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ABSTRACT

Context. The variability of the spectral solar irradiance (SSI) over the course of the 11-year solar cycle is one of the manifestations of
solar magnetic activity. There is strong evidence that the SSI variability has an effect on the Earth’s atmosphere. The faster rotation of
the Sun in the past lead to a more vigorous action of solar dynamo and thus potentially to larger amplitude of the SSI variability on
the timescale of the solar activity cycle. This could lead to a stronger response of the Earth’s atmosphere as well as other solar system
planets’ atmospheres to the solar activity cycle.
Aims. We calculate the amplitude of the SSI and total solar irradiance (TSI) variability over the course of the solar activity cycle as a
function of solar age.
Methods. We employed the relationship between the stellar magnetic activity and the age based on observations of solar twins. Using
this relation, we reconstructed solar magnetic activity and the corresponding solar disk area coverages by magnetic features (i.e., spots
and faculae) over the last four billion years. These disk coverages were then used to calculate the amplitude of the solar-cycle SSI
variability as a function of wavelength and solar age.
Results. Our calculations show that the young Sun was significantly more variable than the present Sun. The amplitude of the solar-
cycle TSI variability of the 600 Myr old Sun was about ten times larger than that of the present Sun. Furthermore, the variability
of the young Sun was spot-dominated (the Sun being brighter at the activity minimum than in the maximum), that is, the Sun was
overall brighter at activity minima than at maxima. The amplitude of the TSI variability decreased with solar age until it reached a
minimum value at 2.8 Gyr. After this point, the TSI variability is faculae-dominated (the Sun is brighter at the activity maximum) and
its amplitude increases with age.
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1. Introduction

The action of a hydromagnetic dynamo generates a magnetic
field in the solar interior (Charbonneau 2010; Brun & Browning
2017). This field becomes unstable, rises through the convec-
tive zone, and finally emerges on the solar surface, leading to
various manifestations of solar magnetic activity (Solanki et al.
2006). In particular, concentrations of the magnetic field on the
solar surface form magnetic features, such as bright faculae and
dark spots. The facular and spot contributions to the solar bright-
ness usually do not fully compensate each other and the result-
ing imbalance defines the active (i.e., magnetic) component of
the solar brightness variability.

As stars evolve on the main sequence (MS), they grad-
ually spin down due the magnetic braking (Güdel 2007;
Reiners & Mohanty 2012; Metcalfe et al. 2016). The slowing
of the stellar rotation weakens the stellar dynamo and, con-
sequently, stellar magnetic activity and its contribution to the
stellar brightness variations (see e.g., Noyes et al. 1984). Such
changes of the stellar brightness caused by the spin down have
been observed. For example, Guinan et al. (2003) investigated
the evolution of the 920–1180 Å flux by studying six G0–G5
solar analogs with different ages. Using the selected stars as
proxies for the younger Sun, they concluded that the 920–1180 Å
solar flux in the past was higher than the present-day level.

It was two times higher 2.5 Gyr ago and four times higher
3.5 Gyr ago.

In addition to the gradual decrease of the magnetic activ-
ity with the solar age, it also fluctuates on various timescales
(Balogh et al. 2014). The most prominent of them is the timescale
of the solar activity cycle, which corresponds to the oscillation
between toroidal and poloidal components of the solar magnetic
field (Parker 1955). The present duration of the solar activity cycle
is on average 11 years, but there is evidence that it was shorter for
the younger Sun (Galarza et al. 2019).

The 11-year activity cycle is clearly visible in the space-
borne measurements of the total (TSI) and spectral solar irradi-
ance (SSI) (see e.g., reviews by Solanki et al. 2013; Ermolli et al.
2013). The present-day TSI change due to the 11-year solar cycle
is about 0.1%, while the variability in the UV spectral domain
is significantly higher. Thus, it reaches several percent at the
200–250 nm spectral range and tends to increase with decreas-
ing wavelength (Floyd et al. 2003). There have been numerous
studies indicating that the Earth’s atmosphere responds to the
11-year cycle in SSI (see e.g., Meehl et al. 2009; Shapiro et al.
2013; Hood et al. 2015; Maycock et al. 2018).

