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ABSTRACT

Context. Solar flux atlases observe the spatially integrated light from the Sun, treating it as a star. They are fundamental tools for
gaining insight into the composition of the Sun and other stars. They are utilised as reference material for a wide range of solar
applications such as stellar chemical abundances, atmospheric physics, stellar activity, and radial velocity signals.

Aims. We provide a detailed comparison of solar activity reported in some of the well-known solar atlases against the new High
Accuracy Radial velocity Planet Searcher for the Northern hemisphere (HARPS-N) Quiet Sun (QS) and Measured Activity (MA)
atlases published, for the first time, in this work.

Methods. Ten of the widely used individual spectral lines from each flux atlas were selected to compare solar activity based on three
methods: (1) equivalent widths; (2) a novel activity measure introduced in this work and referred to as the activity number; and (3)
bisectors and radial velocity.

Results. The significantly smaller activity levels measured in the MA atlas, compared to the other atlases, relative to the QS atlas,
underscores the dominance of instrumental effects over solar activity in their impact on spectral lines, which cannot be corrected
through simple line convolution to match resolutions of other atlases. Additionally, our investigation unexpectedly revealed a substan-
tial intensity shift in the Call H & K lines of other atlases compared to our HARPS-N atlases, likely resulting from the assumptions
made when applying normalisation techniques for the early Kitt Peak atlases.

Conclusions. With an average spot number of zero, our QS atlas is well suited to serve as an absolute benchmark atlas representative
of solar minimum for the visible spectrum, which other atlases can be compared against. Our recommendations going forward in-
clude: (1) the publication of a detailed log along with the observations to include exact dates and indications of solar activity; and (2)
given the dominance of instrumental effects over variations caused by activity, quiet Sun reference atlases must be constructed with

the same instruments to ensure high precision.
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1. Introduction

Solar atlases, or solar reference spectra, are comprehensive
high-resolution collections of data drawn from integrated scans
across a wide wavelength range of the solar spectrum. They
play a crucial role in numerous branches of both solar and
stellar research because the Sun is bright enough to allow
for high signal-to-noise (S/N) observations for relatively short
integration times. Such atlases serve as a primary reference
for a wide range of stellar applications. They are particularly
useful for calibration of observed spectra (e.g. Lofdahl et al.
2021). Additionally, they help estimate physical processes such
as radial velocity (RV); (Trifonov et al. 2020; Al Moulla et al.
2024; Lakeland et al. 2024) and convection (e.g. Meunier et al.
2010a; Ellwarth et al. 2023a; Pietrow et al. 2023). These atlases
are also crucial for understanding the impact of active regions
such as spots, plages, and network (Cretignier et al. 2024;

* Corresponding author: fhanassi-savaril@sheffield.ac.uk

Pietrow & Pastor Yabar 2024). Furthermore, they help anal-
yse variations introduced by activity cycles (Maunder 1904;
Willamo et al. 2020) and offer indications of what the solar disc
may look like in a given wavelength (Varadi Nagy & Pietrow
2025). There are two main kinds of solar atlases, described
below.

1. Disc centre (or intensity or photospheric') atlases, which
represent the average spectrum at the centre of the solar
disc. Thus, they do not take into account the curvature and
limb darkening of the star. These atlases are frequently used
to make comparisons with synthetic spectra that are gener-
ated from plane-parallel models (Pereira et al. 2013), as well
as for the calibration of data that do not conserve the flux
(Beck et al. 2011; Lofdahl et al. 2021). Some of the most

! The terms disc centre and photospheric are sometimes used inter-

changeably in the literature which, we believe to be confusing. Disk
centre is the accurate terminology for this type of atlas.
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used disc-centre atlases include: Delbouille et al. (1973),

Neckel & Labs (1984) and Wallace et al. (1998).

2. Disc-integrated (or flux) atlases, which are typically made
by observing a defocussed Sun; for instance, multiple
Kitt Peak Fourier Transform Spectrograph (FTS) atlases
(Kurucz et al. 1984; Wallace et al. 2011). Unlike the disc-
centre atlas, this type of atlas treats the Sun as if it were
a distant star, capturing subtle, but increasingly significant
effects such as limb darkening (Ellwarth et al. 2023b), dif-
ferential rotation (Collier Cameron et al. 2019), and con-
vective blueshifts (Sheminova 2022; Dravins 2008; Gray
2009). Some commonly used atlases of this were compiled
by Beckers et al. (1976), Kurucz et al. (1984), Wallace et al.
(2011), and Reiners et al. (2016).

However, the process of observing solar spectra presents
numerous challenges that can contaminate or bias the data.
Ground-based observations for both types of atlases suffer
from Earth atmospheric (or telluric) contamination, as well
as instrumental effects. Disk-integrated atlases are also sensi-
tive to solar activity, which affects the line depths and shapes
of all spectral lines (Basri et al. 1989; Thompson et al. 2017;
Cretignier et al. 2020a). This effect is strongest in chromospheric
lines (Livingston et al. 2007; Pietrow et al. 2023). Moreover,
previous solar atlases have not systematically accounted for
solar activity, usually assuming that it cannot significantly influ-
ence the spectra (e.g. Doerr et al. 2016; Wallace et al. 2011) and
potentially introducing biases and inaccuracies into their spectral
profiles.

To detect Earth-mass planets orbiting in the habitable
zones of Sun-like stars, RV sensitivities of around 10 ¢cm s !
are required. As Fischer etal. (2016) highlighted, from an
instrumental-precision perspective, projects that leverage laser
comb technologies for their wavelength calibrations are expected
to achieve this target with current or next-generation spec-
trometers, albeit for a limited range of the visible spectrum
(Molaro & Monai 2012). However, reaching this precision alone
does not translate into concrete detections of Earth-like plan-
ets. The biggest obstacles come from the intrinsic stellar
variations, which are manifest in different forms, including
magnetic activity in the form of spots and plages, granula-
tion, photospheric rotations (sometimes known as stellar jit-
ter or noise), activity cycles, and so on (see Meunier 2021,
for a review). The Sun, due to its proximity, is currently
the only star where these phenomena can be studied and
monitored in detail. Studies such as Meunier et al. (2010b),
Lovisetal. (2011), Dumusque et al. (2011), Haywood et al.
(2016), Luhn et al. (2020), and Pietrow et al. (2024) have indi-
cated that stellar activity can produce RV signals ranging from
tens of cm s ~! up to tens of m s~!. The introduction of new inno-
vative RV mitigation and detection techniques will be pivotal for
breaking the barriers towards the elusive 10 cm s~! sensitivities.

These challenges highlight the need for an absolute reference
spectrum that accurately represents the Sun under quiet condi-
tions. Such a reference spectrum serves as a crucial benchmark
for comparing, evaluating, and calibrating other solar atlases.
This paper aims to introduce the HARPS-N Quiet Sun (QS)
atlas” as an absolute reference atlas to represent the solar activity
minimum and assess its validity against some of the most widely
used solar atlases.

In Section 2 we introduce and summarise our own
HARPS-N QS and Measured Activity (MA) atlases, where
the seven most cited atlases were used: Ellwarth et al. (2023b;

2 Made available with this paper.
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Table 1. Summary of features of the solar flux atlases compared in this
paper.

Atlas Arange [A]  AA[A] A/AA[k] RIK]
QS & MA! 3900- 6834 0.0100 500 115

IAG232 4200 - 8000 0.001 5000 700
HRS233 5-44000 0.0027 2000 1250
PEPSI* 3820 - 9138 0.0089 563 270
IAG16° 5002 — 11086  0.0084 5300 1000
LFC13¢ 4754 — 5860 0.0100 500 115
KPW117 2958 — 9250 0.0038 2040 525
KPN878 3290 - 12500 0.0075 417 435

Notes. 'QS and MA data have been released with this paper. The
modified version of IAG23 atlas with no telluric extraction have been
released with this paper. 3http://bdap.ipsl.fr/voscat_en/
solarspectra.html “https://pepsi.aip.de/?page_id=549
Shttps://zenodo.org/records/3598136 ®https://cdsarc.
cds.unistra. fr/ftp/J/A+A/560/A61/ "https://nispdata.
nso.edu/ftp/pub/Wallace2011 ®ftp://ftp.hs.uni-hamburg.
de/pub/outgoing/FTS-Atlas/ The wavelength ranges (A-ranges)
listed here correspond to the data available online for each atlas. The
reported wavelength coverage of some atlases are different from the
available data sources. Where this is the case we have mentioned this
in the respective subsection of each atlas in Section 2. The AA [A]
values are calculated in this work using the nearest two wavelengths
to 5000 A. Values in the R column represent the authors’ average
reported resolutions for their respective atlases. Both columns are given
in thousands (k).

hereafter, IAG23), Meftah et al. (2023; hereafter, HRS23),
Strassmeier et al. (2018; hereafter, PEP18), Molaro et al. (2013;
hereafter, LFC13), Reinersetal. (2016; hereafter, IAG16),
Wallace et al. (2011; hereafter, KPW11), and Neckel (1987,
hereafter, KPN87). In Section 3, we describe the three methods
we used to analyse the activity levels of each atlas. The details of
the analysis are discussed in Section 4. Finally, we present our
concluding remarks in Section 5.

2. Observations

In this section, we first discuss our QS and MA atlases, followed
by the seven flux atlases we compared this atlas against. The key
parameters of each atlas are summarised in Table 1. In addition,
URL links are provided for online access to the data from each
atlas at the time of publication.

In Fig. 1, we summarise where all the observations of the
different programs were obtained compared with the magnetic
cycle as measured by the Mg II core emission index (Snow et al.
2014). The Mg II emission Bremen composite index was con-
verted in total filling factor by fitting a linear regression with the
total® SDO filling-factor time series extracted in Cretignier et al.
(2024). From this figure, we can see that some atlases were
actually obtained near solar magnetic cycle maxima; whereas
our new QS atlas, as well as LFC13, the HRS23 atlas, and the
resolved atlas IAG23 were probing the solar cycle minimum.

