
The Sun can also smile :)) 



Modeling of the solar spectrum and its variability



Outline

• Formation of the solar spectrum

• rotation cycle

• activity cycle

• secular time-scale



Outline

• Formation of the solar spectrum

• rotation cycle

• activity cycle

• secular time-scale



Radiative Transfer Codes

Non-local thermodynamic equilibrium 

Millions of atomic and molecular transitions

Calculations of the solar spectrum



Non Local Thermodynamic Equilibrium (NLTE)

T

Maxwell-Boltzmann 
distribution

Saha ionization 
equation

Source function obeys 
the Planck’s law

hνC



Non Local Thermodynamic Equilibrium (NLTE)

T

Maxwell-Boltzmann 
distribution

Saha ionization 
equation

Source function obeys 
the Planck’s law

hνChν



Non Local Thermodynamic Equilibrium (NLTE)

T

Maxwell-Boltzmann 
distribution

Saha ionization 
equation

Source function obeys 
the Planck’s law

hνChν



Non Local Thermodynamic Equilibrium (NLTE)

T

Maxwell-Boltzmann 
distribution

hνChν

Statistical 
Equilibrium 
Equations



MULTI   Carlsson (1986)

RH   Uitenbroek (2001)

COSI   Haberreiter et al. (2008); Shapiro et al. (2010)

ATLAS  Kurucz (1991); Unruh et al. (1999)       SATIRE

SRPM  Fontenla et al. (1999, 2005, 2009, 2011)

PHOENIX  Hauschildt and Baron (1999)

Radiative transfer codes

POLY   Fluri&Stenflo (2003); Shapiro et al. (2011)



A&A 536, A47 (2011)

excluding all measurements outside of a range of heliocentric
angles 0.07 < µ < 0.13. As described in Paper I, µ is accurately
determined through a calibration using the amplitude of a mag-
netically less sensitive C2 line.

The use of radiative transfer allows us to include the pre-
viously neglected influence of collisions and the depolarization
of the continuum and to investigate their e!ects on amplitude ra-
tios. Earlier modeling of various spectral lines (e.g., Faurobert &
Arnaud 2003; Trujillo Bueno et al. 2006) have resulted in di!er-
ent magnetic field strengths, ranging from a few Gauss to hun-
dreds of Gauss for the turbulent magnetic field. While we were
able to exclude the presence of stronger fields (above 80 G) for
the C2 lines with the simple line-ratio model and set a lower limit
of 4.7 G, our goal is to obtain a more accurate field strength when
taking into account more radiative transfer e!ects.

We explain the model in Sect. 2 and carry out a parame-
ter study in Sect. 3. The data are compared with the model in
Sect. 4. The average magnetic field strength calculated from the
78 measurements obtained during the solar minimum is found to
be 7.41 G with a standard deviation of 0.76 G.

2. Radiative transfer model

2.1. Basic assumptions

In Paper I we employed a simple model expressing the C2 po-
larization amplitudes via a number of line parameters, including
the intrinsic line polarizability W2 and the depolarization fac-
tors due to the Hanle e!ect WH and collisions Wc (Berdyugina
& Fluri 2004). This model was further simplified by assuming
that Wc = 1 for all C2 lines. We found however that this model
cannot produce a su"ciently good fit to our current data sets for
the R- and P-triplets with very di!erent total angular momen-
tum numbers. To investigate the possibility to fit both triplets
simultaneously, we now apply a more consistent approach us-
ing radiative transfer, similar to the one employed by Holzreuter
et al. (2005) and Shapiro et al. (2011a) who applied it to the first
and second solar spectrum in strong chromospheric lines and the
CN violet system, respectively. While a detailed description of
the code can be found in those papers, we will emphasize the
di!erences and required changes for our modeling.

The scattering process is a radiative excitation followed by
an emission of a photon. Each photon can be produced through
di!erent excitation processes. For each C2 line, we take into
account nine radiative excitation processes as shown in Fig. 1,
each corresponding to absorption. Transitions with the same ini-
tial and final states are called Rayleigh scattering, the others are
Raman scattering. In principle, all these transitions have to be
calculated and treated separately and the line source function has
contributions from all of them. Also, contributions from other
vibrational states should be included, but we verified them to be
negligible. In addition to the scattering processes, thermal ab-
sorption and emission take place as well.

Thus, the line source function consists of two terms: scat-
tering and thermal part. For the ith line it is Si

l ! Si
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within the CRD approximation it can be written as
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Fig. 1. Diagram showing the nine considered transitions for the R2(13)
line. The diagrams for all other C2 lines are similar. The energy di!er-
ences of the levels are not to scale. Primed ($) variables correspond to
upper levels and double-primed ($$) variables to lower levels. Dotted
lines represent Q-branch transitions, which are significantly weaker
than the other transitions. Transitions from satellite branches are not
shown because they are even weaker than the Q-branch.

incoming frequencies of the photons. Each of the integrals in
Eq. (1) corresponds to one excitation possibility with the in-
dex j denoting the set of quantum numbers of the initial level.
There are nine integrals for each C2 line. The term with i = j
is Rayleigh scattering and terms with i ! j describe Raman
scattering. P is the phase matrix describing the scattering pro-
cess, I is the Stokes vector and # j is the line profile. The val-
ues for the intrinsic line polarizabilities Wi, j

2 were calculated
from formulas (15)–(17) in Berdyugina et al. (2002). The vec-
tor Bth = (B", 0) is the thermal source term, which is given by
the Planck function. The parameters #i, j

sc and #i
th (which are depth

dependent) define the branching between scattering and thermal
parts of the source function, as follows

#i
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, (2)

where I j
sc is the intensity part of the jth scattering integral, $C

is the total collisional exciting rate, $ j
R is the radiative exciting

rate from the lower level j. The total collisional rate is defined as
the sum of rates of all possible collisional excitation processes.
The coe"cients %th and % j

sc define the parts of the thermal and
scattered photons

% j
sc =

$ j
R%

j
$ j

R + $C

(3)

and %th = 1#%
j %

j
sc. To simplify the calculations, we substituted

the total exciting collision rates by the total decay rates. Both
rates are equal in LTE, and we have verified that they are so close
to each other in our case that no significant error is introduced.

The considered C2 lines are optically thin in the solar atmo-
sphere. Using the second solar spectrum atlas (Gandorfer 2000)
we verified that none of the absorption lines, which excite the
upper level of our lines of interest, are blended with other strong
lines (I/Ic is always larger than 0.85). Hence, the values of the
scattering integrals in Eq. (1) di!er only by the intrinsic polari-
zability factors W2 and Einstein coe"cients, which both depend
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Fig. 2.— Two-dimensional histogram of temperature values in MHD30G as function of geometric
height z. The run of the geometrically averaged temperature is plotted with the solid curve.

To test the premise of how well an equal optical depth averaged model can reproduce the
average spectrum of an inhomogeneous atmosphere and its CLV we constructed a one-dimension-
al model atmosphere from the MHD30G snapshot by computing the opacities at 500 nm in each
of its columns and reinterpolating all atmospheric properties to a common optical depth scale at
that wavelength (e.g., Kiselman & Nordlund 1995; Ayres et al. 2006; Koesterke et al. 2008). We
average temperature in two different ways, by averaging T and by averaging T 4 (!T " =

!

