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Figure 10
Various total solar irradiance (TSI) reconstructions since 1600 identified in the plot. The dark blue vertical
bar shows the possible range of the TSI change following Schrijver et al. (2011; no reconstruction available).
Other vertical bars denote uncertainties of the models, plotted in same colors. Note that the uncertainty in
the Shapiro et al. (2011) model, ±3 W m−2, extends downward outside the plot, and the blue horizontal bar
and arrow mark the reduced value of this model as argued by Judge et al. (2012). The black dotted line shows
the TSI value representing solar minimum conditions following Solar Radiation and Climate Experiment
(SORCE)/Total Irradiance Monitor (TIM) measurements.

The first estimates of the change in TSI since the Maunder minimum, mainly derived from
solar-stellar comparisons, ranged from 2 to 16 W m−2 (Lean, Skumanich & White 1992; Mendoza
1997; Zhang et al. 1994). They were indirect and based on a number of assumptions that were
later found to be spurious (e.g., Hall et al. 2009, Hall & Lockwood 2004, Wright 2004). Judge
et al. (2012) argue that current stellar data do not yet allow an assessment of the secular change in
the solar brightness, and longer stellar observations are required.

Various empirical reconstructions produced in the 2000s give values between 1.5 and 2.1 W m−2

(e.g., Foster 2004, Lockwood 2005, Mordvinov et al. 2004). Lockwood & Stamper (1999) were
the first to apply a linear relationship between the open magnetic flux and the TSI derived from
the data obtained over the satellite period. Later, such a linear relationship was also employed by
Steinhilber, Beer & Fröhlich (2009) to reconstruct TSI from the 10Be data. This reconstruction
covers the whole Holocene and is discussed in Section 3.3, where we also consider the validity
of the linear relationship. Their reconstruction for the period after 1610 is shown in Figure 10
together with a number of other recent reconstructions. The derived TSI increase since 1710 is
0.9 ± 0.4 W m−2. Note that due to the uncertainties in the TSI levels during the last three activity
minima (see Sections 2.1 and 2.3) used to construct the linear relationship, the uncertainty of this
model is also relatively high.

Models that are more physics-based were employed by Wang, Lean & Sheeley (2005), Krivova,
Balmaceda & Solanki (2007) and Krivova, Vieira & Solanki (2010). Wang, Lean & Sheeley (2005)
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from Solanki et al. (2013)

TSI variability over centuries

Egorova et al. 

2017

Solar surface magnetism = local dynamo + global dynamo

Shapiro et al. (2011): 6 W/m2 

Egorova et al. (2017):  4 W/m2 and 6 W/m2

1D semi-empirical models

Yeo et al., submitted: 2.1 ± 0.7 W/m2 

3D MHD simulations

Talk of Matthias 
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Observations of solar-like stars



Gaia: brightness and distancesKepler: variability

2898 stars with 5500 K<Teff<6000 K 369 stars with 20 d<Prot< 30 d 
(periodic stars)

LAMOST: better constraints on the 
fundamental parameters + some 
information about Ca II index

Sample of solar-like stars

Reinhold et al., 2020



10x

pretty	chaotic quite	regular

Solar-like stars with non-solar variability



Variability vs. stellar fundamental parameters

Temperature

Rotation period

Metallicity

Reinhold et al., 2020



2898 stars with near-solar
fundamental parameters

369 stars with near-solar
fundamental parameters and 
rotation periods

Distribution of stellar variabilities
Subtle, yet unidentified, differences between the periodic stars on the one hand and non-periodic 
stars (like the Sun) on the other

Solar-like stars allow us to see the entire distribution of possible activity values the Sun  and stars 
with near solar fundamental parameters and rotational periods can achieve. 

11% 4%
Reinhold et al., 2020



Shapiro et al. 2020
Amazo-Gomez et al., 2020

Novel method for the detection of stellar rotation periods



Ribas	2010

Lorenzo-Oliveira	et	al.,	2018

Evolutionary timescales

SATIRE-based model 
(Shapiro et al. 2014)

Spot coverages ~S2


Facular coverages ~S
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Shapiro	Anna,	2020,	submitted

Amplitude of the TSI variability back in time

Lockwood et al. (2007)



Shapiro	Anna,	2020,	submitted
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Spectral variability back in time

Shapiro	Anna,	2020,	submitted
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