 1981, and thus
ending 2 years after the last photographic observation from the
same site. Such drawings are of much more limited use than
the photographic data, since they do not include information on
the brightness of plage regions and carry additional uncertainty
due to the manual aspect of the recorded observation (including
some subjectivity in the definition and selection of the plage
boundaries and the accuracy of drawing). It is unclear how
many observatories maintained drawings in the Ca II K line. We
are not aware of any other Ca II K plage area drawings other
than the ones from Rome and Kenwood observatories. However,
considering that many photographic data have been displaced
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FIGURE 5
(A) Schematic of a characteristic curve of photographic observations (blue) and a linear fit (black) to the central part of the curve. (B) Examples
of calibration wedges from the Arcetri observatory. (C–D) Characteristic curves determined from the first two Arcetri calibration wedges shown
in (B). Black asterisks show individual measurements from the wedges, blue circles the mean density value for each intensity value, while yellow
marks the symmetric 1σ interval. The green horizontal lines denote the minimum and maximum values found within the solar disc for each day.

due to shift of scientific interests at various observatories, it would
not be surprising if similar fate found datasets of drawings as
well. Furthermore, digitising such collections is time consuming,
while priorities would obviously be given to photographic Ca
II K data due to their greater potential yield. Notwithstanding
these limitations, any such drawing collection would also be very
important for recovering plage areas in the past, potentially even
before the photographic data or to fill temporal gaps in the plage
area series from photographic data.

2.2 Digitisation

An important step to allow drawings and observations
stored on photographic plates to be used for quantitative
analyses is to convert them into digital format. Most early
studies with Ca II K data in digital form were restricted to the
authors digitising themselves a small subset of the data they
needed for their specific purposes (e.g. Antonucci et al., 1977;
Münzer et al., 1989; Mein and Ribes, 1990; Kariyappa and
Sivaraman, 1994; Nesme-Ribes et al., 1996; Caccin et al., 1998b).
It is unclear how many of those data are still available.
Unfortunately, most of these data do not seem to have survived
or, at least, are not publicly available.

Amore systematic work on Ca II K data started only after the
first digitisations of large samples or even entire data collections.
This process started in the mid 1990s with the data from Mt
Wilson. In particular, Foukal (1996) digitised theMtWilson data
covering 1915–1984 with an 8-bit CCD camera, which were then
re-digitised by Lefebvre et al. (2005) with a 12-bit camera a few
years later.Thenext long series of Ca II K data to be digitisedwere

the ones from Kodaikanal and Arcetri. Makarov et al. (2004)
digitised Kodaikanal data covering 1907–1999 with an 8-bit
CCD camera. Also in this case, it was recognised that this
digitisation was not perfect and also missing a big part of the
data, which led to a new digitisation of the Kodaikanal data
(now covering 1904–2007) by Priyal et al. (2014) with a 16-bit
CCD camera. Chatzistergos et al. (2019c) compared the 8 and
16 bit digitisations of Kodaikanal data. They showed that the
quality of data in terms of spatial resolution was better in the 16
bit version, which allowed a more accurate extraction of plage
areas from these images. The series from Arcetri was digitised in
2004 with a 1200 dpi and 16 bit scanner (Centrone et al., 2005;
Giorgi et al., 2005; Marchei et al., 2006; Ermolli et al., 2009a).

The following years saw increased interest in digitisation
of Ca II K archives, with Wöhl (2005) having digitised a small
sample of the Wendelstein and Schauinsland Ca II K data,
Tlatov et al. (2009) the Sacramento Peak data with an 8-bit CCD
camera, Garcia et al. (2011) the Coimbra data, National oceanic
and atmopheric administration (NOAA) National Centers for
Environmental Information (NCEI) the McMath-Hulbert data
(over 2012–2014), Kitai et al. (2013) the Kwasan observatory
(in Kyoto) data, and Tlatov et al. (2015) the Kislovodsk data.
Meudon has the longest collection among all Ca II K archives,
however initially only the data since 1980 were digitised. More
recently, the digitisation of the data prior to 1980 was completed
with a commercial scanner (EPSON perfection 4990 photo),
while the data since 1980 are currently being redigitised with the
same scanner (Malherbe et al., 2022). The Mitaka data have been
digitised three times (see also Chatzistergos et al., 2019b). The
first time the entire data collection was digitised with 8-bit depth
(Hanaoka, 2013). The next two digitisations were done with
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16-bit depth, but included only subsets of the data. In particular,
the second digitisation included only the data before 02 March
1960, while the third one includes the data after 02 March 1960,
but with a different set-up, and the first 10 observations of
each year for the periods before 1961. Chatzistergos et al. (2019a)
presented the digitised Rome Ca II K observations which were
stored in 35 mm celluloid films. These were patrol high-cadence
observations with approximately 100 images recorded per day,
and only a small sub-sample of the data could be digitised so far,
typically two observations for each day when data exist.

The observations from Catania, Kenwood, Kharkiv, Manila,
and Yerkes are largely not digitised yet. Only four Kenwood
images were found as lantern slides and digitised by the Division
of History of Science and Technology at Yale University’s
Peabody Museum of Natural History. Similarly, a small subset
of Yerkes observations were found and digitised by the
University of Chicago Photographic Archive, Special Collections
Research Center, University of Chicago Library. Only a small
sample of Kharkiv Ca II K data (Chatzistergos et al., 2020c),
and 92 observations (between 1970 and 1971) from Catania
(Chatzistergos et al., 2019a) have been digitised so far.

Chatzistergos et al. (2020c) digitised additional samples
of Catania, Manila, Wendelstein, Rome, and Kodaikanal
observationswith the reflecta RPS 10Mcommercial film scanner.
These observations were part of the Photographic journal of
the Sun, which was published between 1967 and 1978 by the
observatory of Rome. The Photographic journal of the Sun
included one Ca II K observation for each day in the form of
35 mm celluloid films. Rome observatory was the main provider
of the data, but days without observations from Rome were filled
with data from Catania, Wendelstein, Kodaikanal, or Manila
observatories. These digitised data from Kodaikanal, Rome,
Wendelstein, and Catania complement the already available
datasets (but only in cases when previously digitised archives did
not include the data from the Photographic journal of the Sun).
For Manila, this is to our knowledge the only available digital
record of Ca II K data. We emphasise, however, that a recovery
and digitisation of the originals would be beneficial.

Unfortunately, there are still numerous archives that have
either not or only partially been digitised. For example, the
data from Kenwood, Kandilli, and Ebro have not yet been
digitised. Furthermore, since finding information about old
Ca II K observations is not straightforward, there is a high
chance that the list of archives in Tables 1, 2 is not complete.
For instance, Bates and McDowell (1972) had presented a
spectroheliograph for operation on a rocket or balloon and
showed example observations in the Ca II K line. However,
besides one observation included in their paper, it is unclear
how many observations were performed or whether they have
survived to this day. Further, it cannot be excluded that many
of the historical Ca II K observations have been lost. This seems
to most likely have been the fate of the data from Madrid and

Hamburg sites. Also, the fate of Kharkiv data is up in the air at
the time of writing this review. This highlights the importance
of recovering such historical photographic archives and
digitising them for preservation reasons (see also Pevtsov et al.,
2019).

