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Abstract Solar radiation variability spans a wide range in time, ranging from seconds to
decadal and longer. The nearly 40 years of measurements of solar irradiance from space
established that the total solar irradiance varies by ~ 0.1% in phase with the Sun’s mag-
netic cycle. Specific intervals of the solar spectrum, e.g., ultraviolet (UV), vary by orders
of magnitude more. These variations can affect the Earth’s climate in a complex non-linear
way. Specifically, some of the processes of interaction between solar UV radiation and the
Earth’s atmosphere involve threshold processes and do not require a detailed reconstruc-
tion of the solar spectrum. For this reason a spectral UV index based on the (FUV-MUV)
color has been recently introduced. This color is calculated using SORCE SOLSTICE in-
tegrated fluxes in the FUV and MUYV bands. We present in this work the reconstructions
of the solar (FUV-MUYV) color and Ca 11 K and Mg 1I indices, from 1749-2015, using a
semi-empirical approach based on the reconstruction of the area coverage of different so-
lar magnetic features, i.e., sunspot, faculae and network. We remark that our results are in
noteworthy agreement with latest solar UV proxy reconstructions that exploit more sophis-
ticated techniques requiring historical full-disk observations. This makes us confident that
our technique can represent an alternative approach which can complement classical solar
reconstruction efforts. Moreover, this technique, based on broad-band observations, can be
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utilized to estimate the activity on Sun-like stars, that cannot be resolved spatially, hosting
extra-solar planetary systems.

Keywords Sun: activity - Sun: UV radiation - Sun: faculae, plages

1. Introduction

Solar radiation changes over different temporal scales, with amplitudes that strongly de-
pend on the spectral range considered. These variations can affect the Earth’s climate in a
complex way, and over temporal scales that vary from weeks to centuries, depending on the
specific feedback considered (Lean, 2017). To address the impact that solar radiation has
on the Earth’s climate, it is therefore critical to be able to estimate variations of the solar
spectral energy distribution over different temporal scales, that span from decadal to centen-
nial and longer (Jungclaus et al., 2017). For this reason, various and sophisticated models
of total and spectral solar irradiance (TSI and SSI) variability have been produced which
aim to reconstruct solar irradiance in the past (e.g., Yeo, Krivova, and Solanki, 2017, and
references therein).

Particularly, the solar UV radiative output is strongly dependent on the phase of the Solar
Cycle and is a relevant factor to our understanding of the Earth’s climate dynamics. Notably,
stratospheric ozone, which might influence the thermal and dynamical structure of the mid-
dle terrestrial atmosphere and consequently the radiative forcing of the troposphere (Haigh,
2003), is produced by the action of solar UV radiation on diatomic oxygen. Indeed, this
radiation has enough energy to dissociate molecular oxygen and activate the photochemical
cycle able to create and break down stratospheric ozone, playing a central role in the thermal
structure of Earth’s high atmosphere. The ozone production/destruction process (Chapman,
1932) involves six different reactions. In particular, the two photochemical processes that
lead to the dissociation of molecular oxygen and ozone require the presence of UV photons
at two different thresholds: 100—200 nm and 200—300 nm for the dissociation of oxygen
and ozone, respectively.! As a consequence, the threshold processes associated with solar
UV, for which the detail of the solar spectrum can be neglected in the first approximation, are
the main responsible for defining stratospheric ozone production rates and column densities
e.g. Bordi, Berrilli, and Pietropaolo, 2015). Recent works, (e.g. Seppili et al., 2014), indi-
cate that a correct assessment of the impact of UV variability on global circulation requires
the detailed knowledge of the column stratospheric ozone, as a main driver in the so-called
top—down mechanisms. In the case of the Earth’s climate, the abundance of ozone must be
modeled in the past if we want to study the effects, global or regional, of the modulation
of solar UV radiation. This also applies if one wants to use 3D Global Circulation Models
to simulate the climate of exoplanets, obviously under simplified conditions of similarity
in the behavior of the host-star with our Sun and Earth-like atmospheres. Similarly, indeed,
UV radiation drives photochemical processes of exoplanet atmospheres (e.g. Linsky, 2014,
2017) and is co-responsible of their atmospheric mass-loss. The UV spectrum of the hosting
star, and its variability, are therefore fundamental to properly characterize the atmosphere
and determine the habitability of exoplanets (e.g. Tian et al., 2014; Kaltenegger, 2017).