2.1. HARPS-N QS and MA atlases

The HARPS-N located at the Telescopio Nazionale Galileo
(TNG) on La Palma (Canary Islands) is the complementary

3 Including spot, plages, and network.
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Fig. 1. Solar activity over time as measured by the total filling factor of active regions (see main text). The observation time for each of the atlases
compared in this study are shown to illustrate the average level of activity. The atlases are KPN87, KPW11, LFC13, IAG16, PEP18, HARPS-N’s
MA & QS atlases, and IAG23, respectively. No information is provided regarding the observing dates of the HRS23 atlas.

project to the similar HARPS instrument installed on the
3.6 m European Southern Observatory (ESO) telescope in Chile
(Mayor et al. 2003). HARPS-N is a fibre-fed, high-resolution,
R = 115,000, echelle spectrograph covering the entire visible
range. It is extensively described in Cosentino et al. (2012).

As detailed in Dumusque et al. (2015) and Phillips et al.
(2016), a small solar telescope was connected to HARPS-
N that has been observing the sun as a star since 2015
(Collier Cameron et al. 2019; Dumusque et al. 2021). The 3 inch
lens with 200 mm focal length telescope feeds the HARPS-N
spectrograph via a 2 inch diameter integrating sphere connected
to an optical fibre. This telescope achieves a high S/N ratio
of about 300 at a cadence of 5 minutes. Since July 2015, this
solar telescope has been collecting data from the Sun for 4 to 6
hours of every clear day with 5 minute exposures. The 5 minute
integration times are used to mitigate any impacts from the 5
minute solar oscillations. HARPS-N is known to have stability
in wavelength solutions down to Doppler speeds of ~75 cm s~
(Dumusque et al. 2021); however, the systematic accuracy in
the wavelength solution is not better than dozens of m s7!,
as recently demonstrated for ESPRESSO in Schmidt & Bouchy
(2024).

The HARPS-N wavelength solution is obtained from a
combined fit of Thorium-Argon (ThAr)* lines and Fabry-Pérot
Interferometer measurements. Since the interferometer does not
provide an absolute wavelength scale, but only relative ones, the
accuracy in wavelength calibration is determined by the mea-
surements in the ThAr lines position, which are known to be
accurate locally in the wavelength spectrum down to Doppler
speeds of ~75 m s~! (Cersullo et al. 2019; Coffinet et al. 2019)°.
This is the principal limitation in terms of the accuracy of this
atlas. It must be noted that a precision of ~75 cm s™! in the sta-
bility of the wavelength solution means that, on average, two
spectra observed at different times will be ~75 cm s~! away from
one another and not from the ground truth itself. This precision
is not indicative of local accuracy of a single observation.

The spectra used to form the master quiet spectrum (MQS)
were selected as the top 10 percent of the most quiet spectra,
based on the emission of the CallH & K lines. This is because
these lines have been shown to be the most sensitive to solar
activity in the visible (Cretignier et al. 2024; Pietrow et al. 2024;
Dineva et al. 2022). The epochs of the observations mainly
ranges between 24 April 2019 and 12 May 2020. The exact dates

4 https://www.eso.org/sci/facilities/paranal/
instruments/uves/tools/tharatlas.html

3 Tt is indeed a coincidence that the stability is ~75 cm s~!, but the
systematic offset is about ~75 ms~!.

can be found in Table B.1. This period of time probes the min-
imum of the solar cycle when no active region was visible on
the solar disc and for which only a restricted coverage (~1%)
by the magnetic network, in the form of bright points located
within the intergranular lanes of the quiet Sun, were present. We
used the definition set in the last paragraph of the introduction in
Cretignier et al. (2024) and refer to Fig. 13 of the same paper for
more details.

The processing of the spectra used to form the MQS
follows routines developed to achieve the optimal RV pre-
cision (Cretignier 2022; Cretignier et al. 2023). Specifically,
all the spectra are first shifted to the heliocentric rest
frame to remove the signature of the Solar System plan-
ets (Collier Cameron et al. 2019) using Jet Propulsion Labora-
tory (JPL) Horizons ephemeris (Giorgini et al. 1996) and re-
interpolated on a common wavelength grid with a 0.01 A step.
Daily stacking is then performed to smooth over intra-day
timescale phenomena such as oscillations and granulation.

The daily stacked spectra are then continuum normalised
using RASSINE (Cretignier et al. 2020b), a public® Python code
that uses an alpha shape to fit the upper envelop of the spec-
tra. The continuum normalised spectral time series is then pro-
cessed by YARARA (Cretignier et al. 2021), a post-processing
methodology developed to remove instrumental systematics, tel-
luric lines, and stellar activity signatures. YARARA utilises the
POLLUX database (Palacios et al. 2010), which contains both
the MARCS’ and ATLAS® models used to scale the continuum
in an accurate absolute flux scale. Once the spectra are corrected,
the MQS can be obtained by taking the median of the data at each
wavelength point from the corrected spectral time series.

Furthermore, for the purposes of this study, we constructed a
second HARPS-N atlas (i.e. MA) as the median of 182 selected
moderate activity days of the same solar cycle. As shown in
Fig. 1, this atlas represents a medium activity level during the
declining phase of solar cycle 24. The exact observation dates
for this atlas can be found in Table B.2. In the first column of
Fig. 2, we show a representation of the activity level seen on the
solar disc using the SDO/AIA 1700 A filter. Each atlas is repre-
sented by the most active and the quietest observations from the
series.

® https://github.com/MichaelCretignier/Rassine_public
7 https://web.archive.org/web/20150704031702/http:
//www.mpa-garching.mpg.de/PUBLICATIONS/DATA/
SYNTHSTELLIB/synthetic_stellar_spectra.html

8 https://www.mpa-garching.mpg.de/PUBLICATIONS/DATA/
SYNTHSTELLIB/synthetic_stellar_spectra.html
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HARPS-N QS IAG 16

Maximum

Minimim

LFC 13

PEPSI 16

Fig. 2. Overview of atlas activity. Each disc on the top row represents the most active, with the highest spot number, day used for said atlas. The
bottom row is the same except that it shows the lowest activity level for any given atlas. Data from the Solar Dynamics Observatory Atmospheric
Imaging Assembly (SDO/AIA, Lemen et al. 2012) 1700 A filter. Left: HARPS-N quiet Sun atlas, Reiners IAG flux atlas, PEPSI 2018 atlas, and
Molaro LFC atlas. We note that the LFC atlas only has one data point, thus, it shows the same data twice.

This atlas is available on the Strasbourg astronomical
Data centre (CDS) connected to the online material for this
paper. Both our QS and MA atlases are obtained from the
recent data release of a decade-long HARP-N observations
(Dumusque et al. 2025).

2.2. IAG solar CLV atlas: Ellwarth et al. (2023b)

This spatially resolved solar atlas was observed between spring
2020 and summer 2021. The observations were carried out at the
Institut fiir Astrophysik and Geophysics in Gottingen using an
FTS in combination with the Vacuum Vertical Telescope (VVT),
as in the case of the IAG16 integrated Sun atlas. Therefore, the
atlases share a resolving power of up to R = v/Av ~ 10°. The
observations contain 14 centre-to-limb positions. Those posi-
tions are defined as u = cos 6, and include disc positions from the
disc centre (u = 1) to the limb at u =0.2. The heliocentric angle,
0, is defined as the angle between the perpendicular line to the
solar surface and the line of sight from the observer. Each obser-
vation covers a field of view of 32.5”(~23.600 km) in diameter
on the solar disc. The atlas is available online’.

For this work, we used a modified version of the IAG quiet
Sun CLV atlas, as the original IAG CLV atlas contains small gaps
where Earth’s telluric lines had been removed. To obtain spectra
without these gaps, the original data were reprocessed without
removing the telluric lines. As the spectra for the respective u-
positions get added, this new version of the data exhibits broad-
ened telluric lines. This artificial broadening occurs because the
individual spectra were recorded under varying conditions, caus-

9 https://www.astro.physik.uni- goettingen.de/
research/solar-1ib/
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ing shifts in the positions of the telluric lines relative to each
other.

To make it comparable to the other disc-integrated atlases,
this resolved Sun atlas was turned into a disc-integrated atlas fol-
lowing the procedure laid out in Pietrow & Pastor Yabar (2024).
Specifically, a circular disc was populated with interpolated
centre-to-limb variation data, which was limb-darkened fol-
lowing Neckel & Labs (1994). Each cell’s profile was shifted
according to a differential rotation law by Balthasar et al.
(1986), after which the disc is integrated into a single full-disc
spectrum.

This atlas is uniquely quiet because the observations that
make up each u-bin were taken in areas of the Sun where the
Sun was quiet. We have made both the spatially resolved solar
atlas, which includes the telluric lines, and the disc-integrated
versions of this atlas available with the publication of this paper.

2.3. SOLAR-HRS spectra: Meftah et al. (2023)

The SOLAR high-resolution extraterrestrial reference spectra
(SOLAR-HRS) were constructed based on existing ground
and space observations, encompassing disc-integrated, disc-
centre, and intermediate cases. High spectral resolution solar
line data from the Quality Assurance of Spectral Ultravio-
let Measurements in Europe Fourier Transform Spectrometer
(QASUMEFTS) spanning wavelengths from 3000 A 10 3800 A
along with data from the Solar Pseudo-Transmittance Spectra
(SPTS) covering 3800 A to approximately 4400 A were nor-
malised to the absolute irradiance scale of the SOLAR-ISS
reference spectrum. The SOLAR-ISS reference spectrum was
developed in 2017 from data obtained from the International
Space Station (ISS) (Meftah et al. 2018). It covers a wavelength


https://www.astro.physik.uni-goettingen.de/research/solar-lib/
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range from 5 A to 30000 A and was used as a lower resolution
but very accurate reference spectrum for these normalised spec-
tra.

The SOLAR-HRS spectra were derived by taking the ratio of
the high-resolution atmospheric data with the lower-resolution
but more accurate ISS data. This process involves five technical
steps outlined in Section 4 of HRS23. Various spectra are gener-
ated using this method, each tailored to specific purposes. Tech-
nical details of both the SOLAR-HRS and Merged Parallelised
Simplified (MPS) ATLAS spectra are summarised in Table 3 of
the same paper. The SOLAR-HRS aims to serve as a comprehen-
sive high-resolution solar reference spectrum, representative of
solar minimum conditions. The exact dates of the observations
are not known or stated in the academic literature, but the data
was taken during the solar minimum of 2008 or 2019 (M. Mef-
tah, Personal commun., 17-03-2024). The disc-integrated spec-
trum has resolutions ranging from 0.01 to 10 A across the 5 to
44000 A wavelength range. However, the reported resolution
for the 5000-20000 A wavelength range is between 0.004 and
0.04 A. Since the dates of this atlas are not known, no represen-
tative disc or spot numbers can be given. The data for this atlas
have been made available in digital format'°.