2.3 Amateur observations

All datasets listed so far come from professional
observatories. However, in more recent years optical filters
and telescopes became also accessible to the public, which
led to many observations in the Ca II K line by amateur
astronomers. There are even dedicated online archives where
amateur astronomers host their solar observations, such
as the international online solar database (IOSD; http://
solardatabase.free.fr/tableau_cak.php). The IOSD website hosts
a large number of solar observations from all over the world with
observations going back to 2005.

To our knowledge, such amateur observations have not been
used for scientific purposes yet, for various reasons, including the
following. Different observers have different setups and therefore
should be treated as different series (see, e.g., the discussion
on the bandwidth effect in Section 2.1.1). Observations from
a single observer might be very sporadic or too few to allow
a proper inter-comparison with data from other sources. The
intended purpose of such observations is not, in principle, to
maintain an archive of scientific data, rather to create a collection
of visually appealing images. This means there might be image
editing, varying between images, aiming at improving the
attractiveness of the image at the potential cost of information.
It is unclear if the standard CCD calibration has always been
applied, or if it is applied consistently.The recording or observing
equipment might be constantly changing thus making it almost
impossible to produce a coherent series of data for scientific use,
while the location of observation might be varying too. Lastly,
the images are typically stored in reduced size compressed file
formats such as JPG, which are optimised for internet storage of
the files, but induce some loss of information.

All these factors considerably reduce the applicability of
such data for scientific studies, especially for studies such as
reconstructions of past irradiance variations (see Section 8).
However, that is not to say that such data might not be usable
at all. In Figure 6 we present raw images from five observers
from IOSD along with a co-temporal image from a professional
observatory showing that the data can be of comparable quality.
Thus, potentially, such data from amateur observers might
be used for studies of plage areas to fill temporal gaps in
professional archives. Should amateur observers account for the
issues mentioned above, they would potentially complement
the professional archives and provide valuable information for
solar and stellar physics studies. For instance, some of the issues
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mentioned above can be alleviated if the observer preserved the
original raw observation in a lossless file format.

3 Processing methods

In this section, we briefly describe and discuss the processing
methods that are applied on Ca II K data.The typical order of the
processing steps is to apply the CCD calibration (including the
data digitised with a CCD camera from photographic archives),
then the photometric calibration for the photographic plates,
followed by a number of pre-processing steps aiming at the
compensation of the limb-darkening. To make the description
of the methods easier to understand, here we will, however,
deviate from this order. After an introduction into the various
pre-processing steps, we will first describe the limb-darkening
compensation process and finally the photometric calibration
process.

3.1 Pre-processing

As pre-processing we consider all steps that need to be
applied to the data before the compensation for the limb
darkening. As a first step, all images that are not yet stored as
Flexible Image Transport System (FITS; Wells et al., 1981) files,
are converted into this format. CCD-based data (again, including
those digitised with a CCD camera) require the standard dark,
bias, and flat-field calibration.

The most important step is to identify the solar disc on the
images. This is usually done in an automatic way with edge
detection techniques, such as Sobel filter, a Canny edge detector,
or Hough transform (Veronig et al., 2000; Zharkova et al., 2003;
Curto et al., 2008; Ermolli et al., 2009a; Chatterjee et al., 2016;
Suo, 2020; Zhu et al., 2020; Pötzi et al., 2021), while in some
cases this was done manually by clicking with the computer
mouse at three to five points at the limb (e.g. Priyal et al., 2014).
The assumed shape of the recorded solar disc is usually either
circular or elliptical. Assuming the recorded disc as an ellipse
is more accurate in view of the fact that due to instrumental
issues the recorded disc typically has an elliptical shape. The
ellipticity is usually relativelyweak for filtergrams but can be quite
high for spectroheliograms (ellipticities up to 0.82 have been
found among the data analysed by Chatzistergos et al., 2020c).
The coordinates of the centre of the disc along with the
radius or the semi-major and semi-minor axes are typically
added in the header of the FITS files. An exception to that
was by Priyal et al. (2014) who determined a circular disc
and then resized and cropped the images. If the disc is
identified as an ellipse it has to be re-sampled so to be
circularised (Tlatov et al., 2009; Chatzistergos et al., 2020b). This
is not always straightforward either. Sometimes stretching is

inhomogeneous over individual parts of the disc. In such cases
circularisation introduces new distortions. Also other processing
artefacts sometimes occur (see Chatzistergos et al., 2020b, for
more details).

Another pre-processing step is the determination of the
orientation of the solar disc. During this step, the images are
typically (re-)oriented such as to have the north pole at the
top and East at the left side. The optical components of the
telescope (e.g. existence and number of mirrors) determine
whether the image needs to be inverted. Typically, compensation
for ephemeris is sufficient to orient the images. If the plates were
placed appropriately and consistently during their digitisation,
this would be the case for the historical photographic data as
well. However, since this is not always the case, pole markings
were placed on the photographic plates of some archives, either
during the observation or right before their digitisation, which
should allow the determination of the orientation of the solar
disc after the digitisation. Such pole markings exist at least for
samples of theMeudon, Kodaikanal,MtWilson, and Sacramento
Peak data. The pole markings were used by Priyal et al. (2014)
and Tlatov and Tlatova (2019) to orient the Kodaikanal and
Kodaikanal, Mt Wilson, Sacramento Peak, and Meudon images,
respectively. Sheeley et al. (2011) and Bertello et al. (2020) used
a cross-correlation approach applied on subsequent images in
order to determine the orientation of the images.

Finally, the photographic data are typically given in negatives
(values of transparency). These need to be converted into
densities (see Section 2.1.2).

Additional processing steps, often individual for specific
archives, might be implemented at this point. For instance,
this can include assessment of the quality of images or
simply excluding very problematic observations. As an example,
Jarolim et al. (2020) used generative adversarial networks to
assess the quality of the images within the Kanzelhöhe data
(they used Hα but in principle it is applicable to Ca II K too)
and categorise them. They also used their approach to correct
for various observational artefacts, such as large scale intensity
variations or patterns introduced by the passage of clouds in the
sky.

3.2 Limb-darkening and artefact
compensation

Limb darkening refers to the gradual decrease of the intensity
of the disc from centre to its edge, when observed at near
ultraviolet, visual, and near infrared bands, due to the decrease
of the temperature of the solar plasma with height from
the solar surface to the bottom of the chromosphere. It is
important to compensate for the limb darkening in order to
render the intensity values across the solar disc consistent and
directly comparable with each other. Furthermore, the recorded
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FIGURE 6
Examples of amateur Ca II K observations (bottom row) along with co-temporal images from professional observatories (top row). From left to
right, the images were taken on 24/12/2015, 21/04/2022, 19/10/2014, 28/10/2014, and 13/02/2010 by the amateur observers (top): Michael
Borman, Didier Favre, André Gabriël, Lastrofieffe, Stefano Sello, and at professional observatories (bottom): Kanzelhöhe, Meudon, Valašské
Meziříčí, Calern, and Pic du Midi.

images suffer from numerous artefacts (see Section 2.1.1),
which need to be accounted for too. In the following we
describe processing techniques employed to compensate the
limb darkening and correct various image artefacts. Some of
them have been applied on different lines, such as Hα or
1600 Å, but in principle they are applicable on Ca II K data too.
All methods described below are typically used up to 0.98R,
in a few cases up to 0.99R (Chatzistergos et al., 2018b). The
available processing techniques can be put in the following five
categories:

• 1D polynomial fit to the average radial intensity profile;
• 2D polynomial fit to the entire image;
• 1D polynomial fits along columns and rows of the image;
• 2D running window median filter;
• combination of the above approaches.