The stellar activity cycles are also visible in the records
of emission in the cores of the Ca II H and K lines (Wilson
1978). The emission in these lines is strongly modulated by the
magnetic heating of the chromosphere and is thus often used

Open Access article, published by EDP Sciences, under the terms of the Creative Commons Attribution License (https://creativecommons.org/licenses/by/4.0),
which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

Open Access funding provided by Max Planck Society.

A83, page 1 of 8

https://doi.org/10.1051/0004-6361/201937128
https://www.aanda.org
https://www.edpsciences.org
https://creativecommons.org/licenses/by/4.0


A&A 636, A83 (2020)

for a quantitative characterization of stellar magnetic activity
(Baliunas et al. 1995). It was found that the amplitude of the
activity cycle in Ca II H and K emission depends on the mean
(i.e., averaged over the activity cycle) level of magnetic activity:
More active stars have more vigorous activity cycles (Hall et al.
2009; Egeland 2017; Radick et al. 2018). This implies that the
amplitude of the solar activity cycle was stronger for the younger
Sun than it is now. This could lead to a larger irradiance variabil-
ity and, consequently, to a larger impact of the irradiance vari-
ability on the Earth’s atmosphere.

In this study, we reconstruct the amplitude of the SSI vari-
ability as a function of wavelength and solar age. For this, we
employ the model of stellar variability developed by Shapiro et al.
(2014), which is based on the Spectral And Total Irradiance
REconstruction (SATIRE) approach (Krivova et al. 2003). Fur-
thermore, we use the relation between magnetic activity and age,
which was recently established by Lorenzo-Oliveira et al. (2018),
for a sample of solar twins. We organize this paper as follows.
Section 2 describes the activity-age relation, Sect. 3 presents the
model, the results are presented in Sect. 4. Conclusions are sum-
marized in Sect. 5.

2. Scenarios of evolution of solar activity

The variability of solar irradiance is driven by the change of the
solar surface coverages by active features. In turn, the coverages
strongly depend on the solar activity. Thus the first step in mod-
eling cyclic SSI variability to the past is to determine the depen-
dence of solar magnetic activity on age. More specifically, for
the purposes of this study, we need to reconstruct the S-index,
which is proportional to the ratio between the flux in Ca II H
and K emission lines and two nearby pseudo-continuum bands
(see, e.g., Radick et al. 1998). The reconstructed S-index is then
used as an input into the model described in Sect. 3 to obtain the
SSI variability.

Several different stellar activity-age relations for the MS
stars have been proposed (see e.g., Lachaume et al. 1999;
Mamamjek & Hillenbrand 2008; Lorenzo-Oliveira et al. 2018).
One of the main uncertainties in defining this relation lies in
estimating the stellar age (see e.g., review by Soderblom 2010).
Such estimations, which are done with stellar evolutionary mod-
els, are complicated by poorly known values of luminosity. To
overcome this, Lorenzo-Oliveira et al. (2018) have considered
a sample of solar twins with a near-solar value of luminosity.
They define solar twins as stars with Teff within ±100 K of the
solar value, log g within ±0.1 dex, and [Fe/H] within ±0.1 dex of
the solar values. This allowed them to determine the ages more
accurately, leading to the relationship:

log t = 0.0534 − 1.92 log R′HK, (1)

where t is stellar age in Gyr and log is the base-ten logarithm.
The activity here is defined via the dimensionless log R′HK

parameter, which is a function of the S-index and the stellar
color B−V (Radick et al. 1998). In contrast to the S-index, the
R′HK index does not include the photospheric contribution to the
emission in the Ca II H and K lines. This has to be taken into
account when converting the R′HK value into the S-index. Con-
sequently, we added the photospheric contribution to R′HK and
calculated the RHK value:

RHK = Rphot + R′HK, (2)

where Rphot is the photospheric correction. It can be obtained
from the color index B−V using the function determined by

Fig. 1. Evolution of the S-index according to Lorenzo-Oliveira et al.
(2018). Orange diamonds represent annually averaged S-indexes values
calculated with Ca II Sac Peak measurements.