2.4. PEPSI Sun-as-a-star: Strassmeier et al. (2018)

This full-disc atlas spans the wavelength range from 383 nm to
914 nm, divided into six cross-dispersers (CDs) and recorded
with a spectral resolution of up to R ~ 270 000. The observations
were taken using the Solar Disk Integration (SDI) telescope, a 13
mm robotic solar telescope, which feeds the PEPSI spectrograph
(see also Strassmeier et al. 2015, for a more detailed description
of the spectrograph) at the Large Binocular Telescope Observa-
tory (LBTO) in Arizona (Hill et al. 2012). The data were col-
lected over three consecutive days, from November 15 to 17,
2016, with up to 112 individual exposures per wavelength set-
ting. The exposures were taken at varying integration times for
each CD to maximise the S/N, reaching up to S/N ~ 8600 in
the red spectral regions. The final deep spectrum was created by
combining these exposures for each wavelength range. As stated
by the authors, wavelength calibration using Th-Ar exposures
and simultaneous Fabry-Pérot etalon (FPE) combs achieve an
absolute accuracy of 10 ms™! (root mean square) relative to the
more accurate LFC13 laser comb atlas (see Section 2.6), with a
daily relative precision of 1.2 ms~'.

Unlike other atlases designed to reflect specific activity lev-
els, this atlas represents an average solar disc under typical con-
ditions during the declining phase of solar cycle 24, a period
of relatively low activity. The author’s own comparisons with
KPWI11 generally reflect this lower activity conditions. The
PEPSI atlas, corrected for the solar barycentric motion and gravi-
tational redshift, achieves excellent intensity and wavelength cal-
ibration. However, the authors note that for wavelengths shorter
than 400 nm, continuum placement becomes challenging due
to line blanketing and limited S/N, resulting in slightly larger
uncertainties in this range. To mitigate this, the authors used the
telluric-corrected KPW11 atlas as a continuum guide.

A representative disc image of this atlas is shown in Fig. 2,
illustrating the solar conditions during the observations. The
data, reduced with the PEPSI-specific processing pipeline, are
publicly available from the institute’s website'!.

10 http://bdap.ipsl.fr/voscat_en/solarspectra.html
I https://pepsi.aip.de/?page_id=549
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2.5. IAG solar flux atlas: Reiners et al. (2016)

This full-disc atlas consists of two segments, the visual (VIS)
part, which ranges from 4050 to 10 650 A, and the near-infrared
(NIR) part, which ranges from 10000 to 23000 A. Both are
observed using an FTS that is attached to the 50 cm VVT'? on
the roof of the Institut fiir Astrophysik und Geophysik, Gottin-
gen. The spectrograph is operated in a vacuum and has a spectral
resolution of up to R ~ 10°. The VIS spectrum is composed of
1190 solar observations taken over nine different days between
March and June 2014. The NIR spectrum is composed of 1130
solar observations taken over six different days between Febru-
ary and June 2014 (see Table 2 of IAG16). We also note that
the observations were captured during varying solar activity lev-
els, with more scans taken on days of higher solar activity. The
final spectrum is generated by taking the mean value at each
wavelength point across the observations with different activ-
ity levels (See Fig. 2). The authors utilised the line list from
AllendePrieto & Garcia Lopez (1998) to measure the positions
of 1252 Fe I lines, determining the blueshift directly from the
IAG16.

As stated by the authors, this atlas was never meant to func-
tion as a quiet Sun atlas, but rather one of the average or even
active Sun. This is in contrast to the centre-to-limb (CLV) atlas
created by Ellwarth et al. (2023b) using the same instrument.
This CLV atlas uses data from limited fields of view, but care was
taken only to observe the quiet Sun. The representative discs for
the two parts of this atlas can be found in the middle two columns
of Fig. 2. As stated by the authors, this atlas represents an aver-
age across various levels of activity. The data are available on the
institute website!3, as well as a telluric corrected version created
by Baker et al. (2020).

2.6. HARPS LFC atlas — Molaro et al. (2013)

This laser frequency comb (LFC) solar atlas, LFC13, was gen-
erated from HARPS observations that were taken on 2010—
10-25, at La Silla Observatory, Chile, which, as mentioned in
Section 2.1 precedes the HARPS-N project. This LFC prototype,
also called astro-comb, was developed in 2007 by ESO in col-
laboration with Menlo Systems and the Max-Planck-Institut fiir
Quantenoptik (MPQ) and is thoroughly detailed in Wilken et al.
(2010).

HARPS spectral observations were made by pointing the
spectrograph towards the Moon’s centre with 86% illumination
at a resolving power of R = A4/A1 = 115000, which is con-
siderably lower than the resolutions achieved by FTS atlases.
However, the accuracy of individual LFC lines is significantly
higher and are generally free of instrumental effects. This solar
flux spectra covers a spectral range from 3800 to 6900 A. Due
to observed flux differences across the spectrum, a good calibra-
tion can only be obtained for a reduced wavelength range (i.e.
from 4760 to 5850 A). The final wavelength-calibrated spec-
tra fell into two separate HARPS detectors; a blue and a red
spectra spanning ranges from 4753.68-5304.09 A and 5337.26—
5860.00 A, respectively. The authors highlight the precision of
the LFC spectrograph and assert that the initial line list, adopted
from Molaro & Monai (2012), does not require corrections for
convective blueshift or gravitational redshift. However, we note

2 https://www.uni-goettingen.de/en/grunddaten/434372.
html

3 https://www.astro.physik.uni-goettingen.de/
research/flux_atlas/
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5710 - 9250 A

2950 - 3250 A 3250 - 4010 A 4010-5710 A

Fig. 3. Illustrations of the solar disc during the times of the observations for the Wallace flux atlas, observed by the Meudon spectroheliogram
(Malherbe & Dalmasse 2019; Malherbe et al. 2023). The images shown are taken in the Ca II K line core, for the times when the atlas observations
were taken for each wavelength band, which makes-up the complete Wallace flux atlas. The images contain observational artefacts seen as nearly

vertical stripes, most likely caused by clouds.

2960 - 4020 A 4020 - 4738 A

made at

white

Fig. 4. Sunspot drawings in light,

that the spectra have been adjusted to account for both the
observer’s movement relative to the Moon and the Moon’s move-
ment relative to the Sun (i.e. barycentric motion).

In the last column of Fig. 2 the average representative disc of
this atlas is shown, which could be interpreted to look much less
active than those for IAG16 or PEP18, but it also sports a large
active region on the right side which could affect the RV mea-
surement accuracy. However, the IAG16 atlas images are aver-
aged over many observations. We can see there are more regions
of activity present over the full disc for the IAG16 atlas. The
LFC13 atlas can be downloaded online from the CDS'*.

2.7. Kitt Peak FTS atlas #1: Neckel (1987)

The McMath Solar Telescope at the National Solar Observa-
tory in Kitt Peak has been used for solar observations since the
1960s. It also utilises an FTS which was described thoroughly
by Brault et al. (1978). A number of solar flux atlases were pub-
lished by the institution, the most commonly used and cited of
which is the Kurucz et al. (1984). This atlas was the first high
spectral-resolution, high S/N atlas produced. Ever since, a mul-
titude of other disc-integrated and disc-centre solar atlases have
been produced at Kitt Peak, including the two atlases used in this

4 https://cdsarc.cds.unistra.fr/ftp/J/A+A/560/A61/
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sunspot-drawings-of-the-specola-solare-ticinese/sunspot-drawings-of-the-specola-solare-ticinese/)
observations for the Neckel flux atlas. We use the same image to represent the solar disc for several combined wavelength bands that are separated
in the atlas. In those cases, the observations were taken within one day of each other and, thus, the disc image is reasonably representative of the
solar disc for all those bands.

(https://www.specola.ch/en/
during  the

paper, Neckel (1987) and Wallace et al. (2011), as described in
Section 2.8.

There has been much confusion regarding the KPN87 atlas,
also known as the ‘Hamburg FTS atlas’ in the scientific liter-
ature, where it is often referred to as the atlas of ‘Brault and
Neckel (1987)’ after a possible mistake in the title of Neckel
(1999). However, this publication does not exist, as was noted by
Doerr et al. (2016). The most likely original source is KPN8&7,
which is an unpublished note found on the file transfer proto-
col (FTP) server of the Hamburg Observatory'”. In this note it
is mentioned that the observations used to produce this atlas are
identical to the ones used by Kurucz et al. (1984). As such, we
use these and Kurucz’s notes to briefly describe the data.

The data for the Kurucz et al. (1984) solar flux atlas were
obtained in six days between November 23, 1980, and June 22,
1981. The exact dates for these observations along with the sum-
mary of the observational data were published in Table 1 of
Kurucz (2005), which was the telluric corrected version of the
1984-published observations. For each day between 16 and 36
scans of the integrated sunlight were observed and averaged. For
the KPN87 solar spectrum, the FTS wavelengths were calibrated
against the Kitt Peak table Pierce & Breckenridge (1974) for
chosen lines, and the intensities against Neckel & Labs (1984).

5 ftp://ftp.hs.uni-hamburg.de/pub/outgoing/FTS-Atlas/
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Table 2. Settings and spot numbers for all six atlases used in this study.

Atlas A-range [A]  Spot Nr
QS 3900 — 6830 0
MA 3900 — 6830 67
TIAG23 4200 — 8000 0
HRS23 5 —30000 -
PEPSI 3830 — 9140 27
IAG16 4050 — 10650 117
10000 —23000 124
LFC13 4750 — 5860 24
KPW11 2950 — 3250 153
3250 — 4010 194
4010 — 5710 172
5710 — 9250 197
KPN&7 2960 — 4020 153
3330 — 3783 126
4020 — 4738 159
4738 — 5765 181
5765 — 9997 206
9997 — 13000 258
Notes. A4 is the wavelength range of the atlases.

SILSO World Data Center (1980-2019) was used to obtain the
spot numbers (Spot Nr). The spot numbers listed are averages per
scan per observing day. Links to observation dates are provided in the
subsections for each atlas.