The first group of methods determine a radially
symmetric limb darkening background (Brandt and
Steinegger, 1998; Johannesson et al., 1998; Walton et al., 1998;
Denker et al., 1999; Zharkova et al., 2003; Diercke and
Denker, 2019; Pötzi et al., 2021). This is done by fitting
polynomial functions (typically fourth order) along the average
radial profile of the solar disc in terms of μ (cosine of the
heliocentric angle). A caveat is that the recorded solar disc
is rarely radially symmetric due to various observational
circumstances (see Section 2.1.1), including essentially all
photographic data and spectroheliograms. Obviously, this will
not be accounted for with such methods. Sometimes, this
approach is used as a first approximation followed by another
approach, such as Zernike polynomials, removing the residual
patterns (e.g. Diercke et al., 2022; Dineva et al., 2022).

Several studies applied a 2D (fourth order) polynomial fitting
to the entire image (Caccin et al., 1997; Caccin et al., 1998b;
Worden et al., 1998b).This approach returned a background that
was not radially symmetric, but it could not properly handle
artefacts in the images.

More suitable for processing of spectroheliograms proved
to be 1D polynomial fittings along columns and rows of
the images (Worden et al., 1998a). Worden et al. (1998a) and
Priyal et al. (2014) used fifth and third degree polynomials,
respectively. The downside is that different linear cuts through
the solar disc cover quite different μ-ranges, while they are
all fitted with polynomials of a fixed degree. This reduces the
accuracy of the fits, especially closer to the limb. To account
for this, Worden et al. (1998a) repeated the fits after rotating the
image by 45°.

A more commonly used approach to determine
the limb darkening employs a 2D running window
median filter (Lefebvre et al., 2005; Bertello et al., 2010,
Bertello et al., 2020; Chatterjee et al., 2016; Bose and
Nagaraju, 2018; Tähtinen et al., 2022). This means that for
each pixel, the median of the values within a square box
with a predefined width is assigned. This approach makes
no assumption on the shape of the limb darkening, thus it
can easily be used for data with very different observational
characteristics (for instance, data taken in different spectral
lines), while it also accounts for artefacts in the images, which
are typically larger than the window width. The width of the
window is thus an important factor determining the performance
of this approach. Bose and Nagaraju (2018) used ∼ R/2, while
Chatterjee et al. (2016) used ∼ R/6. Chatzistergos et al. (2018b)
studied how the window width affects the results and found that
the optimumvalue forCa II K data is within the rangeR/8− R/6,
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while Tähtinen et al. (2022) found the same optimum values for
1600 Å AIA data. Using a median filter to compensate for the
limb darkening has three major caveats: 1) how to treat regions
closer than half-width of the median filter to the limb, 2) how to
avoid biasing the background by the presence of bright regions,
and 3) how to account for artefacts that are not smooth (such
as the intensity variations across linear segments caused by the
changed exposure of different rasters with a spectroheliograph;
see Section 2.1.2). The performance of the method declines near
the limb, because the median filter typically considers pixels
outside of the solar disc and thus artificially underestimates the
background. Active regions make parts of the disc in Ca II K
line appear brighter, which means that the median filter might
overestimate the limb darkening over active regions. Depending
on the window width this might spill over to the surrounding
pixels. Thus when correcting the image with the determined
background, besides lowering the intensity of the bright regions,
it might also create a dark ring with width depending on the
window of the median filter, around the active regions (see last
column in Figure 7).

As already mentioned, all of the proposed techniques have
caveats and cannot account for all issues affecting the images.
For this reason, a number of studies have employed diverse
combinations of the above approaches (Centrone et al., 2005;
Ermolli et al., 2009b; Singh et al., 2012; Singh et al., 2022;
Priyal et al., 2014; Priyal et al., 2017, Priyal et al., 2019;
Chatzistergos et al., 2016; Chatzistergos et al., 2018b;
Chatzistergos et al., 2020c; Tähtinen et al., 2022).

Herewewill briefly discuss themethod used byChatzistergos
et al. (2018b), Chatzistergos et al. (2019b); Chatzistergos
et al. (2019a); Chatzistergos et al. (2019c), Chatzistergos
et al. (2020b); Chatzistergos et al. (2020c) because it is the
only method whose performance was tested, and it was shown
to fare better than other techniques. The method combines
some of the methods mentioned above, partly modified and
extended. The processing starts with a first quick and rough
estimate of the background using 1D 5th order polynomial
fit on radial profiles (which is a variation of the method by
Brandt and Steinegger, 1998), but applied to azimuthal slices
of 30° in steps of 5° rather than the whole disc at once.
This first background is used to preliminary exclude bright
and dark regions. Then a map is constructed by applying the
method by Worden et al. (1998a), that is 1D polynomial fittings
along columns and rows of the images, here without the 45°
rotation (because the latter raises the noise in the result). An
important aspect of this process is that it allows the fits on
curved segments so to account for such artefacts present in some
historical archives, such as Kyoto (Chatzistergos et al., 2020b).
This first map is merely used to replace active regions in the
original image, and then the 2D running window median filter
is applied to the result. The final background is the sum of a
map resulting from the application of a 2D running-window

median filter and a map produced by stitching together 1D 5th
order polynomial fits across columns and rows applied to the
residual image between the original observation and the result
of the 2D running-windowmedian filter.This process is repeated
iteratively until the active region exclusion converges. In this way,
the method by Chatzistergos et al. (2018b) overcomes all three
caveats mentioned above.

Figure 7 shows examples of application of four limb-
darkening compensation methods on Ca II K observations.
In particular, we show results obtained with the methods
by Chatzistergos et al. (2018b), Brandt and Steinegger (1998),
Worden et al. (1998a), and Chatterjee et al. (2016). The figure
illustrates the limitations of the various approaches. All
methods perform rather well with artefact-free CCD-
based images, although there are still some mild artefacts
evident on the image processed with the method by Brandt
and Steinegger (1998). However, all methods, except the
one by Chatzistergos et al. (2018b), perform poorly on the
historical data suffering from severe artefacts. Furthermore,
the figure highlights the effect of inaccurate active region
exclusion on processing, which manifests as a decrease
of plage contrast as can be seen in the last column of
Figure 7.

3.3 Photometric calibration

As already mentioned in Section 2.1.2, due to non-linear
response to the incident radiation, data stored on photographic
plates need to be photometrically calibrated. Some observatories
complemented the images with so-called calibration wedges.
These were typically obtained by exposing part of the same plate
outside the solar disc (although not necessarily at an unexposed
part of the plate which would be ideal) with a narrow-field
view of the Sun or a controlled light box, using different known
exposures. Three examples from Arcetri observations are shown
in Figure 5. Unfortunately, utilisation of the calibration wedges
has serious limitations (see also Foukal et al., 2009). Firstly, the
exposure range covered by the wedges often does not cover the
entire range needed to accurately determine the characteristic
curve (see Figure 5C). Wedges taken with the same exposure
sometimes exhibit big differences, thus not allowing accurate
assessment of the sigmoid curve. Finally and most importantly,
the need for photometric calibration was not recognised at
those times, and the majority of available data do not include
calibration wedges. For instance, wedges exist for Arcetri data
after 22 February 1938 (Ermolli et al., 2009a), forMtWilson data
after 9 October 1961, and Kodaikanal data between 1958 and
2006 (Priyal et al., 2014).