T 4
"1/4),

as advocated by Steffen et al. (1995) to better preserve radiative flux. We refer to these models as
1DTAU, and 1DT4 hereafter. Steffen et al. (1995) determined that averaging the fourth power of
temperature to derive the average temperature provided the best way of reproducing the average
spectrum of an inhomogeneous convectivemodel of a white dwarf atmosphere. Figure 3 shows that
the differences in stratification between these two prescriptions of averaging temperature are sub-
tle, as also found by Steffen et al. (1995) in their white dwarf modeling, and Steffen & Holweger
(2002) in two-dimensional solar convection modeling (their figure 3). A fourth one-dimensional
model, named 1DHSE, was constructed by taking model 1DTAU and applying hydrostatic equilib-
rium, so that the vertical force balance in the model is self consistent. This change of models was
accomplished while keeping the relation between temperature and column mass scale fixed, which
preserves the total mass in the model, but does not preserve the T–τ500 relation of the 1DTAU
model. Another option would have been to transition from one model to the other while keeping
the optical depth scale at a given wavelength (possibly 500 nm) fixed, but we opted for the for-
mer option because it is commonly used in semi-empirical modeling, and would be the solution
favored by a hydrodynamic code programmed to find a static solution. The latter option, by the
choice of the reference wavelength, introduces even more arbitrariness into the process of defining
one-dimensional models than is already the case with the choice of the wavelength at which equal

from Uitenbroek (2011)
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H. Socas-Navarro: An empirical 3D model of the solar photosphere

Fig. 4. Horizontal (in the !5000 depth scale) cuts of several interesting physical parameters in the multi-cube resulting from the inversion, including
the NLTE correction. The left column shows the temperature in kK at three di!erent heights. The top row also shows the line-of-sight magnetic
flux density (middle panel) in G and the transverse (on the plane of the sky) magnetic flux density (right panel) at the base of the photosphere.
The middle row shows the variation in the flux density from log(!5000) = 0 to log(!5000) = !1 (middle panel: line-of-sight component; right panel:
transverse component). The bottom row shows the variation in the temperature in kK (middle panel) and the line-of-sight velocity in km s!1 (right
panel) from log(!5000) = 0 to log(!5000) = !1 inside the magnetic atmosphere.

Holweger & Mueller (1974, 6530 K), Vernazza et al. (1981,
6424 K), and Fontenla et al. (1993, 6520 K).

5.1. Sensitivity range

Semi-empirical models derived from inversion of spectroscopic
data, such as this one, are reliable only in the atmospheric region
where the spectral lines exhibit some sensitivity to the physi-
cal parameters. A suitable way to explore this range is by using
the so-called response functions (e.g., Ruiz Cobo & del Toro
Iniesta 1994). Mathematically speaking, the response function
of a given Stokes parameter at a given wavelength I(") to per-
turbations in a given physical parameter at a given height in the

atmosphere T (!) is expressed as

R(", !) =
dI(")
dT (!)

· (1)

Here we use the same nomenclature to refer to the discrete
form (replacing the derivative with a ratio of finite di!erences)
of Eq. (1), which is very convenient in practical terms for our
study, albeit not entirely equivalent from the mathematical point
of view. The most straightforward way to compute a response
function is by “brute force” from its definition, meaning the fol-
lowing. We start with a reference atmosphere from which the
emerging spectrum is known and then perturb this atmosphere,
one point at a time. After each perturbation we recompute the
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Figure 1. Surface of optical depth unity at 500 nm in snapshot MHD30G.

spectrum necessarily has a different thermal stratification and,
therefore, is bound to fail in the reproduction of other parts of the
spectrum.

In Section 2, we describe and discuss the employed model
atmospheres and spectral synthesis. Resulting spectra are com-
pared in Section 3, and discussion and conclusions are given in
Section 4.

2. MODEL ATMOSPHERES AND TREATMENT OF
RADIATIVE TRANSFER

2.1. Three-dimensional Model

The basis of the various solar atmospheric models that
we have constructed is a three-dimensional snapshot from an
MHD simulation of solar granulation as described by Stein
& Nordlund (1998). The original simulation snapshot was
interpolated in the vertical dimension to better represent the
surface layers and omit the deeper layers at large optical
depths (below z = 350 km) that are irrelevant for the present
investigation. The interpolated cube measures 253 ! 253 !
64 grid points and has a spacing of 23.7 km in the two
horizontal dimensions and 13.9 km in the vertical direction.
Even though the employed snapshot was part of a simulation
with a non-zero magnetic field, the average field in the vertical
direction being 30 G, we do not take this field into account

in the line transfer calculations, i.e., we neglect the Zeeman
effect, because we are mainly interested in investigating the
possibility and implications of representing a structured three-
dimensional model with a one-dimensional average atmosphere
by comparing the emergent spectra among each other, and do
not compare calculated spectra with observations. Hereafter we
will refer to the three-dimensional snapshot as MHD30G.

The influence of inhomogeneities is illustrated in Figure 1,
which shows the surface of optical depth unity at 500 nm in the
vertical direction in MHD30G. It is clear that surfaces of equal
optical depth are highly corrugated, which causes information
that is encoded in the spectrum at a given wavelength to come
from very different geometrical heights as a function of position
on the surface. The corrugation is the result of the strong
temperature sensitivity of the H" opacity, which is by far
the most dominant absorber and emitter in the photospheric
continuum. If, at a given optical depth the temperature is
increased slightly, more free electrons from the ionization of
metals are produced, the H" opacity increases, and an outward
shift of the optical depth scale takes place, causing the original
optical depth to occur at greater geometric height and lower
temperature (since temperature decreases with height in the
photosphere). This sensitivity causes the contours of equal
optical depth to follow more or less the contours of equal
temperature (Stein & Nordlund 1998). Hence, temperature
fluctuations along surfaces of equal optical depth are relatively
small, much smaller in magnitude than along surfaces of equal
geometrical height, reducing the spatial contrast in the emergent
radiation, compared to what would be expected from the contrast
of temperature in surfaces of equal geometrical height.

2.2. Derived One-dimensional Models

We derived four different one-dimensional averaged atmo-
spheres from model MHD30G. The first model, 1DZ, is derived
by averaging all thermodynamical quantities over horizontal
planes. The temperature stratification of this average model
is shown in Figure 2 (solid curve), together with the two-
dimensional histogram of temperatures in MHD30G. The figure
clearly shows the large spread in temperature at any given height,
in particular in the range at or below z = 0. Unfortunately, there
is no straightforward way of incorporating the convective mo-
tions present in the three-dimensional snapshot realistically into
one-dimensional averaged models. In particular, the horizontal
velocity field (vx, vy) cannot be directly represented. Even the

Figure 2. Two-dimensional histogram of temperature values in MHD30G as a function of geometric height z. The run of the geometrically averaged temperature is
plotted with the solid curve.
(A color version of this figure is available in the online journal.)

3

from Uitenbroek&Criscuoli (2011) 



Do we need something better than this? 3D MHD

– 8 –

Fig. 2.— Two-dimensional histogram of temperature values in MHD30G as function of geometric
height z. The run of the geometrically averaged temperature is plotted with the solid curve.

To test the premise of how well an equal optical depth averaged model can reproduce the
average spectrum of an inhomogeneous atmosphere and its CLV we constructed a one-dimension-
al model atmosphere from the MHD30G snapshot by computing the opacities at 500 nm in each
of its columns and reinterpolating all atmospheric properties to a common optical depth scale at
that wavelength (e.g., Kiselman & Nordlund 1995; Ayres et al. 2006; Koesterke et al. 2008). We
average temperature in two different ways, by averaging T and by averaging T 4 (!T " =

!