Given the age of the data, no full disc observations could be
found which were taken on the days of the observations; we have
added sunspot drawings for the observation days of this atlas in
Fig. 4. However, in Table 2 we show the spot number for these
days'®. The recorded spot numbers are very high and on average
higher than those in the other atlases. We therefore expect this
atlas to exhibit higher levels of contamination in comparison.

2.8. Kitt Peak FTS atlas #2: Wallace et al. (2011)

This Kitt Peak integrated solar flux atlas was stitched together
by concatenating two sets of previously taken scans using the
FTS at McMath-Pierce Solar Telescope. The first set were taken
between November 1980 and June 1981, which were used in
the Kurucz et al. (1984) atlas, and the second in October 1989.
Both sets of observations were made near the peaks of sunspot
activity in solar cycles 21 and 22, respectively. To achieve a suffi-
ciently high S/N and spectral resolution (~350 000 and 700 000),
the full wavelength range was not observed in a single expo-
sure. Instead, the spectrum was divided into six smaller segments
using band-pass filters. The details of these segmented observa-
tions are listed in Table 1 of KPW11. These observations span
the spectral range from 2958 to 9250 A

The Doppler correction for this atlas was determined empir-
ically. Specifically, the line positions of solar Fe I lines were
measured and adjusted to match the frequencies documented in
Nave et al. (1994). As a result, the gravitational red shifts were
accounted for and removed from the atlas. The authors state
that the wavelength range from 2958 to 5400 A has been cor-
rected for, and is thus free of, telluric lines. For the remaining
wavelength regions, the telluric line corrections were generally
determined by comparisons with previously obtained disc-centre
spectra. However, it is noted that this process failed in the cen-

16 The calculation used for “spot number” is shown in Section 3.
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tres of the stronger lines and hence in the digitally available data,
for the very poorly corrected lines, these points are replaced with
ZEeros.

A representative disc corresponding to the solar conditions
used for the four central bins of this atlas are shown in Fig. 3. We
note the four bins shown in this figure and in Table 2, compared
to the six listed in Table 1 of KPW11. This is because all wave-
length bins observed on the same day share the same sunspot
number; for clarity, we combined these in the table. The second
wavelength bin (3250-4010 A) was observed over three days;
therefore, the listed sunspot number of 194 is the average across
those days. Unlike the more modern atlases, these are taken with
the Meudon spectroheliogram (Malherbe & Dalmasse 2019;
Malherbe et al. 2023). These images show how this atlas is not
only taken during a period of high activity, but it also has differ-
ent activity levels for its bands'”.

3. Methods

Table 2 lists the settings used for all the atlases investigated in
this study along with their respective spot numbers. Relative
Sunspot number, also known as the Wolf Number, is the most
widely used indirect solar activity proxy as it closely follows the
11 year solar cycle and for which we have historical records that
date back to the advent of the telescope almost 400 years ago. It
is defined based on the number of sunspots and sunspot groups
on the surface of the Sun (Clette et al. 2014; Clette & Lefevre
2016), expressed as
R=kx (10X N_g+ N_s), 1)
where k is a scaling coefficient specific to each observer, N_g
is the number of sunspot groups, and N_s is total number of
individual sunspots'®.

Our QS atlas has been constructed as the median of 162 qui-
etest days during solar minimum and has an average spot number
of zero'”. Therefore, we are confident in using our QS atlas as
an absolute reference for comparison against the other atlases
discussed in the previous section. We used three methods to
compare these solar flux atlases. We first computed the equiv-
alent widths (EWs) of ten widely used spectral lines in solar and
exoplanetary physics from each atlas, then compared these lines
against our QS and MA atlases by defining an activity number
for each line. Additionally, we also computed the RVs of these
spectral lines. We describe these methods below.

3.1. Equivalent widths

Since most of our atlases were obtained using different instru-
ments with varying wavelength solutions, we applied a wave-
length shift to each individual spectral line. To achieve this,
we fitted a Gaussian profile to the spectral lines of all atlases
(including the QS atlas) and aligned the wavelengths of their
line-core minima (i.e. the points of minimum intensity) with
that of our QS atlas. The adjustment was necessary because the
same wavelength range was used to compute the EW for the
same line across all atlases. The wavelength ranges we used
were 0.4 A for C15379.58 A, Fe 16173.34 A, Mg 15172.7 A,

7 The data for this atlas can be downloaded from
https://nispdata.nso.edu/ftp/pub/Wallace2011

18 We note that the average sunspot number is not a physical quantity,
but we use it here solely as a rough indicator of solar activity.

19 See Table B.1 for observation days of this atlas.
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Table 3. Average formation heights of the investigated spectral lines.

Line CallK CallH HelD; He Hp

NaDz

Mgl NaD; Cal6162 Fel6301 Fel6173 CI5380

Formation 2200 2080 2000 1300 1200

Height [km]

968

910 888 495 314 100 40

Notes. Call H & K: Bjgrgen et al. (2018), He I D;: de la Cruz Rodriguez et al. (2019), Hao & HB: Capparelli et al. (2017), NaD; & NaD,: Bommier
(2016), Mg I & CaI: Sampoorna & Nagendra (2017), Fe 1 6301 A: Grec et al. (2010), Fe 16173 A: Fleck et al. (2011), CI: Joshi et al. (2011). It is
important to note that the formation heights provided here are intended to provide a general guide for the readers. Activity and structure variations
impact the line formation heights, but will not vary so much that a chromospheric line like He to form at a lower height than a photospheric line
like Fe I 6173 A . These variations typically preserve the height ordering presented.

Mg I 5183.62 A, NaD; 5895.94 A, and NaD, 5889.97 A,
0.6 A for Fe I 6301.51 A, 1 A for Ca I 6162,18 A, 0.9 A
for HB 4861.34 A, and 1.2 A for Ha 6562.8 A, all centred
around the core of the lines. These wavelength ranges were
selected based on the morphology of the spectral lines. For nar-
row lines, the range was chosen in regions where the intensity
values were approximately equal to 1 (i.e. the continuum inten-
sity). The broader lines, however, required additional considera-
tions to avoid including large portions of the wings. In the case of
the Ha line, we also excluded the telluric line present on the red
side of the core in some of the atlases (see Fig. 5a). Essentially,
the EWs of our broad lines were calculated in a manner sim-
ilar to the bounded equivalent widths previously computed by
Cauzzi et al. (2009) and Pietrow et al. (2023). Given the differ-
ences in resolution and sampling between the atlases, we linearly
interpolated all spectral lines to 400 points before calculating the
EWs.

3.2. Activity number

We used our two HARPS-N atlases as references to devise a new
activity metric. For consistency, the same wavelength ranges,
interpolation, and Gaussian-fitted wavelength shift used for EW's
(see Section 3.1) were applied. The activity number is defined
as the difference between the other atlases and our two refer-
ence atlases within the specified wavelength ranges for each
spectral line. Although our two reference atlases were observed
with the same instrument, they were taken at different times and
under different conditions, leading to residual instrumental dif-
ferences. To minimise these differences, we included a normal-
ising factor to account for the discrepancy between the QS and
MA atlases. Specifically, for each spectral line, we first divided
the linearly interpolated intensity values of the other atlases by
the intensities of the QS atlas over the same range. From this
ratio, we subtracted the corresponding ratio of the other atlases
to the MA atlas. Next, we subtracted the normalising factor,
which is defined as one (QS atlas intensities divided by them-
selves) minus the ratio of the QS atlas intensities to the MA atlas
intensities. Finally, the activity number is calculated using an
/1 normalisation-like technique: the sum of the absolute intensity
values is divided by the number of interpolation points, which is
set to 400 for all lines. This is expressed as

% 1000,

(’_A _ ’_A) _ (@ _ ’Q_S)
Ios  ITua lIos  Iya
()

where I4, Ips, and Iy are the intensities of the other atlases,
QS atlas, and the MA atlas, respectively, while »n is the num-
ber of points interpolated to 400 for all lines. All activity num-

1
Activity number = —
iy e = 1 5
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bers were multiplied by 1000 for readability. Appendix A gives
a more complete introduction to this metric.

Unlike the EW, which is largely independent of spectral
resolution, the activity number is highly dependent on reso-
lution. To address this, we convolved the spectral lines from
the other atlases using a Gaussian profile. To minimise the
differences between the other atlases and our two reference
atlases, an optimal convolution sigma was determined itera-
tively to minimise the activity number, and this value was then
applied to each spectral line. We assume Gaussian instrumen-
tal profiles for the convolution, which is the same assumption as
was made by IAG16 for the instrumental profile of their atlas,
and largely correct for HARPS-based spectra, which exhibit a
slight asymmetry in their instrumental profiles (Milakovi¢ 2020;
Milakovi¢ & Jethwa 2024). The same is assumed for Kitt Peak
FTS-based atlases (Braultetal. 1985) and the SOLAR-HRS
spectra (HRS23).

For some lines, particularly the two Mg lines, the optimal
(i.e. lowest) activity number was achieved by omitting the wave-
length shift from the standard procedure, while retaining all
other steps. Although LFC13 has the same spectral resolution
as our HARPS-N atlases, it was the most challenging atlas to
match. In addition to omitting the wavelength shift, we also
tested removing the Gaussian convolution and applied a small
intensity adjustment to its Mg lines. It is important to empha-
sise that any deviations from the standard procedure were made
solely to minimise the activity number. In Figs. 5a and 5b, we
show two examples of how applying this method transforms the
intensity values of the spectral lines.

3.3. Radial velocity

As an additional method to investigate the varying activity
between the different solar atlases, we also determined the RVs
of individual spectral lines. To gain a closer understanding of the
variance between the atlases, we also examined the bisectors of
these spectral lines. The bisectors provide valuable information
about the changing solar atmosphere with height. We utilised
rest wavelengths from the VALD3 database (Kurucz 2014;
Ryabchikova et al. 2015) as a reference for this calculation. The
continua of the HRS23, IAG16 and KPW11 atlases were nor-
malised to unity using the SUPPNet online tool (Rézanski et al.
2022) before any of the above methods were computed.