Despite these shortcomings, various studies employed
the calibration wedges to perform the photometric
calibration (Fredga, 1971; Kariyappa and Sivaraman, 1994;
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FIGURE 7
Examples of the performance of selected methods to compensate for the limb darkening on observations from Rome/PSPT (8 February 2022;
top row) and Kyoto observatory (17 April 1956 in the middle row and 25 January 1950 in the bottom row). Raw images (i.e. including the limb
darkening and image artefacts) are shown in the left column. Columns 2–5 show images compensated for the limb-darkening with the
methods by Chatzistergos et al. (2020c), Brandt and Steinegger (1998), Worden et al. (1998a), and Chatterjee et al. (2016), respectively. Raw
images are shown to their full intensity range, while the limb darkening-compensated images are shown in the range (−0.5–0.5) in contrast.

Worden et al., 1998a; Giorgi et al., 2005; Ermolli et al., 2009a),
but they were limited by the availability of the wedges.

For photometric calibration of data lacking calibration
wedges (that is the bulk of the data), four main approaches have
been proposed:

1) Steinegger et al. (1996a) and Priyal et al. (2014) applied an
average characteristic curve, computed from all wedges
of Sacramento Peak and Kodaikanal data, respectively.
However, as mentioned in Section 2.1.2 there are significant
deviations between characteristic curves of different
observations, rendering this approach not recommendable.

2) Ermolli et al. (2009b) applied themethodbyMickaelian et al.
 (2007), originally used to photometrically calibrate star
survey plates, on Ca II K data. Mickaelian et al. (2007)
proposed the following formula to recover the characteristic
curve:

Ii =
V−B
Ti −B
, (1)

where Ii is the intensity of the ith pixel, V the average value
in an unexposed section of the photographic plate, B is the mean
value of the darkest exposed regions, and Ti the transparency
value of the ith pixel.

3) Tlatov et al. (2009) calibratedCa II K datawith linear scaling.
The scaling law was determined by relating the measured
plate density at two μ positions (0 and 0.9) to that of standard

centre-to-limb variation (CLV, hereafter) profiles measured
by Pierce and Slaughter (1977).

4) Chatzistergos et al. (2018b) proposed a novel approach to
perform the photometric calibration. This approach relates
the centre-to-limb variation (CLV, hereafter) of the quiet Sun
regions measured in the photographic data to a reference
CLV of quiet-Sun regions determined from high-quality
modern CCD-based data. The method is based on the
assumption that the darker parts of quiet Sun regions do
not vary significantly with time, which is in agreement
with the results by White and Livingston (1978), White and
Livingston (1981), Livingston andWallace (2003), Livingston
et al. (2007), Bühler et al. (2013), Lites et al. (2014). Kakuwa
and Ueno (2021) used a rather similar method to that
by Chatzistergos et al. (2018b). Importantly, Chatzistergos
et al. (2018b) and Chatzistergos et al. (2019b) tested the
accuracy of their approach with synthetic data created
to imitate most issues affecting historical data (e.g. large
scale inhomegeneities, non-linear and varying characteristic
curves). They found that their approach allowed to recover
the intensity with a mean error of <1%. Furthermore, they
also tested some selected methods from the literature and
showed that their method performed significantly better.

One common drawback of all the previously described
methods is that they derive one characteristic curve for each
plate. This is reasonable for filtergrams stored on photographic
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plates, but not very accurate for spectroheliograms. That is
because spectroheliograms are slowly scanned, 1 strip after
the other (see Section 2.1.1). In practice, it can happen that
different image strips have different exposures, which introduces
uncertainties in recovering the characteristic curve. Also, the
observational conditions sometimes changed over the course of
the scan leading to variations of the characteristic curve over the
image. We note, however, that these uncertainties are still lower
than when using photometrically uncalibrated data, while severe
cases of variable exposure over an image are very likely to be
excluded by the researchers from further analyses during data
processing.

4 Carrington maps

For most purposes, no further processing of the Ca
II K images after the photometric calibration and limb-
darkening compensation is required. However, there are
applications for which information on the entire surface of
the Sun is needed, for example coronal field extrapolations
with potential field source-surface models (Wang and
Sheeley, 1992; Wiegelmann et al., 2014; Asvestari et al., 2021). In
such cases, Carrington maps are produced (Sheeley et al., 2011;
Chatterjee et al., 2016; Bertello et al., 2020).

Carrington maps are Mercator projections of the Sun,
showing the entire solar surface in one map. Due to the fact
that we essentially have Ca II K observations (as in fact most
other solar observations) from only one vantage point, that of the
Earth, Carrington maps are not instantaneous snapshots, but a
collage of observations taken over the course of one solar rotation
(27.2753 days). That means that values in Carrington maps at
certain longitudes result from averaging observations taken a
few days apart, which can smear and smooth out features. To
reduce this effect, usually only a window in longitudes for each
observation is used instead of the entire solar disc, for example
Chatterjee et al. (2016) used 60° longitudinal bands. Maps are
produced by summing up all the slabs and dividing this map
by a streak map, which is essentially a map counting how many
images have been used for each pixel.

Figure 8 shows Carrington maps produced by Chatzistergos
et al. (2020c), Bertello et al. (2020), and Chatterjee et al.
(2016) from Mt Wilson and Kodaikanal data. The figure reveals
differences between the various Carrington maps even when
derived from the same data. The majority of the differences arise
from differences in processing applied to compensate for the
limb darkening. Quite evident are darkened rings around plage
areas due to inaccurate exclusion of plage areas when computing
the background as well as residual artefacts which were not
properly accounted for by the respective processing method
(see Section 3.2). However, there are also differences caused
by the procedures through which the Carrington maps were
created. For instance, maps fromChatzistergos et al. (2020c) and

Chatterjee et al. (2016) have clear gaps over the areas not covered
by observations, while themaps fromBertello et al. (2020) donot
show gaps, but stretched parts, which actually belong to regions
outside of the disc, instead.

5 Plage areas

One of the most commonly studied quantities derived from
Ca II K data is the total plage area on the visible solar hemisphere
and its evolution with time. Determining plage areas, in
principle, does not require any image processing and can be done
on images without photometric calibration or limb-darkening
compensation. This allowed various studies to determine plage
areas without following the processing steps described in
Section 3 (e.g. Kuriyan et al., 1983; Seguí et al., 2019; de Paula
and Curto, 2020; de Paula et al., 2021, de Paula et al., 2022;
Carrasco and Vaquero, 2022). Plage areas in these studies were
counted manually from the physical photographs, typically by
overlaying transparencies with circles of known areas. The early
plage area timeseries were thus produced in a more qualitative
way, applying classification schemes based on characteristics of
plage regions. One of the earliest such series is from the Ebro
observatory, which kept records of plage areas between 1910 and
1937 (Seguí et al., 2019; de Paula et al., 2021, shown in Figure 9).
They used a classification scheme, where they presented areas
for four classes (one class had three further subdivisions) of
plage regions identified based on their appearance (whether
they were compact, scattered, a combination of both, or plage
they could not associate with any of these groups). Similarly, the
Quarterly Bulletin on Solar Activity (QBSA)2 series included a
plage index from Mitaka Ca II K data where plage regions were
manually sorted depending on their size and brightness. NOAA
Solar geophysical data, (SGD)3 also maintained a series of plage
areas derived from physical photographs from McMath-Hulbert
(06/1942–09/1979), MtWilson (10/1979–09/1981), and Big Bear
(10/1981–11/1987) observatories.