T 4
"1/4),

as advocated by Steffen et al. (1995) to better preserve radiative flux. We refer to these models as
1DTAU, and 1DT4 hereafter. Steffen et al. (1995) determined that averaging the fourth power of
temperature to derive the average temperature provided the best way of reproducing the average
spectrum of an inhomogeneous convectivemodel of a white dwarf atmosphere. Figure 3 shows that
the differences in stratification between these two prescriptions of averaging temperature are sub-
tle, as also found by Steffen et al. (1995) in their white dwarf modeling, and Steffen & Holweger
(2002) in two-dimensional solar convection modeling (their figure 3). A fourth one-dimensional
model, named 1DHSE, was constructed by taking model 1DTAU and applying hydrostatic equilib-
rium, so that the vertical force balance in the model is self consistent. This change of models was
accomplished while keeping the relation between temperature and column mass scale fixed, which
preserves the total mass in the model, but does not preserve the T–τ500 relation of the 1DTAU
model. Another option would have been to transition from one model to the other while keeping
the optical depth scale at a given wavelength (possibly 500 nm) fixed, but we opted for the for-
mer option because it is commonly used in semi-empirical modeling, and would be the solution
favored by a hydrodynamic code programmed to find a static solution. The latter option, by the
choice of the reference wavelength, introduces even more arbitrariness into the process of defining
one-dimensional models than is already the case with the choice of the wavelength at which equal
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H. Socas-Navarro: An empirical 3D model of the solar photosphere

Fig. 4. Horizontal (in the !5000 depth scale) cuts of several interesting physical parameters in the multi-cube resulting from the inversion, including
the NLTE correction. The left column shows the temperature in kK at three di!erent heights. The top row also shows the line-of-sight magnetic
flux density (middle panel) in G and the transverse (on the plane of the sky) magnetic flux density (right panel) at the base of the photosphere.
The middle row shows the variation in the flux density from log(!5000) = 0 to log(!5000) = !1 (middle panel: line-of-sight component; right panel:
transverse component). The bottom row shows the variation in the temperature in kK (middle panel) and the line-of-sight velocity in km s!1 (right
panel) from log(!5000) = 0 to log(!5000) = !1 inside the magnetic atmosphere.

Holweger & Mueller (1974, 6530 K), Vernazza et al. (1981,
6424 K), and Fontenla et al. (1993, 6520 K).

5.1. Sensitivity range

Semi-empirical models derived from inversion of spectroscopic
data, such as this one, are reliable only in the atmospheric region
where the spectral lines exhibit some sensitivity to the physi-
cal parameters. A suitable way to explore this range is by using
the so-called response functions (e.g., Ruiz Cobo & del Toro
Iniesta 1994). Mathematically speaking, the response function
of a given Stokes parameter at a given wavelength I(") to per-
turbations in a given physical parameter at a given height in the

atmosphere T (!) is expressed as

R(", !) =
dI(")
dT (!)

· (1)

Here we use the same nomenclature to refer to the discrete
form (replacing the derivative with a ratio of finite di!erences)
of Eq. (1), which is very convenient in practical terms for our
study, albeit not entirely equivalent from the mathematical point
of view. The most straightforward way to compute a response
function is by “brute force” from its definition, meaning the fol-
lowing. We start with a reference atmosphere from which the
emerging spectrum is known and then perturb this atmosphere,
one point at a time. After each perturbation we recompute the
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Fig. 2.— Two-dimensional histogram of temperature values in MHD30G as function of geometric
height z. The run of the geometrically averaged temperature is plotted with the solid curve.

To test the premise of how well an equal optical depth averaged model can reproduce the
average spectrum of an inhomogeneous atmosphere and its CLV we constructed a one-dimension-
al model atmosphere from the MHD30G snapshot by computing the opacities at 500 nm in each
of its columns and reinterpolating all atmospheric properties to a common optical depth scale at
that wavelength (e.g., Kiselman & Nordlund 1995; Ayres et al. 2006; Koesterke et al. 2008). We
average temperature in two different ways, by averaging T and by averaging T 4 (!T " =
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T 4
"1/4),

as advocated by Steffen et al. (1995) to better preserve radiative flux. We refer to these models as
1DTAU, and 1DT4 hereafter. Steffen et al. (1995) determined that averaging the fourth power of
temperature to derive the average temperature provided the best way of reproducing the average
spectrum of an inhomogeneous convectivemodel of a white dwarf atmosphere. Figure 3 shows that
the differences in stratification between these two prescriptions of averaging temperature are sub-
tle, as also found by Steffen et al. (1995) in their white dwarf modeling, and Steffen & Holweger
(2002) in two-dimensional solar convection modeling (their figure 3). A fourth one-dimensional
model, named 1DHSE, was constructed by taking model 1DTAU and applying hydrostatic equilib-
rium, so that the vertical force balance in the model is self consistent. This change of models was
accomplished while keeping the relation between temperature and column mass scale fixed, which
preserves the total mass in the model, but does not preserve the T–τ500 relation of the 1DTAU
model. Another option would have been to transition from one model to the other while keeping
the optical depth scale at a given wavelength (possibly 500 nm) fixed, but we opted for the for-
mer option because it is commonly used in semi-empirical modeling, and would be the solution
favored by a hydrodynamic code programmed to find a static solution. The latter option, by the
choice of the reference wavelength, introduces even more arbitrariness into the process of defining
one-dimensional models than is already the case with the choice of the wavelength at which equal
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Main assumption. Variations in the solar irradiance are directly
related to the evolution of surface magnetic flux

Shapiro et al.

5 10 15 20 25
Time in days since midnight of January 1, 2010

0.00

0.02

0.04

0.06

0.08

F
il

li
n
g
 F

ac
to

r,
 %

umbra
penumbra(b)

5 10 15 20 25

0.0

0.2

0.4

0.6

0.8

F
il

li
n
g
 F

ac
to

r,
 %

bright plage
plage(a)

Figure 8. Filling factors of the plage and bright plage (a), and penumbra and umbra (b) as
a function of time. The filling factors are extracted from PSPT images.

strong decrease of the irradiance, which can therefore be just an artifact caused
by noise. To take this into account we produced two di↵erent datasets of the
LYRA data. Both of them are presented in Fig. 9. LYRA version 1 dataset
was produced taking all data into account, while LYRA version 2 dataset was
produced excluding two aforementioned intervals from the analysis and assuming
that the solar irradiance did not change during these intervals. The di↵erence
between these datasets indicates the accuracy of our analysis.

3. Modeling with COSI

In this section we calculate the synthetic profile of the spectral solar irradiance
variability for the period analyzed in Sect. 2. We follow a well-developed ap-
proach (see e.g. Foukal and Lean, 1988, Fligge, Solanki, and Unruh, 2000, Krivova
and Solanki, 2008, Domingo et al., 2009) and calculate the time-dependent solar
spectrum as a sum of the spectra from the quiet Sun and di↵erent active features.
We employ a 4-component model which treats separately contributions from the
quiet Sun, sunspots, active network and plage areas. According to this model
the solar spectrum I(�, t) can be written as

I(�, t) =
X

k

(↵QS(µk, t)IQS(�, µk) + ↵S(µk, t)IS(�, µk)+

+ ↵AN(µk, t)IAN(�, µk) + ↵P(µk, t)IP(�, µk)) , (1)
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strong decrease of the irradiance, which can therefore be just an artifact caused
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that the solar irradiance did not change during these intervals. The di↵erence
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Fig. 5. Variability of total solar irradiance as measured by VIRGO
during its first two years of operation. We reconstruct solar irradiance
variations over the periods marked by the solid, thick lines.

5. Results

In the following, we present reconstructions of solar total and
spectral irradiance variations over the two intervals 15 August
1996 – 15 September 1996 and 6 November 1996 – 6. January
1997. We compare them to VIRGO measurements of the total
and the spectral irradiance at 402 nm (blue), 500 nm (green) and
862 nm (red), respectively. Fig. 5 shows the complete record of
total solar irradiance variations measured during the first two
years of operation (dotted line). The two periods under consid-
eration are marked by the thick, solid line.