4. Results

The EWs and activity numbers obtained, as described in the pre-
vious section, are presented Tables 4 and 5. We use our QS atlas
as a benchmark reference and true representative of the quiet
Sun conditions. As Fig. 2 shows, this is the most quiet atlas
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Fig. 5. Illustration of how the activity number method transforms the intensity values of the spectral lines of other atlases. Top panels: the
transformed spectral lines after being convolved and interpolated. The two vertical lines indicate the wavelength region used to calculate the
activity number. Bottom panels: the remainder of the ratio differences, as described in Section 3.2. For HRS23, IAG16 and KPW11 atlases, the
wavelengths were converted from vacuum to air using the formula from Birch & Downs (1994). (a) He, (b) Na D1.

Table 4. Summary of the EWs [mA].

Ha Hp NaD, NaD; Mg5173 Mg5183 Cal6162 Fel6301 Fel6173 C15380
QS 869.727 647.892 306.748 289.399 306974 313.994  256.895  128.421 70.924 64.411
IAG23  871.091 637.254 317.717 293.237 306.684 314.560 254.763  128.452  70.881 66.082
HRS23  875.642 647.175 310.480 295340 308.952 318962  256.645 128.841  71.502 63.849
LFC13 NaN 643.051 NaN NaN 305.345  312.577 NaN NaN NaN 63.470
PEPSI 866.067 646.339 312.663 292301 305.272 312.575 255.045 129.046  70.201 64.102
MA 869.447 648.866 306.810 289.505 306.996 314.043  256.946  128.505  70.903 64.336
IAG16  874.505 646.416 319.650 294940 311.301 318.833  256.627 128.571  70.604 63.446
KPWI11 869.871 NaN 309.792  293.270 309.683 318.960 256383  129.034  70.349 64.085
KPN87  863.721 651.776 313.400 291.927 309.283 316935 254782 130.414  69.902 64.818

with an average spot number of zero (see Tables 2 and B.1).
Throughout the paper, the tables are arranged in order of increas-
ing sunspot number (see Table 2), with the atlas representing the
lowest activity level at the top and the highest activity level at
the bottom. The spectral lines are also ordered by average core
formation height (see Table 3).

4.1. Solar activity

Measuring EWs is a widely used activity metric assumed to be
independent of spectral resolution. Conversely, our new activity
number is computed relative to two reference atlases and thus is
highly dependent on spectral resolution and instrumental differ-
ences (see Appendix A for a detailed inspection of this newly
devised metric and its interpretation). Our MA atlas, as indi-
cated by its relative spot number (Table 2) and activity during
observation time (Fig. 1), should exhibit higher levels of activity
than TAG23, HRS23 and LFC13. In Figs. 6 and 7, we present
the EWs and activity numbers, respectively, plotted separately

for each spectral line across all atlases. To estimate uncertain-
ties in the EWs and activity number measurements, we varied
the integration range by an amount corresponding to three spec-
tral sampling elements (‘pixels’). Specifically, the mean wave-
length sampling within the selected wavelength range around
each spectral line was measured, and a shift equal to three
times this local sampling step was applied. This resulted in two
additional measurements with integration ranges reduced and
expanded by this amount, respectively. The spread between these
estimates and the central measurement was adopted as an uncer-
tainty measure. Our interpolation of the spectra onto a common
grid, i.e. 400 points, is also a potential source of error; however,
this uncertainty is quite difficult to quantify.

4.1.1. Correlation with spot number

Before undertaking this study, we anticipated observing a rise in
activity as a function of spot number. For this reason, the atlases
throughout this manuscript are ordered by spot number, which
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Table 5. Summary of activity numbers.

Ha HB  NaD, NaD; Mg5173 Mg5183 Cal6162 Fel6301 Fel6173 C15380
IAG23  0.086 0.072 0.097 0.060  0.020 0.053 0.009 0.002 0.002 0.009
HRS23  0.101 0.079 0.032 0.085 0.069 0.068 0.003 0.002 0.001 0.003
LFC13 NaN 0.083 NaN NaN 0.026 0.033 NaN NaN NaN 0.005
PEPSI  0.034 0.019 0.099 0.045 0.074 0.072 0.003 0.001 0.000 0.005
MA 0.035 0.018 0.018 0.024  0.007 0.009 0.001 0.000 0.001 0.000
IAG16  0.094 0.087 0.122 0.079  0.084 0.078 0.010 0.002 0.006 0.009
KPWI11 0.147 NaN 0.034 0.026  0.053 0.026 0.007 0.021 0.003 0.008
KPN87 0.232 0.051 0.047 0.029  0.097 0.036 0.016 0.006 0.004 0.012

Notes. The NaN values in Tables 4 and 5, which primarily appear in the rows corresponding to the LFC13 atlas, are due to its limited wavelength
coverage. The NaN values in the HB columns for KPW11 result from missing data.
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Fig. 6. EWs and the associated uncertainties for all atlases.

serves as an indirect measure of the level of activity on the Sun’s
surface. However, as it is clear from the plots in Figs. 6 and 7
and contrary to our initial expectations, we found no measur-
able trend or correlation between the activity levels in solar flux
atlases and their corresponding spot numbers for most spectral
lines.

To investigate this further, we computed the Spearman corre-
lation coefficients (p) and their associated p-values for the EWs
and activity numbers. For the EWs, only the Fe 16301.51 A line
shows a statistically significant positive correlation, with p =
0.8095 and a p-value of 0.0149. In contrast, the Fe 1 6173.34 A
line exhibits a statistically significant negative correlation, with
p = —0.7143 and a p-value of 0.0465. For the activity num-
bers, the only line with a statistically significant trend is the H
a line, which has p = 0.8286 and a p-value of 0.0416. Inter-
estingly, the two iron lines have the second and third highest p-
values for activity numbers, but their p-values are not statistically
significant.

Sunspots are strongly correlated with the S-index and the
Mg II index (see, for example, Maldonado et al. 2019). How-
ever, other magnetic activity features, such as plages and fac-
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ulae, have been shown to induce larger variations in spectral
lines (Meunier et al. 2010b; Carlsson et al. 2019; Pietrow et al.
2020). Nevertheless, a stronger correlation between activity
and spot number in atlases would still be expected; how-
ever, in our results, this relationship is likely obscured by the
much more dominant instrumental effects (see Section 4.1.3).
Although it is noteworthy to mention that the pseudo-emission
features in the relative spectra produced from HARPS-N data by
Thompson et al. (2020) exhibited a strong correlation with facu-
lar regions but no correlation with sunspots.

4.1.2. Correlation with core formation height

It is well known that broad lines, whose cores typically form
in the chromosphere and whose wing formations span much
wider spectral regions, are significantly more sensitive to activ-
ity than narrow lines, whose cores primarily form in the pho-
tosphere (Livingston et al. 2007; Gomes da Silva et al. 2011;
Maldonado et al. 2019). Line-by-line comparisons of EWs must
be treated with utmost caution because stronger broad lines
form significantly deeper cores and have much wider wings than
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Fig. 8. Normalised EWs per atlas plotted against spectral lines ordered
by average core formation height. Error bars have been omitted for
visual clarity.

narrow lines, which naturally results in higher EWs. Our activity
number, on the other hand, has the advantage of being indepen-
dent of the core formation depth because it is calculated relative
to a reference atlas, the QS atlas. Therefore, the activity number
provides a more reliable metric for comparing the relative sen-
sitivity of spectral lines to solar activity. This distinction is seen
in Figs. 8 and 9 where the activity number captures the much
higher variability amplitudes of the broad lines, a feature that is
largely absent in the EWs.

SRS

Fig. 9. Activity numbers per atlas plotted against spectral lines ordered
by average core formation height. Activity numbers of our MA atlas as
a function of core formation height have a linear trend (solid black line).
Again, error bars have been omitted for visual clarity.

In stark contrast, the behaviour seen in Fig. 9 shows that,
from the left-hand side (i.e. from Ha to the Mg I 5183 line),
activity numbers exhibit sporadic and high-amplitude variability.
However, all atlases converge at the Ca 16162 A line, where both
the activity and its variability remain consistently small in com-
parison. With the exception of LFC13 due to its limited wave-
length coverage, the correlation with average core formation
height is very robust for both metrics, as indicated by the Spear-
man correlation coefficients (p) and their associated p-values.
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However, the activity numbers of our MA atlas stand out, as
they follow a clear linear trend (see the solid black line in Fig. 9).
This result is particularly noteworthy because there are no instru-
mental differences between the MA and QS atlases. While
differing observational conditions may introduce some discrep-
ancies, these are relatively minor compared to the instrumental
differences present in the other atlases. Therefore, a significant
portion of the differences between the MA and QS atlases
can be attributed to solar activity. As the spectral line plots in
Figs. 10 and 18d suggest, this linear trend likely extends fur-
ther to the upper chromospheric helium line, He I D3 5875.62 A,
and the CamH & K lines, whose cores typically form at higher
heights than Ha see Table. 3 (We will discuss the CallH & K
lines in detail in Section 4.2).

It should be noted that, despite using a wider spectral win-
dow for the Ca 16162 A line than for most broad lines, its EW
and activity number remain much smaller. This highlights its
lack of sensitivity to activity compared to the significantly higher
sensitivity of broad lines.

4.1.3. Impact of instrumental profiles

The EWs and activity numbers of our MA atlas provide valu-
able insight into the challenges of quantifying solar activity. We
deliberately chose to compare the EWs of spectral lines across
the different atlases under investigation, based on the presump-
tion that this metric is independent of spectral resolution and
instrumental profiles. However, our results reveal an unexpected
outcome: the EWs of the MA atlas are nearly identical to those
of the QS atlas. Specifically, the average fractional difference
between the MA and QS atlases is only about 0.05%, indicat-
ing an almost perfect match across all lines. By comparison,
the other atlases show substantially larger deviations from both
the MA and QS atlases, with average fractional differences for
all lines typically in the range of 0.7-1.2%. This range is even
larger for the broad lines alone, reaching 0.6—1. 6%, represent-
ing an order of magnitude increase in variability. The EWs of the
four atlases with the lowest spectral resolution (QS, MA, LFC13,
and PEP18) show the largest uncertainties (see Fig. 6), meaning
that small changes in the integration range can have a dispro-
portionate impact on these atlases due to their larger wavelength
steps. This indicates that the chosen wavelength range has a sig-
nificant effect on the stability of the EWs in lower-resolution
atlases. Similarly (and as expected), our activity numbers also
suggest a strong dependence on spectral resolution and instru-
mental profiles. The activity numbers of the MA atlas, especially
for the broad lines, are substantially lower than those of most
other atlases.