Noyes et al. (1984):

log Rphot(B−V) = −4.898 + 1.918(B−V)2 − 2.893(B−V)3. (3)

We assume that the color index B−V and thus the Rphot have
not changed dramatically during the solar lifetime on the MS.
According to Ribas et al. (2010), the effective temperature of the
1 Gyr old Sun was about 150 K lower than the present-day value.
This would lead to a negligible change in the B−V index.

According to Middelkoop (1982), the S-index can be calcu-
lated from the RHK as:

S =
RHK

1.34 × 10−4 ×C
, (4)

where C is given by:

log C(B−V) = 1.13(B−V)3−3.91(B−V)2+2.84(B−V)−0.47. (5)

Finally, by using Eqs. (1), (2), and (4), we obtained the
dependence of the S-index on the solar age t:

S (t) =
10a + Rphot

1.34 × 10−4 ×C
, (6)

where

a =
0.0534 − log t

1.92
· (7)

According to Eq. (6), the present-day Sun (t = 4.6 Gyr)
would have an S-index equal to about 0.159. Shapiro et al.
(2014) calculated annual mean values of the solar S-index for
cycle 23 by using the daily Sac Peak K-index KSP. They found
that the value of the S-index averaged over cycle 23 was about
0.177.

Therefore, we scaled the S-index calculated with Eq. (6) with
the normalization coefficient of 1.11. The resulting dependence
of the S-index on the solar age is plotted in Fig. 1. We note that
the exact value of the solar S-index depends on the employed
calibration (Egeland et al. 2017) and the amplitude of the solar
cycle also varies from cycle to cycle by more than 10% (see,
e.g., Fig. 1 from Shapiro et al. 2014) so that an 11% difference
between two estimates is not surprising.
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3. Model

3.1. Disk coverage by magnetic features

Sunspots and faculae are the most prominent manifestations of
the magnetic field in the solar photosphere (Solanki et al. 2006).
The sunspots are colder and darker than surrounding areas of
the photosphere. They consist of an umbra, which is the central
darkest part of the spot, and a penumbra, which is a brighter part
surrounding the umbra. Spots only cover a very small fraction of
the present-day solar surface. For example, during the solar cycle
23, the coverage of the visible solar disk by spots changed from
about 0.3% in 2002, a period of high solar activity, to almost zero
in 2008 when solar activity was low. Both numbers are annually
averaged coverages. Faculae are usually brighter (especially in
the cores of spectral lines and close to the solar limb) than the
surrounding quiet Sun areas. In contrast to the sunspots, the cov-
erage by faculae never goes to zero. During solar cycle 23, it
changed from 0.27% in 2002 to 0.02% in 2008 (see Fig. 1 in
Shapiro et al. 2014).

Shapiro et al. (2014) calculated the fractional coverage of the
solar disk by sunspots Aspots and faculae Afaculae as a function of
the S-index:

Aspots(S ) = 0.105 − 1.315 S + 4.102 S 2, (8)
Afaculae(S ) = −0.233 + 1.400 S . (9)

Equations (8) and (9) were obtained for the solar cycles
21–23, that is, for the present-day level of solar activity. Nev-
ertheless, calculations based on these functions were able to
reproduce the activity cycle brightness variability of a variety
of activity cycles measured in stars. Hence, we used Eqs. (6)–
(9) to obtain the dependences of the solar disk area coverages
by sunspots and faculae on the solar age (see Fig. 2). Due to the
quadratic dependence of spot coverage on activity, it decreases
with age faster than the facular coverage.

We note that Lorenzo-Oliveira et al. (2018) observed stars at
random phases of their activity cycles. Therefore, the S-index
given by Eq. (6) and, consequently, the disk-area coverages
obtained with such an S-index (solid lines in Fig. 2) correspond
to the cycle-averaged values. At the same time, the crucial quan-
tity for our calculations is the change of the disk-area coverages
from minimum to maximum of the solar activity cycle since
such a change defines the amplitude of the cyclic irradiance vari-
ations. Following an approach of Egeland (2017), we assume
that the amplitude of the irradiance variations ∆S is proportional
to the cycle-averaged value S mean. Consequently, we scaled the
amplitude of the cycle with the mean level of solar activity:

∆S var(t) =
∆S p

var × S (t)
S p

mean
, (10)

where S p
mean is the mean level of the present-day S-index and

∆S p
var is the amplitude of the present-day solar irradiance vari-

ations. Both values were calculated for cycle 23 by utilising
S-index time series from Shapiro et al. (2014). We note that S (t)
is the dependence of the S-index on the solar age calculated with
Eq. (6). Then the S-index at the maximum S max and minimum
S min of the solar activity cycle can be calculated as:

S max(t) = S (t) + ∆S var(t)/2 (11)
S min(t) = S (t) − ∆S var(t)/2. (12)

The dependences calculated with Eqs. (11) and (12) are indi-
cated in Fig. 2 by dashed lines.

3.2. Brightness variability

In this section, we use the solar disk area coverages by mag-
netic features obtained in Sect. 3.1. to calculate the variability of
solar irradiance. For this, we follow the SATIRE approach (here
SATIRE stands for Spectral And Total Irradiance REconstruc-
tion, see Fligge et al. 2000; Krivova et al. 2003, 2010), which
was generalized by Shapiro et al. (2014) to calculate the variabil-
ity of Sun-like stars. Since the goal of this study is to reconstruct
the activity cycle in SSI, we extend the Shapiro et al. (2014)
approach to compute SSI variability as a function of wavelength
in the 160–2430 nm spectral range.

SATIRE attributes the SSI variability to the time-dependent
contributions from bright faculae and dark sunspots. In this
study, we limit ourselves to modeling the variability on the
timescale of the solar activity cycle and we do not consider vari-
ations brought about by transits of specific magnetic features.
Therefore, we follow the approach by Knaack et al. (2001) and
Shapiro et al. (2014) and assume that spots are distributed in
the activity belts between ±5◦ and ±30◦ latitudes, while faculae
are distributed between ±5◦ and ±40◦ latitudes. We neglect the
change of the spatial distribution of the solar magnetic features
with the solar age. This is a reasonable assumption for activity
levels up to four times of the present Sun (Işık et al. 2018), that
is, back to a solar age of about 0.5 Gyr. In this case, the active
component of the SSI only depends on the total area coverage by
faculae and spots (since the area distribution on the disk is fixed),
which is, in turn, given by the S-index. Consequently, SSI can be
written as a function of the wavelength and S-index:

F(λ, S ) = Fquiet(λ) + ∆Fu(λ, S ) + ∆Fp(λ, S ) + ∆Ff(λ, S ). (13)

Here Fquiet(λ) is the irradiance from the full disk quiet Sun, that
is, irradiance from the Sun without any magnetic features. We
note that ∆Fu(λ, S ), ∆Fp(λ, S ), and ∆Ff(λ, S ) are changes in
the SSI from spot umbrae, spot penumbrae, and faculae, respec-
tively. They can be written as:

∆Fi (λ, S ) =

"
solar disk

ai(S , n)
[
Ii(λ, n) − Iquiet(λ, n)

]
dΩ, (14)

where Iquiet(λ, n) is the intensity from the quiet Sun at wave-
length λ in the direction of the line of sight n, Ii(λ, n) is the
intensity from magnetic features, where the index i refers to
either u, p, or f , and dΩ is the element of solid angle around
the direction n. The quantity ai(S , n) is the fractional coverage
of the solar disk by the active component i in the direction n;
it takes values between zero and unity within the corresponding
activity belt (i.e., the region containing spots and faculae) and it
is zero outside. The intensities of the quiet Sun, faculae, umbrae,
and penumbrae were calculated by Unruh et al. (1999) with the
ATLAS9 code (Kurucz 1992; Castelli & Kurucz 1994) as func-
tions of the wavelengths and of the cosine of the angle between
the direction to the observer and the local stellar radius.