T Actually, a correct determination of the ozone concentration with the atmospheric altitude based on the
Chapman theory alone cannot explain the observed distribution of ozone. A detailed calculation requires the
inclusion of the rates of photochemical reactions with temperature, a radiative transfer model for terrestrial
atmosphere, and the NOx catalytic cycles modulated by solar magnetic activity via solar energetic particles
and cosmic rays modulation.
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With the aim of studying the dependence of terrestrial total column stratospheric ozone
on changes in solar UV spectral slope and possibly extending this approach, albeit under
simplified assumptions, in the behavior of Sun-like stars, we introduced a spectral UV index
based on the (FUV-MUYV) color (Lovric et al., 2017; Criscuoli et al., 2018) in order to di-
rectly connect the variability of the solar UV spectral slope with solar activity indices. This
color is calculated using Solar Radiation and Climate Experiment (SORCE) Solar Stellar Ir-
radiance Comparison Experiment (SOLSTICE) integrated fluxes in the solar far UV (FUV)
and solar middle UV (MUV) bands. The adopted (FUV-MUYV) color is selected on the basis
of its sensitivity to the ratio between solar UV contribution from the lower chromosphere
and photospheric continuum. Indeed, as reported in Lean (1987), the solar UV contribution
between 120—200 nm is primarily a continuum emission from the upper photosphere and
lower chromosphere, with superimposed chromospheric emission lines and some absorption
lines, while longward of 200 nm the spectrum is largely photospheric continuum radiation,
with a collection of superimposed absorption lines.

Indeed, the UV radiative flux shows clear positive correlation with the magnetic activity
of the stars, so that it is widely used as proxy of the magnetic field, when direct measure-
ments are not available. In this respect, the Mg 11 H and K (280 nm) and Ca 11 K and H lines
(393 and 396 nm) are excellent proxies, as their cores, that form at similar heights in stellar
chromosphere, go into strong emission in the presence of magnetic fields (e.g. Linsky, 2017).
The Mg 11 line is not accessible with ground observations and it has been monitored only
since the late-1970s. Solar observations of the Ca II line started instead at the beginning of
the 19th century and have continued with various programs, which included the acquisition
of spectro-heliograms, full-disk broad-band observations (e.g. Bertello et al., 2016; Chatzis-
tergos et al., 2019) and Sun-as-a-star observations. Being one of the widest lines in the solar
spectrum, observations at different positions within the line allow to observe a broad range
of the solar atmosphere (Ermolli et al., 2010). Ca 11 K and Mg 11 observations provide the
most widely used proxies for facular contribution in irradiance reconstruction models (e.g.
Fontenla et al., 2011; Lean, 2000) and can be used for studies of long-term evolution of the
magnetic field (e.g. Pevtsov et al., 2016; Chatterjee et al., 2019). Monitoring of bright dwarf
stars in this spectral range was started at Mount Wilson in 1968 (Wilson, 1978) and was
continued by the Solar Stellar Spectrograph (SSS) at the Lowell Observatory starting 1994
(e.g. Hall and Lockwood, 1998). Such observations have been employed in various studies
to characterize stellar magnetic activity, constrain stellar dynamo models and characterize
solar activity in a more general context (e.g. Saar and Brandenburg, 1999; Bohm-Vitense,
2007; Egeland et al., 2017; Warnecke, 2018).

The work is structured as follows. The long-term (FUV-MUYV) color reconstruction is
introduced in Section 2. Two datasets are used to reconstruct it: the Sunspot Number (SSN)
and the solar Ca II K index. This reconstruction allows us to estimate solar color variations
(FUV-MUV) in the past without the use of SSI models. In Section 3, the long-term (FUV-
MUV) color reconstruction is applied to estimate area coverage of solar magnetic features
(i.e., faculae). In order to test the performance of our method and validate it for the solar
case we compare our area coverages and coverages obtained from historical full-disk obser-
vations. In Section 4, Ca 11 K and Mg 1I indices are reconstructed using a semi-empirical
approach. Our reconstructions are compared with available observations/reconstructions and
extended in the past until 1749. The main results are summarized in Section 5.