In addition to highlighting the difficulty of quantifying solar
activity, our findings underscore the considerable impact of
instrumental profiles on the morphology of spectral lines. In
theory, by applying a wavelength shift to the other atlases, as
described in Section 3.1, we attempted to remove the offsets
introduced by the different wavelength scales and calibrations
inherent to the various atlases. However, other differences in line
shapes, invisible to the naked eye, remain due to the respective
observing instruments and cannot be easily eliminated. IAG16
compared the wavelength scales of their FTS atlas with two Kitt
Peak FTS atlases, Kurucz et al. (1984) and KPW11, as well as
comparing the two Kitt Peak atlases with each other. Despite
these two Kitt Peak atlases being observed with the same instru-
ment and setup, the authors found offsets as large as 600 ms™!
in the blue region of the spectrum and up to 200 ms~' in the
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red regions due to differences in calibration methods. There-
fore, we expect errors in the calibration techniques used in
Diaz Baso et al. (2021) as well as Lofdahl et al. (2021) who used
the disc centre atlases of Neckel (1999) and Brault et al. (1978)
as reference for their calibrations.

The spectral resolution of LFC13 is the same as that of our
two HARPS-N atlases, and it was observed under quieter solar
conditions compared to the MA atlas. As mentioned earlier, we
applied both wavelength and intensity shifts to its lines to align
them with our two atlases. Nevertheless, its EWs show signif-
icant deviations, and its activity numbers are much larger than
those of the MA atlas. While the solar activity in each line is
contained in the values listed in Table 5, it is evident that the
largest portion of these values arises from instrumental differ-
ences. This raises the question: how can we disentangle the exact
contributions of solar activity from the instrumental imprints in
these values?

The wavelength scale of LFC13 is presumably more accu-
rate. Recent attempts have been made to improve the accuracy
of spectral calibrations using LFC technology (Jallageas et al.
2019; Reiners et al. 2024). Even so, such methods cannot elim-
inate the unique and nuanced imprints of different observing
instruments on spectral lines, which our findings demonstrate
to be the greatest challenge in comparing spectral lines across
different atlases.

4.2. CanH&K

The CanmH & K doublet lines which occur in the violet part of
the visible spectrum at 3968.49 and 3933.68 A, respectively, are
two of the most studied chromospheric lines. Their extended
wings span the photosphere (Sheminova 2012; Cretignier et al.
2024) and their cores form at similar heights in the mid-
chromosphere, with the K line forming at a slightly higher height
due to its greater opacity (Bjgrgen et al. 2018). Ground-based
observations in the violet end of the spectrum, below ~4000 A,
are hampered by two primary aspects. First, the Earth’s atmo-
sphere, which absorbs a significant portion of the light in this
region, reducing the intensity of the signals that reach ground-
based telescopes (Ermolli et al. 2013). Second, low sensitivity of
optical detectors, which makes it harder to detect and accurately
measure the wavelengths in these regions while also observ-
ing other lines (see Section 2 of Chatzistergos et al. 2024, for
areview).

In Fig. 10, we overplot the CalmH &K lines of all the
atlases that cover this region of the spectrum. As made evi-
dent here, there is a significant intensity difference between
the CaltH & K lines of our QS and MA atlases compared to
the other atlases. This highly unexpected intensity difference
and continuum placement relative to our HARPS-N atlases is
why we have omitted these lines from our EW and activ-
ity number calculations. However, this issue certainly warrants
further investigation. Naturally, one might ascribe this differ-
ence to either the levels of activity in other atlases or the
lower resolution of our HARPS-N atlases. Clearly, if the level
of activity significantly impacts the continuum placement, it
would be noticeable in the MA atlas. For example, the Ca II K
line of the MA atlas closely matches the QS atlas, with a
mean intensity difference of just 0.57%. The highest differ-
ence, 3.44%, occurs at the far red wing of the line, though
this is dwarfed by a 41.86% difference with KPW11. Again, it
is evident that activity level alone cannot explain such a large
difference.
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Fig. 11. KPW11 atlas degraded to the resolution of our QS atlas and lower around the Ca II H 3933.68 A line. The resolution was lowered by
performing a Gaussian convolution while keeping the spectral sampling intact.

Generally, instruments with relatively high resolving pow-
ers, > 100000, resolve the spectrum well enough to avoid any
issues on the continuum level (Bouchy et al. 2001). Some issues
may occur only for very low resolutions ~1000, which is not
the case with HARPS-N. To test this, we degraded the KPW11
atlas, assuming a Gaussian profile, to the resolution of our QS
atlas and much lower (see Fig. 11). Clearly, lower resolutions of
the order of the resolving power of HARPS-N have no discern-
able impact on the continuum levels or even the line shape. We
also refer the readers to Figure 1 of IAG16 who degraded their

atlas to the resolution of the LFC13 atlas, which has the same
resolution as our atlases, and found no impact on the continuum
level in their atlas.

This leaves the normalisation methods used in construct-
ing the various atlases as the only other avenue for investi-
gation. Our two HARPS-N atlases are in total disagreement
with all other atlases, which generally show very strong agree-
ment with each other. However, since our atlas is normalised
to a 3D local thermal equilibrium (LTE) synthetic solar spec-
trum from the POLLUX database (Palacios et al. 2010) (see
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Fig. 13. Illustration of how we linearly connected two random high
points on either side of the CallH & K lines to obtain Reference in
Fig. 10.

Section 2.1), the question arises regarding how the others are
normalised.

The Kurucz et al. (1984) atlas is the most cited atlas pro-
duced at Kitt Peak. The physical book that came with the spec-
trum includes a note related to Fig. 3, namely, that the pseudo-
continuum is far from being the real continuum for scans 1-7
(wavelength ranging from ~2960 to 4700 A). The authors also
explain that for these wavelength ranges a pseudo-continuum
was fitted to the highest point out of every 100 points, and then
each scan was normalised to this pseudo-continuum. A slightly
different normalisation technique was used for KPN87’s atlas
which is described in Neckel & Labs (1984). However, in a sim-
ilar fashion when describing the polygonal tracks below 4420 A
the authors state that they should be seen as tracks connect-
ing the incidental highest maxima set according to the personal
choice of the authors, rather than as qualified approximations of
the 'real ’solar continuum’. The original normalisation methods
introduced in the Kitt Peak atlases, especially the one adopted
in Kurucz et al. (1984), appear to have been widely accepted
and propagated over the years, subsequently establishing the
CanlH & K continuum levels as a reference for newer atlases.
This explains the strong correlation between the lines of all other
atlases, and the difference with our independent normalisation.

As stated above, our atlases were constructed using the POL-
LUX database with no direct input from us. Thus, our normali-
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sation is independent of the other atlases, and POLLUX has the
advantage of providing synthetic spectra further into the blue
spectrum than the CalmH & K lines, and as such fits the con-
tinuum beyond them more easily (Palacios et al. 2010). To fur-
ther test our CallH & K lines we compare our lines with syn-
thetic spectra which do not rely on a continuum normalisation
assumption. Figure 12 shows an image of the CallH & K lines
synthesised at disc centre using the quiet Sun FAL-C atmo-
sphere (Fontenla et al. 1993) with the 1D non-LTE (NLTE) par-
tial redistribution (PRD) Lightweaver (Osborne & Mili¢ 2021)
code for a 5 level Ca Il atom. Then it was run through the NESSI
code (Pietrow & Pastor Yabar 2024) to create a full-disc spec-
trum using the limb darkening parameters from Neckel & Labs
(1994). Although this approximation is not perfect (e.g. not syn-
thesised in 3D, although these effects have been shown to be neg-
ligible (Bjgrgen & Leenaarts 2017), and using only continuum
limb darkening parameters which have been shown to be differ-
ent in the line core (Pietrow et al. 2023)), it does show a strong
resemblance with our data rather than the KPN87 atlas profile.
This continuum of our synthetic line is flat because besides cal-
cium and hydrogen, no other lines were considered in this syn-
thesis. This makes it trivial to fit the continuum as a linear rela-
tion suffices. This line is depicted in red in all three panels of
Fig. 12. In addition, we have our atlas in green, the 3D LTE
MARCS spectrum in orange, and the 1D LTE Atlas spectrum in
blue. From this it is clear that while the KPN87 spectra fit better
in the far wings, there is a large discrepancy between this spec-
trum and that of the others, including our synthetic spectrum.

In order to complete our investigation, we normalised the
original data of our QS atlas (see Fig. 13) by linearly con-
necting two randomly selected high points on either side of
the CamH & K lines (Reference in Fig. 10). This simple proce-
dure produces a line that closely resembles that of PEP18 and
is comparable to the Kitt Peak atlases. However, it is impor-
tant to emphasise that this normalisation technique lacks any
physical basis and, as stated in Neckel & Labs (1984), is a ‘per-
sonal choice’. The complexity of normalising this region of the
spectrum is clearly evident, and continued efforts are needed to
improve upon the currently available techniques.

4.3. Radial velocities of single spectral lines

As the aim of this work was to investigate the variances between
the different atlases arising from observations taken during peri-
ods of varying solar activity, we also provide a brief overview of
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the radial velocities (RVs) of individual spectral lines. This anal-
ysis allows us to examine in greater detail how these solar atlases
differ. We calculated the RVs for eight spectral lines (HB 4861 A,
Mg 15172 A, Na 1D 5889 A, Na I D 5889 A, Fe I 6175 A,
Fe I 6301 A, Fe 1 6302 A, and Ha 6562 A), using the rest
wavelengths provided by the VALD3 database as a reference.
Figure 14 shows that the RVs measured in the MA atlas differ
only slightly from those of the QS atlas. This is expected because
solar activity typically causes shifts in the range of 10ms~!.
However, when comparing the RV of the other atlases to the QS
atlas, the scatter is noticeably larger (see Fig. 15). Since deter-
mining the wavelength solution with high accuracy is challeng-
ing, we subtracted the average difference between the QS RVs
and the respective atlases.