The magnetograms (averaged over 5 minutes and recorded
every 96 minutes in the standard observing mode of MDI) are
processed according to the schemeoutlined inSect. 2. Following
Eqs. (1) and (4) model solar irradiance variations are calculated.
We use exactly the same model configuration, i.e. atmospheric
models and free parameters !1, !2 and !̃3 for both time inter-
vals.

5.1. August – September 1996

We first discuss the results of our calculations for the time be-
tween 15 August and 15 September 1996, i.e. days 228 to 259
of 1996. At this time the Sun was still very close to activity
minimum, making it particularly suitable for a detailed study
of the influence of single active regions on irradiance variations
unhampered by the presence of other active regions. During
this period a faculae-dominated active region harboring a small
sunspot crossed the solar disk (see Fig. 2). The reconstructed
(solid curve) and measured (dashed curve) irradiance variations
are presented inFig. 6. The four panels show, from top to bottom,
a) total irradiance variations and spectral irradiance variations
in the b) blue, c) green and d) red color channels, respectively.

The model reconstructs the observed irradiance variations
relatively well. The measurements exhibit a clear spectral de-
pendence of the contrast showing largest RMS (root-mean-
square) variations in the blue channel and decreasing variability
for the longer wavelength bands, which are well reproduced by

Fig. 6.Measured (dashed) and modelled (solid) solar total and spectral
irradiance variations for the time between 15 August (day 228) and
11 September 1996 (day 255). The panels correspond to (from top to
bottom) a) the total irradiance, and to the spectral irradiance variations
measured in the b) blue, c) green and d) red color channels of VIRGO.
Our model is able to reconstruct irradiance variations on time-scales of
the solar rotation and clearly can reproduce the double-peaked structure
originating from the CLV of facular brightening. However, significant
deviations from the measurements remain unexplained. For compari-
son, the dotted curve shows the reconstruction due to Paper I, which
neglected the CLV of the facular contrast.

our reconstructions. Also, the calculated RMS variations of the
total irradiance are in good agreement with the measurements.

The limb brightening of faculae causes the double-peaked
shapeof the irradiance (seen in all channels).Near the solar limb,
irradiance is increased due to the enhanced facular brightness
(days 237 to 240). When the active region approaches disk cen-
ter (days 240 to 243) the solar irradiance starts to decrease due
to the vanishing facular contrast. This is further enhanced by the
increasing influence of the spot. Then, as the regionmoves to the
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strong decrease of the irradiance, which can therefore be just an artifact caused
by noise. To take this into account we produced two di↵erent datasets of the
LYRA data. Both of them are presented in Fig. 9. LYRA version 1 dataset
was produced taking all data into account, while LYRA version 2 dataset was
produced excluding two aforementioned intervals from the analysis and assuming
that the solar irradiance did not change during these intervals. The di↵erence
between these datasets indicates the accuracy of our analysis.
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In this section we calculate the synthetic profile of the spectral solar irradiance
variability for the period analyzed in Sect. 2. We follow a well-developed ap-
proach (see e.g. Foukal and Lean, 1988, Fligge, Solanki, and Unruh, 2000, Krivova
and Solanki, 2008, Domingo et al., 2009) and calculate the time-dependent solar
spectrum as a sum of the spectra from the quiet Sun and di↵erent active features.
We employ a 4-component model which treats separately contributions from the
quiet Sun, sunspots, active network and plage areas. According to this model
the solar spectrum I(�, t) can be written as

I(�, t) =
X
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(↵QS(µk, t)IQS(�, µk) + ↵S(µk, t)IS(�, µk)+
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Solar rotational cycle as observed by LYRA

(a)

(d)(c)

(b)

Figure 1. SOHO MDI continuum images for January 8 (a), January 11 (b), January 14 (c),
January 17 (d) of 2010. For better clarity the contrasts between sunspot, plage and quiet Sun
were artificially increased.

2. Analysis of the LYRA data

The sunspot group surrounded by plage region appeared on the solar disk on
January 7, 2010 and disappeared on January 20, 2010. The transit is shown
on Fig. 1. One can expect that the presence of the active regions on the solar
disk will modify the solar irradiance (Fligge, Solanki, and Unruh, 2000). In this
section we present the method which was used to extract these modifications
from the LYRA data.

The level 3 calibrated data from the Herzberg channel of LYRA for January
2010 are plotted in Fig. 2 . These data are available for the community (Do-
minique et al., 2011b) and corrected for the temperature e↵ects, degradation,
the dark current, and one minute averaged. One can see that the data have a
very noisy structure so they had to be processed with a special care.

Some part of the data corresponds to the periods of the significant pointing
fluctuations of the PROBA2 or occultations and thus had to be excluded from

SOLA: ecl_paper.tex; 13 November 2011; 18:44; p. 3
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2. Analysis of the LYRA data

The sunspot group surrounded by plage region appeared on the solar disk on
January 7, 2010 and disappeared on January 20, 2010. The transit is shown
on Fig. 1. One can expect that the presence of the active regions on the solar
disk will modify the solar irradiance (Fligge, Solanki, and Unruh, 2000). In this
section we present the method which was used to extract these modifications
from the LYRA data.

The level 3 calibrated data from the Herzberg channel of LYRA for January
2010 are plotted in Fig. 2 . These data are available for the community (Do-
minique et al., 2011b) and corrected for the temperature e↵ects, degradation,
the dark current, and one minute averaged. One can see that the data have a
very noisy structure so they had to be processed with a special care.

Some part of the data corresponds to the periods of the significant pointing
fluctuations of the PROBA2 or occultations and thus had to be excluded from
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Figure 2. Irradiance measured by the Herzberg channel of LYRA for the 6 January – 24
January, 2010 period. Plotted are the level3 calibrated data.

The level3 calibrated data from the Herzberg channel of LYRA for January
2010 are plotted in Figure 2. These data are available for the community (Do-
minique et al., 2012b) and corrected for the temperature e↵ects, degradation,
dark current, and one minute averaged. The LYRA samples in Figure 2 can be
sorted in two groups: the bottom line corresponds to data acquired in occulta-
tions by the Earth (dark current), the upper series constitute the actual Herzberg
timeseries, but is perturbed by jumps induced by the electronics (appearing when
the FPGA was reloaded) and by pointing fluctuations. The selection of valid data
was therefore not trivial, and we had to process them with a special care.

The part of the data corresponding to periods of significant pointing fluctu-
ations or occultations had to be excluded from the analysis. Therefore in the
first step we chose a trustable range of the irradiance and excluded the outliers.
For the period under consideration (January 2010 ) the lower and upper levels
were chosen to be 0.65 Wm�2 and 0.9 Wm�2, respectively. This procedure is
illustrated in Figures 3 and 4. One can see that even within the selected trustable
range the irradiance level is highly unstable and undergoes a few jumps per
day. For some of the days several distinctive “branches” can be clearly seen.
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Solar rotational cycle as observed by LYRA
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Figure 1. SOHO MDI continuum images for January 8 (a), January 11 (b), January 14 (c),
January 17 (d) of 2010. For better clarity the contrasts between sunspot, plage and quiet Sun
were artificially increased.

2. Analysis of the LYRA data

The sunspot group surrounded by plage region appeared on the solar disk on
January 7, 2010 and disappeared on January 20, 2010. The transit is shown
on Fig. 1. One can expect that the presence of the active regions on the solar
disk will modify the solar irradiance (Fligge, Solanki, and Unruh, 2000). In this
section we present the method which was used to extract these modifications
from the LYRA data.

The level 3 calibrated data from the Herzberg channel of LYRA for January
2010 are plotted in Fig. 2 . These data are available for the community (Do-
minique et al., 2011b) and corrected for the temperature e↵ects, degradation,
the dark current, and one minute averaged. One can see that the data have a
very noisy structure so they had to be processed with a special care.