2. Long-term (FUV-MUYV) Color Reconstruction

Basically, all our knowledge about past solar magnetic activity rests on the use of spatially
resolved maps of solar surface (e.g., continuum images at different wavelengths, photo-
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spheric magnetograms, full-disk Ca 11 K spectro-heliograms), sunspot related benchmarks
(e.g., Sunspot Number, Group Sunspot Number, sunspot area), or indirect and Sun-as-a-star
solar proxies (e.g., concentrations of cosmogenic isotopes, Mg II index, Ca 11 K index, radio
flux at 10.7 cm).

The solar irradiance reconstructions based on spatially resolved maps of solar surface,
available from a few dozens of years, are the result of sophisticated models that use the tech-
niques of segmentation of solar magnetic structures, e.g., sunspot, faculae, network, quiet
Sun, etc., based on single maps or on the combined use of these (e.g. Muscheler et al., 2016).
Techniques of segmentation and recognition of photospheric and chromospheric structures,
mainly devoted to the study of irradiance variations associated to quiet network and topol-
ogy of solar convective structures, have been used by our team for more than 20 years (e.g.
Berrilli, Florio, and Ermolli, 1998; Berrilli et al., 1999, 2002; Ermolli, Berrilli, and Florio,
2003; Berrilli et al., 2004, 2005a,b; Goldbaum et al., 2009; Forte et al., 2018). Clearly, these
techniques cannot be applied to the Sun before the availability of solar images or full-disk
Ca 11 K spectro-heliograms or to investigate stars not spatially resolved.

On the other hand, sunspots and indirect Sun-as-a-star solar proxies, as the Ca 11 K and
Mg 11 indices or concentrations of cosmogenic isotopes, allow us to investigate the solar
behavior back in time (time scales of decades or centuries) and can potentially be applied to
stars not spatially resolved, for example to parental stars hosting extra-solar planets.

One may notice that the use of proxies based on concentrations of cosmogenic isotopes,
created by the interaction of galactic cosmic rays with Earth’s atmosphere and modulated by
the solar “open” field (e.g. Wu et al., 2018), allow us to guess the solar magnetic activity on
the scale of millennia. Nevertheless, the geographical origin of the cosmogenic isotopes, the
Earth’s climate and atmospheric dynamics, and the variability of the Earth’s magnetic field
remain major issues of these methods (e.g. Muscheler ef al., 2016) especially when they
extend in the past over geomagnetic secular variation timescales. As regard observations
of sunspots, these are available for the past four centuries since Galilei demonstrated their
association to the Sun in 1613. The solar (FUV-MUYV) color is a UV solar spectral proxy
introduced by Lovric et al. (2017) to describe the ratio of fluxes in two different spectral
regions of the UV spectral energy distribution of the Sun, nominally the FUV (115 - 180 nm)
and MUV (180-320 nm) SORCE SOLTICE bands. Consequently, this color is a measure
of the solar spectral slope in the UV spectral region which is able, as discussed in Section 1,
to alter the chemical and physical processes in the Earth’s upper atmosphere. The color is
calculated using the equation:

F
(FUV — MUV) = —2.5log —2, (1)
Fymuv

where (FUV-MUV) is the color in magnitudes and Fryy and Fyyy are the integrated
fluxes of SORCE SOLTICE instruments (McClintock, Snow, and Woods, 2005; McClin-
tock, Rottman, and Woods, 2005). It is worth noting that, in the color formula the magnitude
zero-points are arbitrarily set to zero corresponding to a simple offset in the color, i.e., a ver-
tical shift by a constant amount. More details about (FUV-MUYV) color and aging correction
to SORCE data can be found in Lovric et al. (2017) and Criscuoli et al. (2018).