Digitisation of the data over the last decades (see Section 2.2)
allowed more quantitative analyses of Ca II K data. Limb-
darkening compensation and automatic approaches to identify
plage regions have been developed and applied. Various series
were produced in this way both from historical photographic
and modern CCD-based data (e.g. Chapman et al., 1997;
Chapman et al., 2001; Ermolli et al., 2009a; Ermolli et al., 2009b;
Tlatov et al., 2009; Bertello et al., 2010, Bertello et al., 2020;
Dorotovič et al., 2010; Priyal et al., 2014; Priyal et al., 2017,
Priyal et al., 2019; Chatterjee et al., 2016; Singh et al., 2018;
Singh et al., 2022). The segmentation of plage regions was

2 https://solarwww.mtk.nao.ac.jp/en/wdc/qbsa.html.

3 https://www.ngdc.noaa.gov/stp/solar/calciumplages.html.
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FIGURE 8
Examples of Carrington maps constructed from Ca II K data over rotations 979 (23 November–19 December 1926, left) and 1708 (2 May–29
May 1981, right). Shown are Mt Wilson data processed by Chatzistergos et al. (2020c, top panel) and by Bertello et al. (2020, middle panel) as
well as Kodaikanal data processed by Chatterjee et al. (2016, bottom panel). Due to differences in the image processing the images are saturated
at different levels in order to show plage at roughly similar levels. In particular, the contrast ranges are (−0.2–0.2) and (−0.5–0.5) for the first and
second rows, respectively, while the third row shows images to their entire range. The data by Chatterjee et al. (2016) are provided in PNG file
format so the exact contrast values are not known to us.

typically done with a contrast threshold, which was either set to
a constant value for all images, or was allowed to vary depending
on the standard deviation of contrast values over the disc or the
quiet Sun regions (see Ermolli et al., 2007; Ermolli et al., 2009b;
Chatzistergos, 2017). We note, however, that one of the earliest
series based on digitised data from Mt Wilson by Foukal (1996)
still selected plage regions manually. Further, Barata et al. (2018)
used morphological operators to single out plage areas from
CCD-based Coimbra data, without the need to compensate the
images for the limb-darkening.

Even though plage areas can be derived from uncalibrated
data, there are nevertheless disadvantages of using
photometrically uncalibrated historical data (see Section 2.1.2).
Photometric calibration returns data with homogeneous
intensity in plage regions, which in turn allows more accurate
identification of plage areas. Also the accuracy of the limb-
darkening compensation affects the resulting plage areas (see
Section 3.2), for instance through unaccounted or introduced
artefacts, or due to potentially varying accuracy of the processing,
especially if it depends on activity.

Figure 9 shows some of the available plage area series,
focusing on those from historical long-term datasets. It is
immediately evident that the various published series show
(sometimes significant) differences. This is not only the case
for plage areas derived from different Ca II K archives, but
also for those derived from the same archive but with different
processing techniques (see also Ermolli et al., 2018). Most of
the discrepancies come from the applied processing, including
the limb darkening compensation, photometric calibration, the
segmentation, and even divergence in the definition of plage.
Furthermore, the samples of the data used for the analysis are
typically not identical either. However, part of the differences
is also due to the intrinsic differences between the archives, in
particular in the employed bandwidth (see Section 2.1.1). This
was shown by Chatzistergos et al. (2020c) who analysed 43 Ca II

K datasets (38 centred at the core of the line and five centred at
different wavelengths across the wings) processed with exactly
the same methods.

In addition to purely plage area series, some authors
constructed various composite records of facular indices or
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FIGURE 9
Plage areas derived from various Ca II K archives (as indicated in grey) and different studies. For the San Fernando series by
Chatzistergos et al. (2020c) we show separately the results for CFDT1 (dotted grey) and CFDT2 (black) data. Shown are annual median values in
hemispheric fraction, except for the series in second and seventh rows as well as the one by Singh et al. (2022) in the fourth row and
Worden et al. (1998a) in the fifth row which are given in disc fraction. The numbers in the lower part of each panel denote the conventional
solar cycle numbering. The vertical lines roughly mark the separation of archives in panels including timeseries from more than one archive.

proxies, which also included plage areas. For instance, Fligge and
Solanki (1998) combined the series of the international sunspot
number, sunspot areas, F10.7 flux, white-light facular areas, and
MtWilson plage areas by Foukal (1996). Bertello et al. (2016) and

Bertello et al. (2017) produced a composite emission index by
combining disc-integrated 1 Å Ca II K indices from Sacramento
Peak and Synoptic Optical Long-term Investigations of the Sun
(SOLIS) Integrated sunlight Spectrometer (ISS) with the plage
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areas fromKodaikanal byTlatov et al. (2009).Thefirst composite
of plage areas based solely on Ca II K data was presented
by Chatzistergos et al. (2019b), who combined the data from
nine Ca II K datasets (Arcetri, Kodaikanal, McMath-Hulbert,
Meudon, Mitaka, Mt Wilson, Rome/PSPT, Schauinsland, and
Wendelstein). Later, the composite was updated to include data
from 38 Ca II K datasets (Chatzistergos et al., 2020c). It provides
daily values between 1892 and 2019 and is shown in Figure 10
along with the sunspot area series by Mandal et al. (2020).

Chatterjee et al. (2016); Priyal et al. (2017) and Tlatov and
Tlatova (2019) have also analysed the distribution of plage
areas over latitudes and time, the so-called butterfly diagrams,
analogous to the well-known sunspot butterfly diagram. At the
beginning of a cycle, active regions typically emerge at mid
latitudes, while as the cycle progresses they move towards lower
latitudes, such that the shape of these graphs resembles wings of
a butterfly.

The North–South asymmetry of solar cycles has usually
been studied with sunspot data (e.g. Ravindra et al., 2021;
Veronig et al., 2021), but Dorotovič et al. (2007), Dorotovič et al.
(2010), Segu et al. (2019), El-Borie et al. (2020), de Paula and
Curto (2020), de Paula et al. (2022) and Chowdhury et al. (2022)
used Ca II K data for this purpose. Most of these studies covered
relatively short intervals up to two solar cycles, with the exception
of El-Borie et al. (2020) and Chowdhury et al. (2022). The result
of the study by El-Borie et al. (2020) is, however, simply
mirroring that from sunspot data, as these authors used the
composite of full-disc plage areas by Chatzistergos et al. (2019b),
which they separated into the north and south components by
imposing the same asymmetry level as found in Royal Greenwich
observatory sunspot area data. Using Kodaikanal plage areas
from Chatterjee et al. (2016) over cycles 14–21 derived for each
hemisphere separately Chowdhury et al. (2022) found only three
cycles (14, 15, and 21), for which the activity peak roughly
coincided in both hemispheres, while higher activity was
found in the northern hemisphere for all cycles except 14, 17,
and 21. This differs from the results based on sunspot data
(Veronig et al., 2021) which imply that cycles 16, 18, 22, 23,
and 24 had higher activity in the southern hemisphere. The
North–South asymmetry was found to be highest over cycle 19,
in agreement with Veronig et al. (2021).