Some part of the data corresponds to the periods of the significant pointing
fluctuations of the PROBA2 or occultations and thus had to be excluded from
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Atmospheric response
A. V. Shapiro et al.: Signature of the 27-day solar rotation cycle 3183

Fig. 1. Tropical mean OH mixing ratios (27� S–27� N) at ⇠78 km
altitude for the period from August 2004 to December 2006 ob-
tained from AURA MLS. Green curve: nighttime averages. Blue
curve: day-time only.

The tropical latitudes are the most affected by the solar ra-
diation and using them we also avoid effects of the energetic
particle precipitation. So for our analysis we used the tropi-
cal mean (27� S–27� N) OH and H2O mixing ratios. As our
analysis is aimed on the 27-day solar cycle we applied 20–
35 day pass filter on the daily averaged SSI, OH and H2O
datasets to exclude the influence of other mesospheric cycles.
The points outside of the 3� interval were removed.

3 Data correlation

The solar energy emitted by the Sun penetrates the Earth at-
mosphere and triggers many atmospheric processes for ex-
ample the production of hydroxyl via the water vapor photol-
ysis (H2O + h⌫ ! H + OH for � < 200 nm). The irradiance
at wavelengths below 200 nm is mostly absorbed in the upper
atmosphere and does not reach the mesosphere. However the
strong Ly-↵ line irradiance is able to penetrate down to the
mesosphere and activate there the water vapor photolysis.
Figure 2 presents a comparison of the Ly-↵ line irradiance

with the daytime OH data (top panel) at 78 km and daytime
H2O (center panel) at 80 km altitude. SSI and both species
show a pronounced 27–28 days periodicity, which resembles
the solar rotational cycle.
The Ly-↵ radiation drives the destruction of H2O, whose

mesospheric lifetime is of order of one week (Brasseur and
Solomon, 2005), so that H2O is negatively correlated with
SSI and phase-lagged (Fig. 2, central panel). The Ly-↵ radia-
tion drives the production of OH which mesospheric lifetime
is less than one minute. Thus in contrast with H2O its con-
centration mainly varies in phase with the solar cycle (Fig. 2,
top panel).
The OH data for 2004 and 2006 are poorly correlated with

the solar irradiance. It is clearly seen from Fig. 2 that the

Fig. 2. Comparison of the tropical mean daytime averaged and 20-
35 day filtered MLS OH at ⇠78 km altitude (upper panel) and fil-
tered (central panel) and unfiltered (lower panel) H2O at ⇠80 km
altitude with SOLSTICE Ly-↵ line irradiance. The comparison is
performed for the period from August 2004 to December 2006.

solar rotational cycle in the end of 2004 and in 2006 is not
as strong as in 2005. That can lead to weakening the con-
sidered correlation and strengthening the role of the OH pro-
duction by non-solar mechanisms. One of such mechanisms
can be downward O3 propagation due to the SAO (Semian-
nual Oscillation). The SAO, which was found in H2O in the
mesosphere by Jackson et al. (1999), is clearly seen in the
unfiltered H2O data at 80 km (Fig. 2, bottom panel). The
downward transport of O3 by SAO leads to the increase of
O3 concentration at 77–80 km altitude and OH production by
O3 + H! OH + O2 reaction during the easterly SAO phase
(such as September–December 2004). OH produced by the
latter reaction does not correlate with the solar irradiance.
Thus the mixing of this OH with one produced by the H2O
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Fig. 1. Tropical mean OH mixing ratios (27� S–27� N) at ⇠78 km
altitude for the period from August 2004 to December 2006 ob-
tained from AURA MLS. Green curve: nighttime averages. Blue
curve: day-time only.

The tropical latitudes are the most affected by the solar ra-
diation and using them we also avoid effects of the energetic
particle precipitation. So for our analysis we used the tropi-
cal mean (27� S–27� N) OH and H2O mixing ratios. As our
analysis is aimed on the 27-day solar cycle we applied 20–
35 day pass filter on the daily averaged SSI, OH and H2O
datasets to exclude the influence of other mesospheric cycles.
The points outside of the 3� interval were removed.

3 Data correlation

The solar energy emitted by the Sun penetrates the Earth at-
mosphere and triggers many atmospheric processes for ex-
ample the production of hydroxyl via the water vapor photol-
ysis (H2O + h⌫ ! H + OH for � < 200 nm). The irradiance
at wavelengths below 200 nm is mostly absorbed in the upper
atmosphere and does not reach the mesosphere. However the
strong Ly-↵ line irradiance is able to penetrate down to the
mesosphere and activate there the water vapor photolysis.
Figure 2 presents a comparison of the Ly-↵ line irradiance

with the daytime OH data (top panel) at 78 km and daytime
H2O (center panel) at 80 km altitude. SSI and both species
show a pronounced 27–28 days periodicity, which resembles
the solar rotational cycle.
The Ly-↵ radiation drives the destruction of H2O, whose

mesospheric lifetime is of order of one week (Brasseur and
Solomon, 2005), so that H2O is negatively correlated with
SSI and phase-lagged (Fig. 2, central panel). The Ly-↵ radia-
tion drives the production of OH which mesospheric lifetime
is less than one minute. Thus in contrast with H2O its con-
centration mainly varies in phase with the solar cycle (Fig. 2,
top panel).
The OH data for 2004 and 2006 are poorly correlated with

the solar irradiance. It is clearly seen from Fig. 2 that the

Fig. 2. Comparison of the tropical mean daytime averaged and 20-
35 day filtered MLS OH at ⇠78 km altitude (upper panel) and fil-
tered (central panel) and unfiltered (lower panel) H2O at ⇠80 km
altitude with SOLSTICE Ly-↵ line irradiance. The comparison is
performed for the period from August 2004 to December 2006.

solar rotational cycle in the end of 2004 and in 2006 is not
as strong as in 2005. That can lead to weakening the con-
sidered correlation and strengthening the role of the OH pro-
duction by non-solar mechanisms. One of such mechanisms
can be downward O3 propagation due to the SAO (Semian-
nual Oscillation). The SAO, which was found in H2O in the
mesosphere by Jackson et al. (1999), is clearly seen in the
unfiltered H2O data at 80 km (Fig. 2, bottom panel). The
downward transport of O3 by SAO leads to the increase of
O3 concentration at 77–80 km altitude and OH production by
O3 + H! OH + O2 reaction during the easterly SAO phase
(such as September–December 2004). OH produced by the
latter reaction does not correlate with the solar irradiance.
Thus the mixing of this OH with one produced by the H2O
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Fig. 1. Tropical mean OH mixing ratios (27� S–27� N) at ⇠78 km
altitude for the period from August 2004 to December 2006 ob-
tained from AURA MLS. Green curve: nighttime averages. Blue
curve: day-time only.

The tropical latitudes are the most affected by the solar ra-
diation and using them we also avoid effects of the energetic
particle precipitation. So for our analysis we used the tropi-
cal mean (27� S–27� N) OH and H2O mixing ratios. As our
analysis is aimed on the 27-day solar cycle we applied 20–
35 day pass filter on the daily averaged SSI, OH and H2O
datasets to exclude the influence of other mesospheric cycles.
The points outside of the 3� interval were removed.