The correlation of the (FUV-MUV) color and the Mg 11 core-to-wing index was investi-
gated in Criscuoli et al. (2018). Because Mg II systematic measurements are available only
from the late-1970s, here we investigate whether such strong correlation holds also for the
Ca 11 K index and the sunspot number (SSN), measurements of such proxies dating back
to several decades. To this aim we analyzed the following datasets: the (FUV-MUYV) color,
estimated from SORCE measurements after aging was removed (Lovric et al., 2017); the

@ Springer



Long-term (1749-2015) Variations of Solar UV Spectral Indices Page Sof 15 38

Figure 1 The (FUV—MUV) Vs T T T T T T T
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Ca 11 K Emission index time series from the National Solar Observatory, which dates back
to 1907;% the SILSO monthly mean SSN data from 1749.3

The relation between the variability of the (FUV-MUYV) color with the SSN is illustrated
in Figure 1. Two fits, i.e., linear and quadratic functions, were performed on (FUV-MUV)
vs SSN data. We decided to use the linear fit (the R? values for the two fits are similar)
mainly for two reasons: i) for the sake of simplicity; ii) the weakness of the last Solar Cycle
24 prevented us from extending the correlation analysis to high SSN values. This affected
the estimation of the quadratic function parameters and, particularly, the evaluation of the
deviation from linearity for high SSN values. Indeed, assuming the parameters obtained
from a quadratic fit, saturation effects on the reconstruction of the facular coverage appear.

The correlation between (FUV-MUYV) and Ca 11 K index shows a similar behavior as
(FUV-MUYV) and Mg 11 index. This correlation is not shown here because of space limita-
tion. Also in this case we fitted the data using both a linear and a quadratic function and a
linear correlation was assumed. The correlation is

(FUV — MUV) = —18.31 Call K index + 8.856 2)

and is used to estimate the UV color prior to 2003, when SOLSTICE observations started.

The reconstructed monthly average (FUV-MUYV) color long-term variations, using the
SSN and the Ca 1I K correlations, are shown in Figure 2. Both (FUV-MUYV) reconstruc-
tions show very similar trends, i.e., the (FUV-MUYV) color decreases as the solar activity
increases. It is important to remember here that a lower (FUV-MUV) means a greater FUV
flux increase in comparison to MUV flux, i.e., as the Sun’s magnetic activity increases, the
color index (FUV-MUYV) becomes lower.

In order to quantify the similarity between the two reconstructions, a correlation measure
has bee carried out. We performed a linear regression between long-term (FUV-MUV) re-
constructions, in the time interval in which SSN and Ca 11 K index overlap, and we obtained
a Pearson correlation coefficient equal to 0.86 and a slope equal to 1.15, considering (FUV-
MUYV) reconstructed using SSN as the dependent variable. The slope different from one tells

2The NSO Ca 11 K emission index is available at: http://gong.nso.edu/data/magmap.

3The World Data Center SILSO (Sunspot Index and Long-term Solar Observations), Royal Observatory of
Belgium, Brussels, data can be found at: http://sidc.be/silso/datafiles.
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us that (FUV-MUYV) has a different sensitivity to a physical proxy like Ca 11 K (this line was
advocated as proxy for the FUV by Lean et al., 1982) respect to an arbitrary activity proxy
as the SSN. Nonetheless, in Section 2, given the wider temporal coverage of SSN compared
to Ca 11 K, we will use the correlation between the (FUV-MUYV) color and SSN in order to
reconstruct solar magnetic feature coverages.

3. Long-term Reconstruction of Solar Magnetic Feature Coverage

In order to validate the use of broad-band colors, as (FUV-MUYV), to investigate stellar
and solar variability, we compare solar magnetic feature coverage reconstructions, derived
from (FUV-MUV) reconstructions shown in Section 2, against “state-of-the-art” coverage
datasets. More in detail, we describe how, making use of (FUV-MUYV) color, we derive
the area coverage of solar magnetic features (i.e., area of sunspots, faculae and network) at
times when direct observations were not available. These, in turn, are employed to estimate
long-term variability of the Ca 11 K and Mg 11 indices, following the procedure described in
Section 4.