The relation between plage areas and sunspot areas or
numbers has also been studied (see Foukal and Vernazza, 1979;
Schatten et al., 1985; Lawrence, 1987; Steinegger et al., 1996b;
Chapman et al., 1997, Chapman et al., 2011; Fligge and
Solanki, 1998; Bertello et al., 2016; Mandal et al., 2017a;
Chatzistergos et al., 2018a; Chatzistergos et al., 2022;
Yeo et al., 2020a). Past studies, in general, suggest a quadratic
relation between plage and sunspot areas for daily values. A
linear relationship is typically favored for annual sunspot values,
however Chatzistergos et al. (2022) reported a, in general, non
linear relationship even for annual values. For sunspot numbers

the reported relation is typically linear when annual values are
considered, but non-linearities have been reported for daily
values (Chatzistergos et al., 2022). No qualitative difference has
been reported when alternative sunspot number series, such as
those by Svalgaard and Schatten (2016); Usoskin et al. (2016);
Chatzistergos et al. (2017); Willamo et al. (2017), were used for
the analysis. Chatzistergos et al. (2022) also reported that the
bandwidth of the Ca II K observations affects the relationship
between plage areas and sunspot data.

Finally, Penza et al. (2021) used the composite by
Chatzistergos et al. (2019b) going up to the end of 2018 to
make, to our knowledge, the first prediction of the amplitude
of solar cycle 25 in terms of plage areas (Figure 11) They used
an empirical parametrisation of the solar cycle in plage and
sunspot areas as suggested by Volobuev (2009). This model has
one free parameter varying from cycle to cycle. By determining
an empirical relation between the free parameter of the model
for subsequent odd and even cycles, Penza et al. (2021) estimated
the amplitude of cycle 25 using the value of the parameter for
cycle 24. Their prediction suggests the amplitude of cycle 25
to be rather similar to or slightly higher than that of cycle 24.
Extending the composite by Chatzistergos et al. (2019b) with
more recent data from Rome/PSPT (up to 10 March 2022),
agrees with the prediction until then within the uncertainty
level. However, data covering the next few years will be required
to assess the performance of the prediction more meaningfully.

6 Network

6.1 Network area evolution

Network regions are small magnetic flux concentrations
appearing as bright web-like structures outlining dark
cells, which are the chromospheric counterparts of the
supergranulation pattern. Studying the network evolution
is particularly important, because they are thought to be
responsible for the secular variation of solar irradiance (e.g.
Solanki et al., 2002).

Network regions are usually subdivided into active,
enhanced, and quiet network in order to distinguish between
products of decaying active regions and the “quiet-Sun” network
outside of active regions. However, often this distinction is rather
arbitrary and is based merely on the contrast of network regions.
In the followingwewill refer to all of them collectively as network
unless specified otherwise.

The mean level of network fractional areas varies
significantly among the various studies, lying on average
between 0.02 (Foukal, 1998, using Mt Wilson data) and 0.35
(Ermolli et al., 2003a, using Rome/PSPT data).The total network
area varies in-phase with the solar cycle (Caccin et al., 1997;
Caccin et al., 1998a; Foukal, 1998; Worden et al., 1998a,b;
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FIGURE 10
(A) Plage area composite series by Chatzistergos et al. (2020c) extended to 10 March 2022 with Rome/PSPT data processed in the same way as
the rest of the data used for the composite series. (B) Sunspot area series by Mandal et al. (2020). Shaded areas mark the asymmetric 1σ
intervals, while the numbers at the lower part of each panel denote the conventional solar cycle numbering.

FIGURE 11
Prediction of solar cycle 25 amplitude in plage fractional areas by Penza et al. (2021, red, with confidence intervals in shaded orange surface).
Shown also is the Chatzistergos et al. (2019b) plage area composite (black), on which the prediction was based, as well as more recent data
from Rome/PSPT (light blue), which was the reference observatory in the Chatzistergos et al. (2019b) plage area composite since 1996.

Ermolli et al., 2003a; Priyal et al., 2014; Priyal et al., 2017;
Ermolli et al., 2022). A latitudinal dependence of network areas
on the solar cycle has also been reported (Devi et al., 2021, using
Kodaikanal data), with the amplitude of variations decreasing
from the equator towards ±50° latitude and increasing again
towards the poles. Foukal and Milano (2001) argued that there is
no evidence for a long-term trend in network areas by analysing
Mt Wilson and Sacramento Peak data around cycle minima

periods between 1914 and 1996. However, the scatter of their
derived fractional areas is rather large (roughly between 0.1 and
0.19) with too few data points (Three images per cycleminimum)
to accurately assess this. Furthermore, they used photometrically
uncalibrated data, which is an additional important limiting
factor.

The controversies described above are largely due to
different definitions of network regions, but also due to
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the employed data and the processing. In particular, the
accuracy of the processing becomes more important for
determining network regions than for plage ones, because of
the lower contrast of network regions, which is frequently lower
than that of artefacts found in historical data. Furthermore,
the segmentation approach can also significantly affect the
determined network regions. Analysing modern high-quality
Rome/PSPT observations Chatzistergos (2017) showed that
segmentation with a constant threshold resulted in an in-phase
relation between network areas and the solar cycle. Thresholding
with a multiplicative factor to the standard deviation of the solar
disc contrast resulted in anti-phase variability, instead. They also
noticed that the latter effect was more pronounced when the
contrast of the entire disc (that is including also active regions)
was used to compute the standard deviation (thus being affected
by activity variations), which is in fact the more commonly
used method. This effect is marginal when active regions are
excluded for the computation of the standard deviation (as used
by Chatzistergos et al., 2020c), suggesting a very small to no
variation of network areas over the solar cycle. This is in good
agreement with the conclusion of Harvey (1993) and Harvey
(1994), who found that the amplitude of the solar cycle variation
decreased markedly with size of magnetic regions, being several
times stronger for active regions than for smaller ephemeral
regions.

Due to the absence of information on network regions before
the beginning of Ca II K observations, there have been studies
aiming to establish a relationship between network areas and
other solar indices which go further back in time than Ca II

K observations. For instance, Singh et al. (2021) compared the
network areas from Kodaikanal to the international sunspot
number series (Clette and Lefèvre, 2016) and reported linear
correlation factors of 0.87 and 0.77 for the active and enhanced
network, respectively. Berrilli et al. (2020) reconstructed
monthly network areas back to 1749 with a power law relation
applied to the international sunspot number series.

Finally, Chatterjee et al. (2019) produced time-latitude maps
of network areas (Figure 12). They used Carringtom maps from
Kodaikanal produced by Chatterjee et al. (2016) and Mt Wilson
by Sheeley et al. (2011). For each Carrington map they counted
the network areas within latitudinal strips of 5°. They also
applied a smoothing to each latitudinal strip with a kernel of
200 Carrington rotations (roughly 15 years). Their results show
branches of equatorward migration of network areas that start at
approximately ±55° latitude and take approximately 15± 1 year
to reach the equator.