3 Data correlation

The solar energy emitted by the Sun penetrates the Earth at-
mosphere and triggers many atmospheric processes for ex-
ample the production of hydroxyl via the water vapor photol-
ysis (H2O + h⌫ ! H + OH for � < 200 nm). The irradiance
at wavelengths below 200 nm is mostly absorbed in the upper
atmosphere and does not reach the mesosphere. However the
strong Ly-↵ line irradiance is able to penetrate down to the
mesosphere and activate there the water vapor photolysis.
Figure 2 presents a comparison of the Ly-↵ line irradiance

with the daytime OH data (top panel) at 78 km and daytime
H2O (center panel) at 80 km altitude. SSI and both species
show a pronounced 27–28 days periodicity, which resembles
the solar rotational cycle.
The Ly-↵ radiation drives the destruction of H2O, whose

mesospheric lifetime is of order of one week (Brasseur and
Solomon, 2005), so that H2O is negatively correlated with
SSI and phase-lagged (Fig. 2, central panel). The Ly-↵ radia-
tion drives the production of OH which mesospheric lifetime
is less than one minute. Thus in contrast with H2O its con-
centration mainly varies in phase with the solar cycle (Fig. 2,
top panel).
The OH data for 2004 and 2006 are poorly correlated with

the solar irradiance. It is clearly seen from Fig. 2 that the

Fig. 2. Comparison of the tropical mean daytime averaged and 20-
35 day filtered MLS OH at ⇠78 km altitude (upper panel) and fil-
tered (central panel) and unfiltered (lower panel) H2O at ⇠80 km
altitude with SOLSTICE Ly-↵ line irradiance. The comparison is
performed for the period from August 2004 to December 2006.

solar rotational cycle in the end of 2004 and in 2006 is not
as strong as in 2005. That can lead to weakening the con-
sidered correlation and strengthening the role of the OH pro-
duction by non-solar mechanisms. One of such mechanisms
can be downward O3 propagation due to the SAO (Semian-
nual Oscillation). The SAO, which was found in H2O in the
mesosphere by Jackson et al. (1999), is clearly seen in the
unfiltered H2O data at 80 km (Fig. 2, bottom panel). The
downward transport of O3 by SAO leads to the increase of
O3 concentration at 77–80 km altitude and OH production by
O3 + H! OH + O2 reaction during the easterly SAO phase
(such as September–December 2004). OH produced by the
latter reaction does not correlate with the solar irradiance.
Thus the mixing of this OH with one produced by the H2O
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Fig. 5. The normalized power spectra of the tropical mean unfiltered
daytime OH (top panel) and H2O (bottom panel).

were normalized to the maximum of the strongest spectrum
for the periods from 20 to 35 days. One can see that the cy-
cle is significantly stronger when the solar activity is high. So
the 27-day harmonic for 2008–2009 period is barely visible
in comparison with the harmonic for 2004–2005 period.
To analyze the OH and H2O variability during the peri-

ods of high and low solar activity we considered the daytime
tropical means of OH at 78 km and H2O at 86 km for the two
aforementioned periods. Figure 5 presents the power spec-
tra for OH (top panel) and H2O (bottom panel) during the
“high activity” and “min” periods. To make the comparison
of the spectra more robust we produced them with the un-
filtered data. The spectra were normalized as it was made
for the spectra of the solar irradiance. The OH spectrum re-
veals a clear 27-day cycle for the “high activity” while in the
OH data obtained during the “min” this cycle is almost dis-
appeared. The 27-day solar rotational cycle in H2O is less
pronounced for the period of the high solar activity than that
one for OH and almost disappears during the low activity.
Besides there are some periods (e.g. 22 days) in H2O which
most probably cannot be attributed to the solar variability. It
is clearly seen that the 27-day solar rotational cycle is more
pronounced for the solar “high activity” than for the solar
“min” in both data sets. Thus the complementary analysis
of the OH and H2O responses during the periods of low and
high solar activity allows us to conclude that they are physi-
cally connected with the solar irradiance variability.

Fig. 6. Cross-correlation functions between tropical (27� S–27� N)
mesospheric OH and SOLSTICE/SORCE Ly-↵ irradiance as func-
tion of altitude and response time-lag. Daytime OH for the solar
“max” (top panel) and “min” (bottom panel)”. Colored areas: sig-
nificance �0.99.

5 Analysis

The sensitivity analysis of the mesospheric OH concentra-
tions to the short-term solar variability is based on cross-
correlation functions, which we calculate according to Chat-
field (1982), and on the linear regression technique proposed
by Hood (1986).
The cross-correlation functions for the daytime OH data

obtained for the solar “high activity” period versus the solar
irradiance at the Ly-↵ line are shown in Fig. 6 (top panel).
As the OH lifetime at 75–85 km is very small in comparison
to the 27-day rotational cycle, the response reaches its maxi-
mum at about zero time-lag. The response is positive and the
level of statistical significance for the colored areas is 0.99
(the statistical significance is calculated using the two-sided
statistical test r⇤sqrt((N�2)/(1�rˆ2)), where r is Pearson’s
correlation coefficient andN is the number of pairs that were
used for the r computation). The positive correlation (more
than 0.7 at 76–82 km) can be explained by the production of
the OH radical due to photolysis of the water vapor (H2O +
h⌫ ! H + OH for � < 200 nm) at these altitudes. The corre-
lation decreases at lower altitudes, as the Ly-↵ line irradiance
does not penetrate there. The bottom panel of Fig. 6 shows
the cross-correlation functions for the daytime OH obtained
for the solar “min” period versus the solar irradiance at the
Ly-↵ line. One can see that the correlations are substantially
weaker for the solar “min” than for the solar “high activity”
period.
The cross-correlation functions for the H2O data obtained

for the solar “high activity” period versus the solar irradiance
at the Ly-↵ line are presented in the top panel of Fig. 7. They
reveal a strong negative response of H2O (up to �0.74 at
90 km) to the solar irradiance at levels 78–90 km, caused by
the H2O photolysis. The non-zero time-lag can be attributed
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An influence of solar spectral variations on radiative
forcing of climate
Joanna D. Haigh1, Ann R. Winning1, Ralf Toumi1 & Jerald W. Harder2

The thermal structure and composition of the atmosphere is deter-
mined fundamentally by the incoming solar irradiance. Radiation
at ultraviolet wavelengths dissociates atmospheric molecules, ini-
tiating chains of chemical reactions—specifically those producing
stratospheric ozone—and providing the major source of heating
for the middle atmosphere, while radiation at visible and near-
infrared wavelengths mainly reaches and warms the lower atmo-
sphere and the Earth’s surface1. Thus the spectral composition of
solar radiation is crucial in determining atmospheric structure, as
well as surface temperature, and it follows that the response of the
atmosphere to variations in solar irradiance depends on the spec-
trum2. Daily measurements of the solar spectrum between 0.2 mm
and 2.4 mm, made by the Spectral Irradiance Monitor (SIM) instru-
ment on the Solar Radiation and Climate Experiment (SORCE)
satellite3 since April 2004, have revealed4 that over this declining
phase of the solar cycle there was a four to six times larger decline in
ultraviolet than would have been predicted on the basis of our
previous understanding. This reduction was partially compensated
in the total solar output by an increase in radiation at visible wave-
lengths. Here we show that these spectral changes appear to have
led to a significant decline from 2004 to 2007 in stratospheric
ozone below an altitude of 45 km, with an increase above this
altitude. Our results, simulated with a radiative-photochemical
model, are consistent with contemporaneous measurements of
ozone from the Aura-MLS satellite, although the short time period
makes precise attribution to solar effects difficult. We also show,
using the SIM data, that solar radiative forcing of surface climate is
out of phase with solar activity. Currently there is insufficient
observational evidence to validate the spectral variations observed
by SIM, or to fully characterize other solar cycles, but our findings
raise the possibility that the effects of solar variability on temper-
ature throughout the atmosphere may be contrary to current
expectations.