This simplification is acceptable here because the goal is
not a detailed analysis of the RVs for these individual lines,
but rather to obtain a general impression of the scale of varia-
tions involved. The measured velocities of all the analysed lines
vary in a range of hundreds of ms~!, highlighting the inher-
ent difficulty in making detailed, direct comparisons between
different solar atlases. The variations in the wavelength solu-
tions and line shapes predominantly arise from instrumental and
observing conditions. These variances make it more challeng-
ing to disentangle solar activity from instrumental effects. Fur-
thermore, some spectral lines exhibit sufficiently large fitting
uncertainties, making it challenging to discern whether these
uncertainties are due to instrumental effects, inherent limitations
in fitting procedures, or intrinsic imprecision of the lines them-
selves. Given these substantial variations in individual spectral
lines, a more comprehensive analysis involving a significantly
larger number of spectral lines would be necessary to achieve
conclusive results. However, such an investigation would go
beyond the scope of this paper.

4.3.1. Bisector investigation of the Fe | 6175 A lines

To investigate the behaviour of lines in more detail, bisectors can
be used. They help to reveal the true asymmetry of lines. The
analysis of the bisector of single lines is intended for illustrative
purposes only, as individual lines are hardly representative. We
carried out the bisector analysis for all the 8 lines used to calcu-
late the RVs in Sect. 4.3. However, for illustaration, we chose the
well-known photospheric Fe I line at 6173 A, shown in Fig. 16.
This line has a Landé-factor of g.¢ = 2.5 and is therefore highly
Zeeman-sensitive. Consequently, we expect to observe changes
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in this line under increased solar activity. Again, we shifted the
velocities towards the QS reference velocity since we are only
interested in the general shape. Comparing QS to MA shows a
stronger blueshifted bisector (about 10 ms~') for the QS, which
is expected, since solar activity is mitigating the general blueshift
(see e.g. Lanza et al. 2016). It is also noticeable that the QS and
MA atlases exhibit a less pronounced C-shape in their bisectors
compared to the lines from the other atlases (except HRS23),
which can be attributed to their lower spectral resolution. We
analysed the bisectors of all eight lines from Fig. 15 and, as
expected, the spectral resolution is one of the strongest factors
influencing the bisector shape. To further investigate this effect,
we degraded the resolution of all eight lines in all atlases to
match that of HARPS-N and examined the resulting behaviour.
However, this adjustment did not provide new insights as intrin-
sic instrumental effects appear to be so significant that simply
matching the resolution does not make the atlases directly com-
parable. Again, a more extensive analysis involving hundreds of
lines would be needed to address this issue in detail. In this work,
we like to emphasise that analysing only a few individual lines
does not yield a conclusive result.

What we aim to highlight here is that the bisectors of the
HRS23 atlas show significant discrepancies. For all the bisectors
of the HRS23 we found an unexpectedly much less pronounced
C-shape. Some of the spectral lines of this atlas that we have
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investigated exhibit blue asymmetries, see Fig. 18e for example.
Observations show dynamic filaments and early phases of flares
can cause blue asymmetry in the Ha line core (Huang et al.
2014; Kuridze et al. 2015), which could explain the blue asym-
metry in the core of the Ha line of HRS23 seen in Fig. 18e.
However, we note that Tei et al. (2018) only found the Mg II
h and k lines to exhibit this blue asymmetry in a C-class flare.
Unfortunately, due to the limited information available on the
observation time of this atlas, we are unable to provide a conclu-
sive explanation for this behaviour.

5. Summary and conclusion

In this study, we introduce our new HARPS-N QS atlas as
a benchmark reference for atlases in the visible range of the
spectrum and investigated solar activity using multiple metrics.
Our primary aim is to highlight the degree of activity-induced
contamination that generally impacts other atlases. As a start-
ing point, we used the relative spot numbers of the atlases to
guide our analysis, arranging the atlases in ascending order of
spot number, with the expectation that this metric would dis-
play a strong correlation with other activity indicators. However,
contrary to our expectations, we found no statistically signifi-
cant correlation between spot numbers and other activity metrics
based on their Spearman correlation coefficients.

Our results reveal that the narrow spectral lines of other
atlases generally exhibit smaller EWs compared to our QS atlas,
whereas the broad lines (apart HB) show the opposite behaviour
(see Fig. 17). We computed EWs as they are widely regarded
as metrics independent of spectral resolution and instrumental
profiles. However, our findings challenge this assumption. The
EWs of our MA atlas were nearly identical to those of the QS
atlas, with an average fractional difference of only 0.05% across
all lines. In contrast, the EWs of other atlases showed noticeably
larger deviations relative to our QS atlas, with average fractional
differences in the range of 0.7-1.2% for all lines and 0.6-1.6%
for the broad lines alone. The large discrepancies between the
EWs of our QS and MA atlases and those of LFC13, which is
characterised by the same spectral resolution, suggest that instru-
mentation and differing observational conditions have a domi-
nant influence on the EWSs of spectral lines in an atlas than solar
activity.

We also introduce the activity number (Section 3.2) as a
novel metric for solar activity. This metric is computed as the
difference of ratios of other atlases relative to QS and MA refer-
ence atlases. To minimise instrumental effects, we degraded the
resolution of each spectral line uniquely to best match the QS
atlas. Instead of applying the same convolution to all spectral
lines of a given atlas, we chose to use a tailored convolution for
each line that minimises its corresponding activity number. The
rationale behind this approach is related to the difficulty in dis-
entangling instrumental effects from intrinsic spectral features,
where applying a uniform convolution could lead to artificially
inflated activity values; such values may be misinterpreted by
readers as absolute indicators of solar activity. By selecting the
convolution that minimises the activity number for each line,
this method is aimed at avoiding potential misinterpretation of
our results. Despite this improvement, instrumental differences
still appeared to be prominent, particularly for broad lines (see
Fig. 7).

Both EWs and activity numbers showed strong general cor-
relations with average core formation height. Since the instru-
mental and observational differences between the QS and MA
atlases are minimal compared to those with other atlases, the
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Fig. 17. All the EWs listed in Table. 4 normalised to the EWs of the QS
atlas. Error bars have also been omitted here for visual clarity.

strong linear trend observed in the activity numbers of our MA
atlas is particularly noteworthy (see Fig. 9). Whether a similar
linear trend can be observed for active atlases compared to quiet
Sun atlases using other instruments remains to be seen, making
this an interesting avenue for future investigations.

Additionally, we sought to gain insight into the specific RVs
of single spectral lines to enable a further comparison of the
atlases. The RVs of the MA atlas differ by only about 10ms~!,
whereas the other atlases exhibit RV differences of the order of
hundreds of ms~'. These findings further support the conclu-
sion that differences between the atlases are primarily driven by
instrumental effects and varying observational conditions rather
than solar activity. To achieve more conclusive results, an inves-
tigation involving hundreds of spectral lines would be recom-
mended.

The CanlH & K lines were excluded from our EW and activ-
ity number calculations due to the large intensity differences
between our QS and MA atlases compared to other atlases that
also cover this spectral region. As discussed in Section 4.2,
the results of assumptions in the normalisation techniques used
to construct the early Kitt Peak atlases have been propagated
by many subsequent studies. Comparisons with synthetic spec-
tra (see Fig. 12) revealed a closer match with our QS atlas,
which was constructed using synthetic spectra from the POL-
LUX database, compared to KPN87. Given the ubiquity of the
CanmH &K lines in solar and stellar physics, these significant
intensity differences warrant further detailed investigation to
fully understand their impact.

An absolute benchmark atlas representing quiet Sun condi-
tions is essential for accurate solar and stellar analysis. Our QS
atlas, derived as the median of the 162 quietest days of solar
cycle 24 with minimal contamination, serves as such a refer-
ence, benefiting from effective telluric correction and an average
spot number of O (see Table 2). Atlases capturing higher activity
levels are equally valuable, as comparisons with the refer-
ence atlas help reveal the impact of solar activity on the spec-
trum. However, our findings suggest that instrumental effects
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Fig. 18. Illustration of some of the most-investigated broad lines present in the atlases studied in this manuscript. For comparison, we have included
the Ha line from the disc-centre atlas by Neckel & Labs (1984) which was obtained from Diaz Baso et al. (2021).
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dominate over activity-related variations, emphasising the
importance of constructing quiet Sun references using the same
instrument for precision work. Even though differences in
spectral resolution, Doppler shifts, and intensity shifts intro-
duced by line convolution present challenges for comparing
atlases observed with different instruments, an optimisation
model could address these discrepancies by determining the best
parameters for matching spectral lines to a reference atlas. In
this context, our new activity number approach shows promise
as a reliable metric capable of calculating absolute solar activity
values, along with tracking time series variations.

Data availability

The QS, MA and IAG23 atlases are available at the CDS via
https://cdsarc.cds.unistra. fr/viz-bin/cat/J/A+A/
702/A97
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Appendix A: Activity number

We note some caveats that should be considered when using this
metric to measure activity. Firstly that this definition relies on
the two reference atlases ideally capturing ’activity’ across the
spectrum. The reality is certainly more complex, with different
types of activity (filament, plage, spot, etc.) potentially increas-
ing or decreasing intensities in some wavelengths. Further, at any
intersection points where, at a given wavelength, the two refer-
ence atlases have equal intensities any differences in intensity
are considered irrelevant for measuring activity.

Here, we provide a more detailed description of our new
activity number metric by inspecting its properties in various
scenarios to aid with its interpretation. The first term in Equa-
tion. 2, (D,), can be re-written in the form

Iya — 1,
Dy =14 (u), (A.1)

IosTua

— at points where Iy4 > Ips (activity enhances emission), Dy

is positive;

— at points where Iy4 < Ips (activity decreases emission), Dy

is negative;

— at points where /4 = Ips (activity is irrelevant), D, is zero.
Therefore, we are defining a quantity that is positive where activ-
ity is associated with increased emission, negative where activity
is associated with decreased emission and zero where intensity
is modelled as not being impacted by solar activity.