3.1. Estimate of Facular Area Coverage

Our reconstruction of the area coverage of faculae is based on the empirical long-term re-
construction of (FUV-MUYV) color shown in Section 2. The assumption is that variability
of UV radiation is mostly modulated by the facular contribution (e.g. Shapiro et al., 2016).
The UV irradiance can be therefore reconstructed by taking into account only quiet Sun and
facular contribution. In this way, we can write the (FUV-MUYV) color as:

FUv

F Flyy + (1 — apF
(FUV — MUV) = —2.5log(LF0Y ) = _ 510g(-XTruv T (1 = 20Ty
Fymuv afFypy + (1 —ap)Fyyy

3

where the superscript symbols f and q indicate the facular and the quiet Sun contributions to
Fruv and Fyyy fluxes, respectively. Through simple algebraic manipulation, we can rewrite
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Figure 3 The reconstruction of T T T T T T T T T T T
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this equations as

1 4+ a¢dpuv — 10%C—O)/5 4)
1+ ardmuv
where Syyv and Sgyy are the relative facular contrast in the MUV and FUV range, respec-
tively, and C and Cg are the (FUV-MUYV) color derived from the SSN and quiet Sun, respec-
tively. Cy, dmuv and Spyy are synthetically computed by using the models 1001 and 1005
of the set of seven semi-empirical atmosphere models from the Solar Irradiance Physical
Modeling (SRPM) system described in Fontenla et al. (2011).
By solving Equation 4 for o, we obtain

102(Cq7C)/5 -1

B Spuy — 102Ca=OB gy

of (5)
The synthetic reconstruction was performed using the procedure described in detail in
Criscuoli et al. (2018).

Eventually, the (FUV-MUYV) color long-term variation has been reconstructed for the
period 1749-2015. The reconstruction is split into two periods. For the period 1988-2015
we employed the semi-empirical approach described in Criscuoli ef al. (2018) making use
of the facular coverage calculated by means of segmentation techniques of solar full-disk
images. More in detail, we used for the period 1988-2003 the facular area coverage obtained
from San Fernando Observatory data (Walton, Preminger, and Chapman, 2003; Preminger
and Walton, 2006) and for the period 2003-2015 the facular area coverage obtained from
the Precision Solar Photometric Telescope data (PSPT Rast ez al., 1999) by using the SRPM
system (Fontenla et al., 2011; Fontenla and Harder, 2005).* For the period 1749-1987 we
used the (FUV-MUYV) color reconstructed using the SSN, as described in Section 2.

The facular area reconstructed for the period from 1749 to 1987 is illustrated in Figure 3.
For comparison, we show the area coverage from 1988 to 2015 derived from San Fernando
Observatory (SFO) and Precision Solar Photometric Telescope (PSPT) observations, and the
plage composite from 1893 to 2015 derived from historical archives of full-disk Ca 11 K ob-
servations (Chatzistergos et al., 2019).> The regression analysis between our reconstructed

4The facular area coverage obtained from the PSPT are available at: http:/lasp.colorado.edu/pspt_access.

5The plage composite from 1893 to 2015 is available at: http://www2.mps.mpg.de/projects/sun-climate/data.
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Figure 4 Sunspot area coverage 0.006 T T T T T T T T T T
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facular area coverage and the composite (Chatzistergos et al., 2019) of plages, the chromo-
spheric counterpart of faculae, over the period 1893-2015 produces a Pearson correlation
coefficient of 0.94 pointing out the strong correlation between the two reconstructions.

3.2. Estimate of Sunspot and Network Area Coverage

The temporal variation of sunspot area coverage can be estimated using the SSN (e.g. Wilson
and Hathaway, 2006; Tapping and Morgan, 2017). In this study we used a power-law model
to derive sunspot area coverage o from SSN:

os = a SSNP (6)

where the a and b parameters are assumed constant with time. A parameter fitting per-
formed over the entire set of SFO and PSPT observations provided a = 1.246 x 107° and
b = 1.418. The calculated sunspot coverage does not consider the difference between um-
bra and penumbra, basically because the ratio between them does not remain constant in
time, as reported by different authors (e.g. Carrasco et al., 2018; Jha, Mandal, and Baner-
jee, 2018). Figure 4 shows the sunspot area reconstructed using Equation 6 together with
the area derived from SFO.° and PSPT full-disk observations using the Solar Radiation
Physical Modeling (SRPM) system.” For comparison, the plot also shows the Sunspot area
composite by Balmaceda et al. (2009)? for the period 1874-2015, which was obtained after
cross-calibration of measurements by different observers. As for the facular area, our esti-
mated sunspot area and sunspot coverage estimated from full-disk observations (Balmaceda
et al., 2009) strongly correlate. We calculate a Pearson correlation coefficient of 0.93 be-
tween our reconstruction and the sunspot area composite by Balmaceda et al. (2009) over
the period 1874-2015.