The peak of the most recent ‘11-year’ solar cycle (identified as num-
ber 23) occurred 2000–2002, and from then until about December
2009 the Sun’s activity declined. Figure 1 shows the difference between
2004 and 2007 in solar spectral irradiance measured by SIM. This is
quite unlike that predicted by multi-component empirical models,
based on activity indicators such as sunspot number and area, as
exemplified by that of Lean5 (also shown in Fig. 1). The SIM data
indicate a decline in ultraviolet from 2004 to 2007 that is a factor of
4 to 6 larger than in the Lean data and an increase in visible radiation,
compared with a small decline in the Lean data. Other empirical mod-
els6,7 show larger-amplitude variations in the near-ultraviolet than does
the Lean model but none reflect the behaviour apparent in the SIM
data. Also shown in Fig. 1, for wavelengths 116–290 nm, are independent
measurements made by the Solar Stellar Irradiance Comparison
Experiment (SOLSTICE) instrument on SORCE. The data from SIM
and SOLSTICE both indicate substantially more ultraviolet variability
than does the Lean model. SIM calibration, and instrument comparisons,
are discussed in detail in ref. 8.

To investigate how these very different spectral changes might affect
the stratosphere, experiments have been carried out using a two-
dimensional (latitude-height) radiative-chemical-transport model of
the atmosphere9. This model includes detailed representations of photo-
chemistry and radiative transfer and has been used in many studies
involving radiation-chemistry interactions10,11. (See Supplementary
Information for further details.) This type of model produces realistic
simulations of the upper stratosphere (above about 25 km) but is less
reliable at lower altitudes where photochemical time constants are
longer and a more accurate representation of transport processes is
required. The results below come from four model runs using solar
spectra derived from the SIM measurements (with SOLSTICE data for
wavelengths less than 200 nm) and those produced by the Lean model,
each for both 2004 and 2007.

In Fig. 2 we present latitude–height maps of the difference between
2004 and 2007 in December ozone concentrations. The Lean spectral
data produce a broad structure of ozone concentrations greater in 2004
than in 2007, with maximum values of around 0.8% near 40 km,
whereas the SIM data produce a peak enhancement of over 2% in low
latitudes around 35 km, along with significant reductions above 45 km.
The predicted temperature differences (Supplementary Fig. 1) are also
very different, with the Lean data set showing temperatures 0.3–0.4 K
greater in 2004 than in 2007 at the top of the model domain, whereas the
SIM data set produces a peak warming of 1.8 K at the summer polar
stratopause. These temperature differences are qualitatively similar to,
but about 50% larger than, those estimated by ref. 12 with an idealized
forcing in a full climate model, possibly owing to the broader spectral

1Blackett Laboratory, Imperial College London, London SW7 2AZ, UK. 2Laboratory for Atmospheric and Space Physics, University of Colorado, 1234 Innovation Drive, Boulder, Colorado 80303-7814, USA.
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Figure 1 | Difference in solar spectrum between April 2004 and November
2007. The difference (2004–2007) in solar spectral irradiance (W m22 nm21)
derived from SIM data4 (in blue), SOLSTICE data8 (in red) and from the Lean
model5 (in black). Different scales are used for values at wavelengths less and
more than 242 nm (see left and right axes respectively).
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The thermal structure and composition of the atmosphere is deter-
mined fundamentally by the incoming solar irradiance. Radiation
at ultraviolet wavelengths dissociates atmospheric molecules, ini-
tiating chains of chemical reactions—specifically those producing
stratospheric ozone—and providing the major source of heating
for the middle atmosphere, while radiation at visible and near-
infrared wavelengths mainly reaches and warms the lower atmo-
sphere and the Earth’s surface1. Thus the spectral composition of
solar radiation is crucial in determining atmospheric structure, as
well as surface temperature, and it follows that the response of the
atmosphere to variations in solar irradiance depends on the spec-
trum2. Daily measurements of the solar spectrum between 0.2 mm
and 2.4 mm, made by the Spectral Irradiance Monitor (SIM) instru-
ment on the Solar Radiation and Climate Experiment (SORCE)
satellite3 since April 2004, have revealed4 that over this declining
phase of the solar cycle there was a four to six times larger decline in
ultraviolet than would have been predicted on the basis of our
previous understanding. This reduction was partially compensated
in the total solar output by an increase in radiation at visible wave-
lengths. Here we show that these spectral changes appear to have
led to a significant decline from 2004 to 2007 in stratospheric
ozone below an altitude of 45 km, with an increase above this
altitude. Our results, simulated with a radiative-photochemical
model, are consistent with contemporaneous measurements of
ozone from the Aura-MLS satellite, although the short time period
makes precise attribution to solar effects difficult. We also show,
using the SIM data, that solar radiative forcing of surface climate is
out of phase with solar activity. Currently there is insufficient
observational evidence to validate the spectral variations observed
by SIM, or to fully characterize other solar cycles, but our findings
raise the possibility that the effects of solar variability on temper-
ature throughout the atmosphere may be contrary to current
expectations.

The peak of the most recent ‘11-year’ solar cycle (identified as num-
ber 23) occurred 2000–2002, and from then until about December
2009 the Sun’s activity declined. Figure 1 shows the difference between
2004 and 2007 in solar spectral irradiance measured by SIM. This is
quite unlike that predicted by multi-component empirical models,
based on activity indicators such as sunspot number and area, as
exemplified by that of Lean5 (also shown in Fig. 1). The SIM data
indicate a decline in ultraviolet from 2004 to 2007 that is a factor of
4 to 6 larger than in the Lean data and an increase in visible radiation,
compared with a small decline in the Lean data. Other empirical mod-
els6,7 show larger-amplitude variations in the near-ultraviolet than does
the Lean model but none reflect the behaviour apparent in the SIM
data. Also shown in Fig. 1, for wavelengths 116–290 nm, are independent
measurements made by the Solar Stellar Irradiance Comparison
Experiment (SOLSTICE) instrument on SORCE. The data from SIM
and SOLSTICE both indicate substantially more ultraviolet variability
than does the Lean model. SIM calibration, and instrument comparisons,
are discussed in detail in ref. 8.

To investigate how these very different spectral changes might affect
the stratosphere, experiments have been carried out using a two-
dimensional (latitude-height) radiative-chemical-transport model of
the atmosphere9. This model includes detailed representations of photo-
chemistry and radiative transfer and has been used in many studies
involving radiation-chemistry interactions10,11. (See Supplementary
Information for further details.) This type of model produces realistic
simulations of the upper stratosphere (above about 25 km) but is less
reliable at lower altitudes where photochemical time constants are
longer and a more accurate representation of transport processes is
required. The results below come from four model runs using solar
spectra derived from the SIM measurements (with SOLSTICE data for
wavelengths less than 200 nm) and those produced by the Lean model,
each for both 2004 and 2007.

In Fig. 2 we present latitude–height maps of the difference between
2004 and 2007 in December ozone concentrations. The Lean spectral
data produce a broad structure of ozone concentrations greater in 2004
than in 2007, with maximum values of around 0.8% near 40 km,
whereas the SIM data produce a peak enhancement of over 2% in low
latitudes around 35 km, along with significant reductions above 45 km.
The predicted temperature differences (Supplementary Fig. 1) are also
very different, with the Lean data set showing temperatures 0.3–0.4 K
greater in 2004 than in 2007 at the top of the model domain, whereas the
SIM data set produces a peak warming of 1.8 K at the summer polar
stratopause. These temperature differences are qualitatively similar to,
but about 50% larger than, those estimated by ref. 12 with an idealized
forcing in a full climate model, possibly owing to the broader spectral
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Figure 1 | Difference in solar spectrum between April 2004 and November
2007. The difference (2004–2007) in solar spectral irradiance (W m22 nm21)
derived from SIM data4 (in blue), SOLSTICE data8 (in red) and from the Lean
model5 (in black). Different scales are used for values at wavelengths less and
more than 242 nm (see left and right axes respectively).
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Figure 1. Left: Scattering geometry showing an equal amount of photons
being scattered at disk-center from every direction and thus no resulting po-
larization. At the limb, however, a radiation anisotropy results in a net po-
larization parallel to the nearest solar limb. Right: For our synoptic program,
the spectrograph slit is positioned at five di!erent heliographic angles, always
at an equal distance to the solar limb in order to search for spatial variations
of the turbulent fields (drawing not to scale).

is no resulting polarization. However, at the solar limb the situation is di!erent.
The anisotropy introduces a preferred direction and a net linear polarization
perpendicular to this direction, i.e., parallel to the solar limb. On the Sun, the
anisotropy is caused by the temperature gradient, which manifests itself in the
limb darkening. Net polarization is produced in the continuum as well as in
atomic and molecular lines which can depolarize the continuum or add on top of
it. The linearly polarized Q/I spectrum, with Q/I being defined to be parallel
to the solar limb, is called the second solar spectrum (Ivanov 1991; Stenflo &
Keller 1997). It does not resemble Stokes I and cannot be easily deduced.