We define the magnetic component of solar brightness as:

R(λ, S ) =
∆Fu(λ, S ) + ∆Fp(λ, S ) + ∆Ff(λ, S )

Fquiet(λ)
· (15)

We also consider the spot and facular components separately:

Rf(λ, S ) =
∆Ff(λ, S )
Fquiet(λ)

, (16)

Rs(λ, S ) =
∆Fu(λ, S ) + ∆Fp(λ, S )

Fquiet(λ)
· (17)
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Fig. 2. The dependences of solar disk-area coverages by
sunspots (blue) and faculae (red) on solar age. Plotted are
the dependences calculated with the S-index averaged over
the activity cycle (solid lines) as well as the dependences
obtained using the S-index at the minimum and maximum
of the activity cycle (dashed lines below and above cor-
responding solid lines, respectively). The diamond sym-
bols represent the disk-area coverages by sunspots (blue)
and faculae (red) calculated with annual S-index values
obtained from the Sac Peak Ca II measurements of solar
cycle 23. The rotational period indicated along the top hor-
izontal axis is calculated assuming that it is proportional to
the square root of age (Skumanich 1972).

Because the solar disk coverages by spots and faculae do not
drop to zero during activity minima (see Fig. 2), the contribution
of magnetic features to solar irradiance derived from Eqs. (13)
to (17) also never reach zero. The change of the magnetic com-
ponent from the solar cycle minimum to maximum defines the
amplitude of the cyclic SSI variability:

D(λ, S ) = R(λ, S max) − R(λ, S min). (18)

Here S is the mean value of the S-index over the solar cycle,
while S max and S min are the S-index values during the activity
maximum and minimum, respectively. By combining Eq. (18)
with Eqs. (6), (10)–(12), we can reconstruct the amplitude of the
cyclic SSI variability as a function of solar age.

We note that to get the R(λ, S ) values, the absolute
changes of irradiance due to magnetic features (nominators in
Eqs. (15)–(17)) are divided by the irradiance from the quiet Sun,
Fquiet. Hence, the amplitude of the cyclic SSI variability, D(λ, S )
given by Eq. (18) is dimensionless. For simplicity, we refer to
D(λ, S ) as the relative variability even though the relative vari-
ability would be, strictly speaking, obtained by dividing the
absolute change of irradiance by the mean value of irradiance
during the activity cycle.

In the present study, we do not aim to model the exact time
profile of the SSI change over the activity cycle, but we restrict
ourselves to modeling its amplitude. In addition, by taking the
amplitude of the solar cycle 23 in the S-index as a reference for
the present-day solar variability (see description of Eq. (10) in
Sect. 3.1), we are considering cycles with an average strength.
In the last four centuries, much stronger and much weaker solar
activity cycles have both been observed.

4. Results

In this section we show how the amplitude of solar irradiance
variability on the activity cycle timescale depends on the solar
age. Sections 4.1 and 4.2 present calculations of the variability in
TSI and several spectral passbands, respectively, while Sect. 4.3
focuses on the variability at high spectral resolution.

Fig. 3. Dependence of the solar cycle TSI variability on the solar age.
The value was calculated using Eqs. (6) and (18) and it is equal to
D(λ, S ) integrated over the spectral range 160–2430 nm. We show the
total amplitude (black), its facular (red), and spot (blue) components in
absolute values. The spot contribution is negative. The facular contribu-
tion is positive. Thus the total amplitude can be understood as a differ-
ence between its facular and spot components (in absolute values). The
dashed vertical black line points to the present solar age. The TSI vari-
ability back to about 2.8 Gyr is faculae-dominated, while the variability
of the younger Sun is spot-dominated. The corresponding parts of the
black curve are designated “faculae-dominated” and “spot-dominated”,
respectively. The period indicated along the top X-axis was calculated
assuming that it is proportional to the square root of the age.

4.1. Variability of TSI

We first calculated the amplitude of the cyclic variability in the
160–2430 nm spectral domain (hereafter referred to as the TSI
variability) as well as its facular and spot components. This is
done using Eqs. (15)–(17).

Figure 3 presents the dependence of the relative amplitude
of the TSI variability on time (i.e., the difference between TSI
values at cycle maximum and minimum normalized to the TSI
value from the quiet Sun, see Sect. 3.2). One can see that the
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TSI variability is out-of-phase with the activity for the Sun at
ages less than about 2.8 Gyr and it becomes in-phase afterwards.
The out-of-phase variability of the young Sun implies that TSI
in the minimum of the activity cycle is larger than when in the
maximum. Then the variability is spot-dominated. Likewise, the
in-phase variability when the Sun is older than 2.8 Gyr means
that TSI during activity minima is smaller than during the max-
ima and then the variability is faculae-dominated. The change of
the variability from spot- to faculae-dominated for the 2.8 Gyr
Sun is in line with the observations of Lockwood et al. (2007),
Radick et al. (2018) and Reinhold et al. (2019), who found that a
similar transition between spot- and faculae-dominated regimes
happens for stars that are more active than the Sun.