6.2 Network cell characteristics

Simon and Leighton (1964) noticed a spatial correspondence
between the chromospheric network in Ca II K observations

and boundaries of supergranular cells seen in the photosphere.
This triggered a series of studies of supergranular parameters
by using Ca II K observations (Sotnikova, 1978; Singh
and Bappu, 1981; Raghavan, 1983; Münzer et al., 1989;
Kariyappa and Sivaraman, 1994; Hagenaar et al., 1997;
Berrilli et al., 1998; Berrilli et al., 1999; Ermolli et al., 1998a;
Ermolli et al., 1998b; Pietropaolo and Ermolli, 1998;
Raju et al., 1998; Goldbaum et al., 2009; Raju and Singh, 2014;
Raju, 2020; McIntosh et al., 2011; Chatterjee et al., 2017b;
Mandal et al., 2017b; Rajani et al., 2022). The cell sizes
determined from Ca II K data were in general smaller than the
diameter of the supergranular cells in the photosphere reported
by Simon and Leighton (1964, about 32 Mm). For instance,
Hagenaar et al. (1997), McIntosh et al. (2011), and Singh and
Bappu (1981) with South Pole, Mauna Loa Solar observatory
(MLSO) PSPT, and Kodaikanal Ca II K data found the mean cell
diameter of 13–18 Mm, 22–32 Mm, and 22 Mm, respectively.
However, the estimate by Singh and Bappu (1981) was obtained
by selecting network regions manually, whereas if an auto-
correlation technique was applied, the cell diameter increased to
about 32 Mm, in accordance with Simon and Leighton (1964).
We note that procedures employed to determine the network
cells as well as the data used differ considerably among different
studies, causing discrepancies in the reported values (Rincon
and Rieutord, 2018).

In general, results from the literature suggest that cell sizes
decrease with increasing activity level. This was reported by
Singh and Bappu (1981), Raghavan (1983), Kariyappa and
Sivaraman (1994), and Rajani et al. (2022) using Kodaikanal
data, and by McIntosh et al. (2011) using Mt Wilson data
covering 1944–1976. In contrast, Chatterjee et al. (2017b)
used Kodaikanal, Rome/PSPT, and MLSO/PSPT data and
found an increase of cell sizes with increasing solar activity
when considering the entire solar disc without distinguishing
between active and quiet regions. However, they also found
an anti-correlation between cell sizes and activity when only
quiet regions were considered. Furthermore, based on Arcetri
spectroheliograms covering 1950–1970, Caccin et al. (1998a)
found that the histogram of contrast values of non-plage regions
exhibited an asymmetry depending on the activity level.

7 Connection between Ca II K
brightness and magnetic field
strength

Ca II K data have been recognised very early as good
tracers of solar surface magnetic fields (Babcock and
Babcock, 1955; Howard, 1959; Leighton, 1959). Various studies
assessed the relationship between Ca II brightness and
magnetic field strength (Frazier, 1971; Skumanich et al., 1975;
Schrijver et al., 1989; Nindos and Zirin, 1998; Harvey and
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FIGURE 12
Time-latitude maps of network areas from Kodaikanal (A) and Mt Wilson (B) observatories. The black lines are fits to the extended equatorward
branches. The vertical dashed blue lines denote the onset of the extended equatorward branches, while the white vertical dashed lines denote
the time when those branches reach the equator. The horizontal white dashed lines mark latitudes at ±55°. The numbers at the centre of each
panel denote the conventional solar cycle numbering. The figure is adapted from Chatterjee et al. (2019) © AAS. Reproduced with permission.

White, 1999; Rast, 2003;Ortiz andRast, 2005; Rezaei et al., 2007;
Loukitcheva et al., 2009; Kahil et al., 2017; Kahil et al., 2019;
Chatzistergos et al., 2019d). Most of them favoured a power
law relationship between the Ca II brightness and the magnetic
field strength, while Kahil et al. (2017) and Kahil et al. (2019)
found a logarithmic function to fit the data best. These previous
studies used very diverse data, in terms of the periods covered,
the bandwidth of observations, and types of considered regions.
Most of them considered only small parts of the disc in either the
quiet Sun or active regions separately. All of these factors led to a
rather high spread in the derived power-law exponents, typically
between 0.3 and 0.6. The analysis by Chatzistergos et al. (2019d)
is the most comprehensive to date, considering high-quality full-
disc data covering half a solar cycle. They saw no dependence
(within the uncertainty of the fits) of the relation on theμposition
or activity level.

The connection between the Ca II K brightness and the
magnetic field strength suggests that Ca II K data can be
used to reconstruct magnetograms. This is very important
considering that high-quality magnetograms of the Sun exist
since the 1970s (Livingston et al., 1976) and Ca II K data can
be used to extend the magnetic field data back to 1892. To our
knowledge, there have been only four such reconstructions until
now.

Shin et al. (2020) employed a machine learning image-to-
image translation approach to convert CCD-based Rome/PSPT
Ca II K images to SDO/HMI-like magnetograms. They based

their work on the “pix2pixHD” model by Wang et al. (2018).
They reported a linear correlation factor between the
total unsigned magnetic flux measured in the generated
magnetograms to the actual one of 0.99. They reported that
pixel-by-pixel correlation is on average 0.74, but it depends on
the selected regions, being higher for active regions (0.81) and
considerably lower for quiet Sun regions (0.24). However, it
should be noted that they employed data without compensation
for limb-darkening, which might be a factor affecting the
performance of the training.

Pevtsov et al. (2016) was, to our knowledge, the first to
reconstruct magnetograms from historical photographic Ca II K
data. They used low resolution Carrington maps produced from
photometrically uncalibrated Mt Wilson Ca II K data processed
by Bertello et al. (2020) (see Section 4). Their magnetogram
reconstruction is based on the empirical relation between the
magnetic flux and the integrated intensity of a plage region.
They singled out plage regions with a contrast threshold of
2σ from each synoptic map and assigned to each region a
single value of magnetic field strength. They also used the Mt
Wilson sunspot dataset, which includes information on the
polarity of sunspots, to recover the polarity of plage regions
in the vicinity of sunspots. The processing applied by these
authors has, unfortunately, introduced clear artefacts affecting
the brightness of plage regions and thus the recovered magnetic
field strength (see Carringtonmaps in Figure 8 and Section 3.2).
Other limitations of this study are the low resolution of the
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Carrington maps, the single value of the magnetic field strength
assigned to plage regions, and the absence of magnetic field and
polarity information outside of bright plage regions.

Similarly, Mordvinov et al. (2020) reconstructed
magnetograms over 1907–1965 from Kodaikanal Ca II K
Carringtonmaps produced byChatterjee et al. (2016).They used
a polynomial relationship between the magnetic flux density and
Ca II K contrast. The degree of the polynomial was chosen to
vary depending on the activity level. In particular, a third degree
polynomial was used for low activity levels and fourth degree for
high activity levels.This cycle-dependent variation of the relation
might be an artefact introduced by the processing of the images
(see Section 3.2).