A similar approach is used to derive the network coverage. The employed empirical
relation with SSN data is the following:

on =d SSNf + ¢ 0

6The sunspot area is available at SFO, a solar research facility associated with the California State University:
http://www.csun.edu/SanFernandoObservatory/photoindex.html.

7The SPRM model is available at: http://lasp.colorado.edu/pspt_access.

8The sunspot area composite is available at: http://www2.mps.mpg.de/projects/sun-climate/data.html.
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Figure 5 The network area T T T T T T T T T T T
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where the d, f and g parameters are assumed constant with time. Unfortunately, only the
SRPM observations from 2005 are available to estimate the parameters of the above rela-
tion. The calculated fit is d = 1.047 x 1073, f =0.712 and g = 0.212. Figure 5 shows the
reconstruction of network area coverage.

4. Reconstruction of Ca 11 K and Mg 11 Indices

As reported in Bertello ef al. (2016) long-term synoptic Ca I1 K observations constitute a
fundamental database for a variety of historical analyses of the state of the solar magnetism.
On the other hand, the composite Mg I1 index spanning from 1978 to present, constitutes a
compelling proxy for spectral solar irradiance variability from the UV to EUV (e.g. Dudok
de Wit et al., 2009). The final test bench for our method consists therefore in reconstructing
these two indices starting from 1749 and comparing our reconstructions, during the over-
lapping period, with the datasets obtained from analysis of full-disk historical images or
direct measurements. Our reconstruction of the Ca 11 K and Mg 11 indices was performed
using a semi-empirical approach, under the assumption that solar variability is modulated
by the presence of magnetic features over the solar disk (e.g. Penza et al., 2003; Penza,
Pietropaolo, and Livingston, 2006; Ermolli, Criscuoli, and Giorgi, 2011; Fontenla et al.,
2011; Yeo, Krivova, and Solanki, 2014; Yeo et al., 2017). As such, the solar spectral flux at
any time ¢ can be reproduced as the linear combination of synthetic fluxes F; (1) represent-
ing quiet and magnetic regions (e.g. quiet, network, faculae and sunspot) weighed by the
corresponding area coverage o (1):

FOu0 =) a;(t)F;(0). ®)
J

By using the coverages obtained in the previous section we are able to reconstruct spec-
tral indices from 1749 to 2015; in particular, we estimate the variations of the Ca 11 K
emission and the Mg II core-to-wing indices.

As mentioned in Section 1, these indices are excellent proxies of both solar and stellar
magnetic activity (e.g. Preminger, Chapman, and Cookson, 2011; Salabert et al., 2016; Lee,
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Figure 6 Ca 11 K Emission T T T T T T T T T T T
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Cahalan, and Wu, 2018). Even in this case the procedure is similar to the one adopted in
Criscuoli et al. (2018) for the reconstruction of the Mg II index. In particular, the synthetic
fluxes were produced with the RH code (Uitenbroek, 2001) making use of the set of at-
mosphere models published in Fontenla et al. (2011). The synthesis of the Ca 1T 393 nm
resonance line was performed in NLTE using a 6 levels model atom and PRD approxima-
tion. The synthesis of the Mg IT H and K lines was performed in NLTE and PRD as well, as
described in detail in Criscuoli et al. (2018). In both cases, background lines in the relevant
spectral ranges were computed in LTE, using atomic and molecular parameters from the
Kurucz website.’

The reconstructed Ca 11 K emission index is shown in Figure 6, together with the Ca
11 K emission index derived from Mount Wilson measurements (Bertello et al. (2016)) for
the time these are available. The plot shows that the reconstructed and measured indices
are in good agreement. In detail, the regression between our reconstruction and the Ca II
K emission index derived from Mount Wilson measurements, over the period 1907-2015,
produces a Pearson correlation coefficient of 0.88 with an average relative difference of 2%.
This result suggests that our reconstruction provides a reasonable estimate for the period
1749-1902, when direct measurements were not available.