The TSI variability of the present Sun is faculae-dominated.
Going back in time, the solar S-index increases (see Fig. 1). Con-
sequently, the solar disk coverages by both spots and faculae
also increase. However, such an increase is stronger for spots
than for faculae (see Eqs. (8) and (9), Fig. 2). Consequently, the
spot component of the variability increases faster than the facu-
lar component (the red line in Fig. 3 is almost horizontal at the
solar age, while the blue curve is significantly inclined). This
leads to a stronger compensation between facular and spot com-
ponents of the variability and to the drop of the total variability.
All in all, the amplitude of the variability decreases despite the
increase of the solar magnetic activity. We note that such a com-
pensation effect mainly happens on the timescale of the activity
cycle (Shapiro et al. 2016). We expect that the TSI variability on
the rotational timescale, which is spot-dominated for the present
Sun, monotonically increases with decreasing solar age. The cal-
culation of the rotational variability demands knowledge regard-
ing the sizes and spatial distribution of individual magnetic
features and thus is outside the scope of the present study.

The amplitude of the variability reached by Eq. (16) is zero
at 2.8 Gyr, that is, the TSI values at the maximum and minimum
of the activity cycle become equal. This implies that in-phase
UV variability is compensated by the out-of-phase variability
in the visible and infrared spectral domains. We note that zero
amplitude of the TSI variability does not mean that the TSI is
constant over the whole activity cycle. The ratio between solar
disk coverages by spots and faculae changes over the cycle (see,
e.g., Shapiro et al. 2014) so that spots and faculae do not totally
cancel each other out at intermediate cycle phases.

The variability of the Sun that is younger than 2.8 Gyr
rapidly increases with decreasing of the solar age. The depen-
dence on age is much stronger for the spot-dominated Sun than
for the facular-dominated Sun (for comparison purposes, see
“faculae-dominated” and “spot-dominated” parts of the black
curve in Fig. 3). This is because the spot component of the vari-
ability increases faster with activity than the facular component.
Interestingly, the amplitude of the variability of the 600 Myr Sun
reaches 1%, that is, it is one order of magnitude larger than the
variability of the present Sun.

4.2. Variability in spectral bands

Figure 4 illustrates the behavior of solar irradiance variabil-
ity in five spectral bands that are important for the present-
day photochemistry in the Earth’s atmosphere (Ermolli et al.
2013): 160–210 nm, 210–400 nm, 400–700 nm, 700–1000 nm,
and 1000–2430 nm. We note that the ATLAS9 code used for
calculating spectra of the quiet Sun and magnetic features (see
Sect. 3.2) operates under the assumption of the local thermody-
namic equilibrium, which fails in the UV spectral range. Conse-
quently, the amplitude of the solar irradiance variability below

Fig. 4. Same as Fig. 3, but for the variability in 160–210 nm (a), 210–
400 nm (b), 400–700 nm (c), 700–1000 nm (d), and 1000–2430 nm (e)
spectral domains. The spot- and faculae-dominated parts of the black
curve are designed by the “−” and “+” sign, respectively.

180 nm was corrected by Yeo et al. (2014) using the irradi-
ance measurements by the SORCE/SOLSTICE instrument. The
absence of such a correction in our calculations might affect the
results for the 160–210 nm band (see Tagirov et al. 2019 for a
detailed discussion of the effects caused by the deviations from
the LTE).