Another approach for reconstructing unsigned
magnetograms was proposed by Chatzistergos et al. (2019d).
The pixel-by-pixel relation between Ca II K brightness and
magnetic field strength was directly used to reconstruct
solar magnetograms. This approach produces unsigned
magnetograms and does not recover the magnetic field strength
in sunspot regions. Chatzistergos et al. (2021a) used this
approach to reconstruct unsigned magnetograms from 13 Ca II

K archives, including the historical photographic datasets from
Mt Wilson and Meudon. We note that the spatial resolution
is an important factor when recovering magnetograms, since
low spatial resolution results in high probability of “missing”
part of the magnetic flux due to sub-pixel cancellation of
opposite-polarity elements (Krivova and Solanki, 2004).

8 Irradiance reconstruction

One of the most important applications of Ca II K data is
reconstruction of past irradiance variations. Measurements of
TSI variations from space exist only since 1978, while longer
records are required for example for climate studies.The driver of
the irradiance variations on timescales of days and longer is the
evolution of the solar surface magnetic field (Shapiro et al., 2017;
Yeo et al., 2017), as a result of a competition between plage and
sunspot regions enhancing and suppressing TSI, respectively.
Thus, appropriate facular and sunspot data are needed bymodels
to reconstruct past irradiance variations. While sunspot data
are readily available back to early 1600s (Vaquero et al., 2016),
facular data are significantly more scarce. In fact, most of the
available facular data cover roughly the same period as direct
TSI measurements, while Ca II K data are the only direct
facular dataset extending back to 1892 (potentially also white-
light faculae; Foukal, 1993; Carrasco et al., 2021). Most of the
existing irradiance reconstructions extending back to 1600s
use sunspot data to infer the characteristics of faculae. This
results in a roughly an order of magnitude difference among the
various estimates of the long-term evolution of TSI since 1700s
(Solanki et al., 2013), although more recently Yeo et al. (2020b)

set an upper limit of 2.0 ± 0.7 W/m2 on the possible difference
between the TSI at modern activity minima and grand minima.

Until now, most studies used CCD-based Ca II K data
for irradiance reconstructions, covering shorter periods
than the direct TSI measurements (Chapman et al., 1996;
Chapman et al., 2013; Ermolli et al., 2003b; Ermolli et al., 2011;
Penza et al., 2003; Walton et al., 2003; Fontenla and Landi, 2018;
Puiu, 2019; Chatzistergos et al., 2020a; Choudhary et al., 2020).
Notwithstanding the short interval, such data allowed an
assessment of the accuracy of the irradiance reconstructions.
Furthermore, they provided an independent estimate on the TSI
variations between activity minima over the last three cycles.
For instance, by reconstructing TSI variations with an empirical
model using Rome/PSPT Ca II K and continuum observations,
Chatzistergos et al. (2020a) found that TSI in general declined
over the minima of the last three cycles.

Use of historical photographic data for irradiance
reconstructions has so far been rather limited, with
only five TSI reconstructions from historical Ca II K
observations known to us, namely, by Ambelu et al. (2011),
Foukal (2012), Penza et al. (2022), Xu et al. (2021), and
Chatzistergos et al. (2021a). Ambelu et al. (2011), Foukal (2012),
and Xu et al. (2021) used the photometrically uncalibrated Mt
Wilson, Mt Wilson, and Kodaikanal Ca II K data, respectively
to reconstruct TSI variations with a linear regression model.
These studies also did not account for the various instrumental
changes affecting the data, thus rendering their results highly
uncertain. Penza et al. (2022) used the plage area composite
seriequiet Sun or active regions separately. All of these
factors lets by Chatzistergos et al. (2019b) to reconstruct
TSI over the last five centuries with an empirical model.
Chatzistergos et al. (2021a) and Chatzistergos et al. (2021b)
used 13 Ca II K archives, including historical photographic
archives from Meudon and Mt Wilson, to reconstruct past
irradiance variations with the Spectral and Total Iiradiance
REconstruction (SATIRE Krivova et al., 2003) model. Figure 13
shows the reconstructed TSI series from four Ca II K archives
by Chatzistergos et al. (2021a), in particular those from
Rome/PSPT, San Fernando CFDT2, Meudon K3, and Meudon
K1v (see Figure 4 for the correspondence of the K3 and
K1v parts of the Ca II K line). The reconstructions done by
Chatzistergos et al. (2021a) were limited to the periods with
overlap to the direct TSI measurements, since their aim was
to assess the quality of the reconstruction. Their results showed
that Ca II K data can be used to recover past irradiance variations
almost as accurately as with SATIRE-S (Yeo et al., 2014) which
employs actual magnetograms. This was a very important step,
which demonstrated the ability of Ca II K data to produce
highly accurate irradiance reconstructions, provided the
data have been consistently and accurately processed, while
also accounting for the various inhomogeneities within the
datasets.
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FIGURE 13
Reconstructed TSI series by Chatzistergos et al. (2021a) with Ca II K data from Rome/PSPT, San Fernando CFDT2, Meudon K3, and Meudon K1v.
The reconstructions are shown in green dots for daily values and dashed yellow for 81-day running means. Also shown is the PMOD TSI
composite (black dots for daily values and black line for 81-day running mean values). The numbers at the lower part of the figures denote the
conventional solar cycle numbering. Also listed within the figures are the bandwidth used for the observations as well as the pixel scale (for
Meudon K1v we also list the central wavelength).

9 Conclusion

Full-disc Ca II K observations of the Sun have a long
legacy, which is unrivaled by most direct solar data. Such
observations have been performed routinely since 1892 at
numerous sites around the world and continue to this
day.

In this review, we have highlighted the fact that Ca II K
archives are far from a coherent and consistent dataset, rather
they are collections made with quite diverse instruments and
observational settings. Deriving accurate and reliable results
fromCa II K data requires robust processing aswell as knowledge
of and accounting for the various differences and inconsistencies
of the available archives. A very important aspect, usually
neglected, is the need for the photometric calibration to account
for the non-linear response of the photographic plates to the
incident radiation.

The increased interest of the recent decades and
digitisation of historical photographic Ca II K datasets
have opened up the possibility for precise quantitative
studies. This led to the development of various modern
processing techniques allowing one to overcome many of
the issues affecting the images, including the photometric
calibration of the images (e.g. Chatzistergos et al., 2018b;
Chatzistergos et al., 2019b). Comprehensive analyses of plage
and network regions have been performed on diverse Ca II

K data, while plage areas determined from 43 archives have
been combined into a composite series covering 1892–2019

(Chatzistergos et al., 2020c) with an almost full temporal
coverage since 1907.

Ca II K observations are also invaluable for recovering
information on the solar surface magnetic field, especially in
the past. Due to the tight relation between the magnetic field
strength and Ca II K brightness they can be used to reconstruct
magnetograms back to 1892. One of the most important
applications of Ca II K observations is their potential to help us
improve our understanding of the long-term variations in solar
irradiance. Chatzistergos et al. (2021a) showed that, if accurately
processed and after accounting for the problems and artefacts,
Ca II K data can be used to reconstruct past irradiance variations
almost as accurately as with actual high-quality magnetograms.
This highlights the significance of Ca II K data for irradiance
studies as well as for studies of the solar influence on Earth’s
climate.

We stress, however, that there are still a lot of unexplored
Ca II K observations around, either because they have not been
digitised yet (such as the data from Kenwood and Kandilli)
or because their whereabouts are unknown (like the data from
Hamburg). Recovering and digitising the remaining Ca II K
observations would be highly beneficial.
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