When comparing atlases, the difference due to QS (minimum
activity reference atlas) must also be subtracted, as we have done
in this paper. The activity number metric, from Equation. 2 then
becomes

Iya =1 Iya =1
Daos = In (u)_ I (u) (A2)
Tos Iya Tos Iya
Ina — Ips
Dags = (I —IQS)(—I ; o ) (A3)
os1ua

There are five scenarios or types of atlases that we considered
within this metric, listed below.
1. For a high activity atlas with intensities, /,:
— in wavelengths where activity enhances emission, 4 >
Ina > Igs, Dags = (+)(+) > 0;
— in wavelengths where activity decreases emission, /4 <
Ina < Igs, Dags = (=)(=) > 0;
— at points where activity is considered irrelevant, Ips =
Inma, Dy gs is zero.
2. For an active atlas with intensities I4 = Iy, Equation. A.3

becomes D = Umlos)
A,08 Tos Ty

— in wavelengths where activity enhances emission, Iy =
Inva > Igs, Dyps = (+) > 0;

— in wavelengths where activity decreases emission. /4
Ina <lIps, Dags = (+) > 0;

— at points where activity is considered irrelevant, Iy
Ina, Dy gs is zero.

3. For a moderate activity atlas, with intensities /4, which is
more active than the QS atlas, but less than the MA atlas:

— in wavelengths where activity enhances emission, /74 >
Iy > Igs, Dy gs = (+)(+) > 0;

— in wavelengths where activity decreases emission, Iy4 <
Iy <lIgs, Dags = (=)(=) > 0;
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and therefore:

— at points where activity is considered irrelevant, Ips =
IMA, DA,QS is zero.
4. For a minimum activity atlas with intensities Iy = Ipg in all
wavelengths, the activity number is zero in all wavelengths.
5. For the hypothetical case of having a low activity atlas, with
intensities 4, which is less active than the referenced QS
atlas:
— in wavelengths where activity enhances emission, /74 >
Igs > Ix, Dpgs = (-)(+) < 0;
— in wavelengths where activity decreases emission, Iy4 <
Igs <1y, Dygs = (+)(=) <0;
— at points where activity is considered irrelevant, Ips =
IMA, DA,QS is zero.
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Appendix B: QS and MA spot humbers

Table B.1. Observation dates for our QS atlas and their respective spot numbers.

date Spot date Spot date Spot date Spot date Spot date Spot
Nr Nr Nr Nr Nr Nr
22/02/2018 | O |04/11/2018 | O |[26/04/2019 | O |12/09/2019| O |01/12/2019| O |22/02/2020| O
20/03/2018 | O |[05/11/2018 | O |[27/04/2019 | O |13/09/2019 | O |03/12/2019| O |24/02/2020| O
21/03/2018 | O |[06/11/2018 | O |28/04/2019 | 0O | 14/09/2019 | 0 |04/12/2019| O |26/02/2020| 0O
22/03/2018 | O |[07/11/2018 | O |[29/04/2019 | 0O | 15/09/2019 | O |05/12/2019 | O |27/02/2020| O
23/03/2018 | O |[29/11/2018 | O |[30/04/2019 | 0O |18/09/2019 | O |09/12/2019 | 0 |28/02/2020| 0O
24/03/2018 | O |[30/11/2018 | O |[01/05/2019 | 0 |19/09/2019 | 0 |10/12/2019| O |29/02/2020| O
25/03/2018 | O |01/12/2018 | O |[02/05/2019 | O |20/09/2019 | O |12/12/2019| O |01/03/2020| O
09/04/2018 | O |[02/12/2018 | O |[03/05/2019 | O |21/09/2019 | O |13/12/2019| O |04/03/2020| O
02/05/2018 | O |[03/12/2018 | O |[20/05/2019 | O |22/09/2019 | O |14/12/2019| O |22/03/2020| O
03/07/2018 | O |04/12/2018 | O |21/05/2019| O |23/09/2019| O | 15/12/2019| O |25/03/2020| O
04/07/2018 | O [09/12/2018 | O |22/05/2019 | 0O |26/09/2019 | 0 |16/12/2019| O | 12/04/2020| O
05/07/2018 | O |24/12/2018 | O |23/05/2019 | O |27/09/2019 | O |19/12/2019| 0O | 14/04/2020| O
06/07/2018 | O | 11/01/2019 | 0O |24/05/2019 | O |28/09/2019| O |21/12/2019| O |20/04/2020| O
07/07/2018 | O | 12/01/2019 | 0O | 18/06/2019 | 0 |29/09/2019 | 0 |17/01/2020| O |22/04/2020| O
29/07/2018 | 0 |13/01/2019 | 0O |19/06/2019| 0 |16/10/2019| 0 |18/01/2020| O |09/05/2020| 0
29/08/2018 | O | 14/01/2019 | 0O |20/06/2019| 0O |18/10/2019| O |21/01/2020| O | 11/05/2020| O
30/08/2018 | 0 | 16/01/2019| 0 |21/06/2019| O |20/10/2019| 0O |03/02/2020 | O | 12/05/2020| O
26/09/2018 | 0 |[19/01/2019 | 0O |22/06/2019 | 0 |21/10/2019 | O |06/02/2020| O | 13/05/2020| O
27/09/2018 | O |27/02/2019 | 0O |27/06/2019| 0O |31/10/2019| O |07/02/2020| O | 14/05/2020| O
28/09/2018 | O |28/02/2019 | 0O |[09/08/2019 | 0 |08/11/2019| 0 |09/02/2020| O | 15/05/2020| O
09/10/2018 | 0 | 01/03/2019 | O | 13/08/2019| 0 |09/11/2019 | 0 |10/02/2020| 0O |16/05/2020| 0
27/10/2018 | O |[02/03/2019 | 0 | 14/08/2019 | 0 |23/11/2019| 0 |12/02/2020| O |11/07/2020| O
29/10/2018 | O |28/03/2019 | 0O |15/08/2019 | O |24/11/2019| O | 14/02/2020| O | 13/07/2020| O
30/10/2018 | O | 22/04/2019 | O |16/08/2019 | 0 |25/11/2019 | O |17/02/2020| O | 09/09/2020| O
31/10/2018 | O |23/04/2019 | O | 18/08/2019 | 0 |27/11/2019 | 0 |19/02/2020| O |21/09/2020| 0O
01/11/2018 | O | 24/04/2019 | O |10/09/2019 | 0O |28/11/2019| O |20/02/2020| O | 05/10/2020| O
03/11/2018 | O |[25/04/2019 | O |11/09/2019 | 0O |30/11/2019| O |21/02/2020| O |06/10/2020| O
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Table B.2. Observation dates for our MA atlas and their respective spot numbers.

date

Spot
Nr

date

Spot
Nr

date

Spot
Nr

date

Spot
Nr

date

Spot
Nr

date

Spot
Nr

17/07/2015

50

19/09/2015

64

29/11/2015

51

28/01/2016

77

16/04/2016

42

13/08/2016

58

20/07/2015

36

21/09/2015

78

30/11/2015

47

30/01/2016

36

28/04/2016

90

14/08/2016

59

30/07/2015

76

22/09/2015

86

12/12/2015

83

01/02/2016

74

29/04/2016

82

15/08/2016

63

31/07/2015

69

24/09/2015

101

13/12/2015

81

04/02/2016

108

30/04/2016

89

30/08/2016

74

01/08/2015

64

28/09/2015

156

16/12/2015

63

06/02/2016

79

01/05/2016

87

31/08/2016

77

02/08/2015

53

29/09/2015

120

22/12/2015

72

09/02/2016

84

02/05/2016

83

01/09/2016

78

03/08/2015

61

30/09/2015

95

23/12/2015

68

10/02/2016

75

06/05/2016

57

06/09/2016

43

04/08/2015

90

20/10/2015

95

24/12/2015

69

11/02/2016

85

14/05/2016

88

07/09/2016

57

05/08/2015

94

27/10/2015

67

25/12/2015

76

12/02/2016

63

15/05/2016

87

08/09/2016

53

06/08/2015

108

28/10/2015

81

26/12/2015

65

13/02/2016

38

16/05/2016

55

09/09/2016

79

08/08/2015

93

29/10/2015

93

28/12/2015

71

14/02/2016

46

17/05/2016

38

10/09/2016

78

21/08/2015

73

30/10/2015

88

29/12/2015

57

15/02/2016

50

18/05/2016

30

11/09/2016

67

22/08/2015

71

31/10/2015

86

30/12/2015

37

16/02/2016

)

19/05/2016

i3

05/10/2016

1

23/08/2015

81

02/11/2015

101

31/12/2015

22

17/02/2016

38

21/05/2016

18

07/10/2016

60

26/08/2015

47

03/11/2015

82

01/01/2016

37

22/02/2016

34

23/05/2016

16

08/10/2016

63

27/08/2015

55

04/11/2015

100

07/01/2016

61

23/02/2016

37

17/06/2016

39

10/10/2016

66

28/08/2015

74

05/11/2015

82

09/01/2016

97

02/03/2016

78

18/06/2016

47

11/10/2016

63

29/08/2015

56

07/11/2015

82

10/01/2016

90

03/03/2016

77

10/07/2016

50

12/10/2016

41

30/08/2015

56

08/11/2015

75

11/01/2016

47

04/03/2016

111

11/07/2016

62

02/04/2017

83

31/08/2015

35

09/11/2015

66

12/01/2016

40

05/03/2016

83

12/07/2016

59

03/04/2017

100

01/09/2015

43

11/11/2015

61

13/01/2016

38

06/03/2016

78

13/07/2016

33

04/04/2017

76

02/09/2015

36

15/11/2015

56

17/01/2016

58

07/03/2016

79

14/07/2016

58

03/09/2017

105

03/09/2015

29

16/11/2015

38

18/01/2016

54

08/03/2016

63

15/07/2016

69

04/09/2017

112

04/09/2015

37

19/11/2015

41

19/01/2016

66

09/03/2016

91

16/07/2016

60

05/09/2017

119

11/09/2015

81

21/11/2015

58

20/01/2016

62

10/03/2016

80

17/07/2016

39

06/09/2017

100

12/09/2015

89

22/11/2015

71

21/01/2016

64

11/03/2016

51

18/07/2016

o4

07/09/2017

97

13/09/2015

83

24/11/2015

59

22/01/2016

67

12/03/2016

70

19/07/2016

59

08/09/2017

88

15/09/2015

68

25/11/2015

61

24/01/2016

48

16/03/2016

79

20/07/2016

56

16/09/2015

86

26/11/2015

65

25/01/2016

67

18/03/2016

47

08/08/2016

81

17/09/2015

75

27/11/2015

61

26/01/2016

69

14/04/2016

46

10/08/2016

77

18/09/2015

71

28/11/2015

51

27/01/2016

83

15/04/2016

33

12/08/2016

71
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