Similar to the TSI behavior, the variability in spectral bands
shows nonmonotonous dependence on the solar age. The activ-
ity level and solar age, corresponding to the transition from spots
to faculae domination, depend on the relative contrasts of spots
and faculae and, hence, on the wavelength. Faculae are espe-
cially bright in the UV. Therefore, the facular component gets
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Fig. 5. Amplitude of the solar cycle in irradiance variations as a function of wavelength in the 168–210 nm (panel a), 210–400 nm (panel b),
400–700 nm (panel c), and 700–2430 nm (panel d) spectral bands. The amplitudes for the solar age of 1 Gyr (black), 2 Gyr (orange), 2.8 Gyr (red),
and 4.6 Gyr (green) are shown. The horizontal black line shows the Sun at the zero level of the variability.

stronger in the 210–400 nm and 160–210 nm bands and the tran-
sition from spot- to faculae-dominated regimes happens at higher
activity, that is, for a younger Sun (compare different panels in
Fig. 4).

Interestingly, the amplitude of the 160–210 nm flux variabil-
ity shows a rather weak dependence on age down to the solar
age of about 600 Myr (see Fig. 4a). This is because variabil-
ity is mainly brought about by faculae after 2 Gyr and thus it
scales almost linearly with the S-index, which only increases by
21% down to 2 Gyr relative to the present-day value. Interest-
ingly, the spot component, which starts to contribute roughly at
2 Gyr, further slows the growth of the variability. For example,
the 1 Gyr old Sun was only 30% more variable in this domain
than the present-day Sun. We note that the change of the vari-
ability in TSI and other spectral bands shown in Fig. 4 over the
last 4 Gyr has been significantly higher than when in the 160–
210 nm band. This is due to the compensation effect between
spot and facular contributions to the variability. In other words,
even a small change of facular and spot contributions in these
passbands leads to a substantial change in the difference between
them (see Figs. 3 and 4). For example, the variability in the 210–
400 nm spectral band at 1.5 Gyr was about five times higher than
for the present Sun, which has yet to be compared with a 14%
increase in the 160–210 nm band.

4.3. Variability at high spectral resolution

In Sect. 4.1, we have looked at the amplitude of the variabil-
ity in several spectral bands as a function of solar age. In this

section we present the amplitude of the variability as a func-
tion of wavelength for selected solar ages. Figure 5 shows cal-
culations for the 1 Gyr, 2 Gyr, 2.8 Gyr, and 4.6 Gyr Sun (i.e.,
present Sun). The spectral dependences have a rather rich pro-
file due to the effect of Fraunhofer lines (see Unruh et al. 1999;
Shapiro et al. 2015).

One can see that the amplitude of the cyclic variability does
not show a strong dependence on the solar age in the 168–210 nm
spectral domain (see Fig. 5a). This is because the variability in
this spectral domain is dominated by the faculae component and
scales linearly with the solar S-index (see discussion in Sect. 3.2
and Fig. 4a). Interestingly, the behavior of the variability in the
pronounced peaks in Fig. 5b is similar to that of the variabil-
ity in the 168–210 nm spectral domain. The increase of the vari-
ability indicated by these peaks is caused by strong spectral
lines, which amplify the facular contrast (Shapiro et al. 2015).
Consequently, the variability in the wavelengths correspond-
ing to these peaks is dominated by faculae and its amplitude
monotonously increases with the decrease of the solar age. It is
important to note there is opposite behavior from the variabil-
ity outside of the spectral range of the peaks. We note, however,
that the spectra from Unruh et al. (1999), which we utilized in
our calculations, were computed while ignoring chromospheric
contribution and non-LTE effects. Both of these shortcomings
are expected to affect the amplitude of the variability in strong
spectral lines (see, e.g., discussion in Tagirov et al. 2019) and
addressing them is outside of the scope of the present study.

The spot component of the variability starts to play an impor-
tant role longwards of the Mg II doublet at 280 nm. In particular,
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variability of the 1 Gyr Sun is spot-dominated there, that is, the
amplitude of the relative variability is negative (see Figs. 5b–d).
As the Sun ages, both spot and facular components of the vari-
ability decrease, but the spot component decreases faster. As a
result, spot and facular components almost cancel each other out
between 280 nm and 380 nm for the 2 Gyr Sun. The variability in
this spectral domain becomes faculae-dominated for the 2.8 Gyr
and 4.6 Gyr Sun. Interestingly, even though the amplitude of
both facular and spot components decrease with solar age, the
total variability, which is given by the difference between facu-
lar and spot components, increases. This is the same effect which
causes the increase in variability after the transition from spot-
to faculae-dominated regimes as discussed in Sects. 4.1 and 4.2
(see also Figs. 3 and 4). Figures 5c,d show that while the
variability of the present Sun is faculae-dominated up to about
1200 nm, the variability of the 2.8 Gyr Sun becomes spot-
dominated longwards of the strong peak at 430 nm, which is
caused by the CH G-band.