The reconstructed Mg 11 core-to-wing index is shown in Figure 7, together with the mea-
sured Bremen Mg 11 composite (Viereck et al., 2004). The regression between the Mg 11
reconstruction and the Bremen Mg II composite, over the period 1978-2015, produces a
Pearson correlation coefficient of 0.92 with an average relative difference of 1.6%.

Finally, Figure 8 shows the correlations between the reconstructed (FUV-MUYV) color
and Ca 11 K emission and Mg 11 indices. These correlations are very similar supporting the
idea that (FUV-MUYV) is essentially modulated by the facular emission, i.e. from the FUV
flux.

5. Conclusions

The solar UV radiation originates in the layers of the atmosphere between the high pho-
tosphere and the corona. This radiation has a profound impact on the upper Earth’s at-

9The Kurucz website is available at http://kurucz.harvard.edu/.
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mosphere, including the stratosphere and thermosphere. In particular stratospheric ozone,
which might influence the thermal and dynamical structure of the middle terrestrial atmo-
sphere and consequently the radiative forcing of the troposphere, is produced by the action
of solar UV radiation on diatomic oxygen. The photochemical processes that lead to the
dissociation of molecular oxygen and ozone require the presence of UV photons at different
thresholds. As a consequence, the detail of the solar spectrum can be neglected in the first
approximation, to estimate the stratospheric ozone production rates. Essentially for this rea-
son we introduced a new spectral UV index based on the (FUV-MUYV) color (Lovric et al.,
2017; Criscuoli et al., 2018) calculated using SORCE SOLSTICE integrated fluxes in the
FUV and MUYV bands.

This paper presents the long-term (1749-2015) reconstruction of three UV proxies of
solar variability, namely the (FUV-MUYV) color, the Ca 1I k emission index and the Mg 11
core-to-wing ratio, by examining the long-term variability of solar activity. The SSN was the
only proxy of the solar activity employed to estimate the variability of the solar UV indices
since 1749.
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The use of spectral indices that can be derived from observations of the Sun-as-a-star
is very important for the study of Sun-like star activity, possibly host-stars of extra-solar
planetary systems.

The agreement between the UV indices calculated with our approach and the composites
obtained with state-of-the-art techniques, applied to full-disk observations, demonstrates
that our approach has comparable utility for exploring the behavior of the Sun in the past,
when it is no longer possible to use techniques based on full-disk images, and represents a
useful tool in characterizing UV activity of stars that cannot be spatially resolved.

For completeness, we must note that our reconstructions, based on solar proxies associ-
ated with closed-field magnetic structures, e.g., sunspots, currently do not include possible
large trend which can be deduced, for example, from the content of concentrations of cos-
mogenic isotopes (see Section 1 in this paper) modulated by open-field solar structures tran-
siting through the corona and filling the whole heliosphere. This analysis will be introduced
and discussed in a future paper, in preparation, focused on the reconstruction of long-term
solar TSI

Our main results are summarized as follows:

i) The long-term variation of the (FUV-MUV) color was reconstructed for the period
1749-2015. The reconstruction is split in to two periods: i) the period 1988-2015, for
which we employed a semi-empirical approach making use of the facular coverage cal-
culated by means of segmentation techniques of solar full-disk images; ii) the period
1749-1987, for which the (FUV-MUV) color was derived assuming a linear relation
with the SSN.

ii) The sunspot, faculae and network area coverage was reconstructed for the period 1749—
2015. The area of faculae was estimated through the reconstructed (FUV-MUYV) color
index, while network and sunspot area were derived from the SSN. In all cases we
find a very satisfactory agreement between the reconstructed area coverages and those
obtained by the analysis of full-disk observations, at the times these are available.

iii) By using the estimated area coverage of magnetic features, we were able to reconstruct
the variability of the Ca IT K emission index and of the Mg II core-to-wing ratio index
from 1749 to 2015. In both cases, the reconstructions present a very satisfactory agree-
ment with observations, at the times these are available. In this context, we demonstrate
the ability of our approach, which makes use of a simplified treatment of solar magnetic
structures, to reconstruct historical solar UV proxies at the times these are available.
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