5. Summary

We have employed the SATIRE approach to investigate how the
amplitude of solar irradiance variability on the timescale of the
activity cycle might have changed with the solar age. We mod-
eled the contributions from spots and faculae separately and we
find that both of them monotonically decrease with age.

The key ingredient of our model is the observed dependence
of the ratio between spot and facular coverages on solar activity
level. It causes the difference in the pattern of the spot and fac-
ular increase with solar age, which results in a nonmonotonous
dependence of the solar irradiance variability on the age. The
amplitude of the cyclic TSI variability decreased until the solar
age of 2.8 Gyr. The amplitude was weakest at around 2.8 Gyr.
Then it started to increase, but the amplitudes of the present-
day Sun are still about ten times smaller than the value for the
600 Myr old Sun.

During the period of the weakest amplitude at 2.8 Gyr, the
faculae-dominated change of the UV irradiance was almost fully
compensated by the spot-dominated change of the irradiance in
visible and infrared spectral domains. The faculae-dominated
change is in-phase with solar activity, while the spot-dominated
change is out-of-phase.

We calculated the variability in TSI and in several spectral
domains: 160–210, 210–400, 400–700, 700–1000, and 1000–
2430 nm. Our computations show that the age at which a tran-
sition between the spot and facular domination happens depends
on the wavelength. This is because the contrast of magnetic fea-
tures depends on the wavelength. We have also obtained the
wavelength dependences of the variability for solar ages of 1,
2, 2.8, and 4.6 Gyr.

A stronger cyclic variability of solar brightness could lead
to a stronger response of planetary atmospheres. Hence, our
calculations might be of interest for the paleoclimate research
and for studying the historical conditions of the atmospheres of
other planets in the Solar System. The interest in such studies is
being raised by the advent of new data, for instance, the main
goal of the MAVEN mission (Jakosky et al. 2015), which was
launched in 2013, is to understand the Martian environment in
the past.
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Appendix A: Uncertainty of the irradiance
variability

Fig. A.1. Same as Fig. 3, but without spot and facular components of
the TSI variability. The calculations with α = 0 (original Aspots cover-
ages given by Eq. (8), black) as well as α = 0.5 (increased spot cover-
ages, dotted red) and α = −0.5 (decreased spot coverages, solid red) are
shown.

The reconstruction of the irradiance variability presented in this
study is based on the dependences of solar disk-area coverages
by magnetic features on the chromospheric activity (see Eqs. (8)

and (9)). We have taken these dependences from Shapiro et al.
(2014) who first established them by using the observed solar
coverages of magnetic features and chromospheric activity and
then extrapolated the solar relationships to more active stars. The
uncertainty of such an extrapolation is the main source of the
uncertainty of our result.

Shapiro et al. (2014) employed several modified relation-
ships of spot area coverages on the chromospheric activity to
estimate the uncertainty of their results (see the detailed dis-
cussion in their Appendix A). Here, we follow up on such an
approach and consider following modified dependences:

Amod
spots(S ) = Aspots(S ) ×

(
1 + α

S − S p
mean

S max − S p
mean

)
· (A.1)

Here, Amod
spots(S ) is the modified disk-area coverage of spots,

Aspots(S ) is the coverage obtained from Eq. (8), and S p
mean is the

mean value of the solar S-index over the solar activity cycle 23.
Equation (A.1) implies that spot coverages obtained with Eq. (8)
are scaled with a factor 1+α for stars with S-index value of S max.
As in Shapiro et al. (2014), we adopt S max = 0.5 and recalcu-
lated the cyclic TSI variability with α = ±0.5 (see Fig. A.1). The
green curves in Fig. A.1 encompass the dependence shown in
Fig. 3 and indicate the range corresponding to the uncertainty of
the calculated amplitude of cyclic TSI variability.
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