Magnetic fields modify scattering polarization via the Hanle e!ect. Depend-
ing on the properties of atomic or molecular transitions, magnetic fields in the
range from a fraction of Gauss to kiloGauss can produce visible depolarization
in Q/I or rotate the plane of polarization and induce a signal in U/I. Indepen-
dently of their spatial orientation, magnetic fields modify the Q/I spectrum in
the same way. Thus, in contrast to the Zeeman e!ect, the absence of cancellation
enables us to detect fields below the resolution limit.

Our synoptic program monitors turbulent magnetic fields, their spatial dis-
tribution, and variation with the solar cycle since 2007, starting before the ap-
pearance of the first sunspot of the cycle 24. This is the first systematic study of
turbulent magnetic fields which can lead to a better understanding of small-scale
fields governing most of the solar photosphere.

2 The Synoptic Program

Our synoptic program consists of monthly measurements of Stokes IQV in three
wavelength regions (5141 Å, 5206 Å, and 4383 Å) and at five position angles (N,
NW, W, SW, S) around the solar limb at a distance of 5!! (heliocentric angle
µ = cos ! = 0.1) to the limb. The observations are carried out at the Istituto
Ricerche Solari Locarno (IRSOL, Switzerland) using the 45 cm Gregory-Coudé
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Fig. 6. Fit to the observation of Stokes Q/I in the C2 lines without magnetic field (thick dashed line) and with the magnetic field B = 15 G
(thick solid line). The observation from the atlas by Gandorfer (2000) is shown with a thin solid line.

In order to determine the magnetic field strength from the
observed Stokes Q/I signals, we synthesized profiles for a
range of field strengths using Eq. (1). The damping parame-
ters in the Voigt function were calculated using the radiative
damping constants given by Eq. (15), and the Doppler widths
of the profiles were adjusted to the observed ones. Since the
blue component in the P-triplet is blended with the middle com-
ponent, we linearly added the two profiles. Such an operation
can be justified by the fact that the lines are optically thin. The
scaling factor q = 1.54!10"8 was determined using the R2(13)
line because it remains una!ected by weak magnetic fields.

A simultaneous fit to the R- and P-triplets reveals that the
average magnetic field has a strength of 15 ± 3 G. The result
is shown in Fig. 6 with the thick solid line. For comparison,
the profiles corresponding to the non-magnetic case are shown
with the thick dashed line. It is clearly seen that the R1(14) and
R3(12) lines strongly respond to the weak magnetic field and
are excellent diagnostics. At such a magnetic field the P-triplet
remains almost undisturbed but, as seen from Fig. 5, it becomes
an important diagnostic at fields of 20 G to 70 G.

Note that in the previous studies by e.g. Trujillo Bueno
(2003c) and Faurobert & Arnaud (2003) only P-triplets similar
to the one selected by us have been analyzed. Our calculations
show that for the average field strength below 20 G these lines
are rather poor diagnostic tools. This can explain the apparent
absence of the magnetic field e!ect on the scattering polariza-
tion of these lines.

5. Discussion

We have found the first clear evidence for the Hanle e!ect in
molecular lines, namely in the C2 triplet at 5140 Å. The ob-
served magnetic field strength is significantly greater than zero.
This eliminates the doubt whether our current model of molec-
ular physics contains a serious shortcoming as compared to
atomic physics, and whether molecules behave in principle dif-
ferently to atoms. Our results are well in agreement with the

theory of molecular scattering developed by Berdyugina et al.
(2002).

Let us address the issue of apparently di!erent Hanle sig-
natures in molecular and atomic lines. A general overview of
the second solar spectrum has led to the impression that molec-
ular lines remain invariant both spatially and in time, whereas
many atomic lines are known to vary significantly due to the
Hanle e!ect (Gandorfer 2000; Berdyugina et al. 2002). This
does not mean that molecular lines are immune to the Hanle
e!ect, as we have proven in this work. However, there are three
main categories of arguments that have to be taken into account
in the interpretation of the Hanle e!ect: (i) the magnetic field
range, in which a given line is most sensitive to the Hanle ef-
fect; (ii) inhomogeneities of the thermodynamic properties and
of the magnetic field distribution in the solar atmosphere; (iii)
accuracy and limitations of spectropolarimetric observations.
Note that another essential point would be a very basic di!er-
ence between molecular and atomic physics, which we can rule
out as discussed above. In the following we examine in detail
these three points.

As pointed out by Trujillo Bueno (2003c) the critical Hanle
field in Gauss is given by

BH #
1.137 ! 10"7

!Rg$L
· (16)

It identifies the approximate magnetic field strength of the
highest Hanle e!ect sensitivity and depends on the product of
the radiative lifetime and Landé factor. With the nearly con-
stant lifetime (cf. Fig. 2) and the Landé factor decreasing with
J, most C2 lines in the studied band have a critical Hanle field
greater than 30 G. The same is found e.g. for MgH lines with
high J numbers (Trujillo Bueno 2003b). This critical Hanle
field has to be compared with the magnetic field strength of
15 G that we have obtained in this work. With such an av-
erage turbulent magnetic field strength, it is no surprise that
most molecular lines in the second solar spectrum undergo a
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Fig. 6. Fit to the observation of Stokes Q/I in the C2 lines without magnetic field (thick dashed line) and with the magnetic field B = 15 G
(thick solid line). The observation from the atlas by Gandorfer (2000) is shown with a thin solid line.

In order to determine the magnetic field strength from the
observed Stokes Q/I signals, we synthesized profiles for a
range of field strengths using Eq. (1). The damping parame-
ters in the Voigt function were calculated using the radiative
damping constants given by Eq. (15), and the Doppler widths
of the profiles were adjusted to the observed ones. Since the
blue component in the P-triplet is blended with the middle com-
ponent, we linearly added the two profiles. Such an operation
can be justified by the fact that the lines are optically thin. The
scaling factor q = 1.54!10"8 was determined using the R2(13)
line because it remains una!ected by weak magnetic fields.

A simultaneous fit to the R- and P-triplets reveals that the
average magnetic field has a strength of 15 ± 3 G. The result
is shown in Fig. 6 with the thick solid line. For comparison,
the profiles corresponding to the non-magnetic case are shown
with the thick dashed line. It is clearly seen that the R1(14) and
R3(12) lines strongly respond to the weak magnetic field and
are excellent diagnostics. At such a magnetic field the P-triplet
remains almost undisturbed but, as seen from Fig. 5, it becomes
an important diagnostic at fields of 20 G to 70 G.

Note that in the previous studies by e.g. Trujillo Bueno
(2003c) and Faurobert & Arnaud (2003) only P-triplets similar
to the one selected by us have been analyzed. Our calculations
show that for the average field strength below 20 G these lines
are rather poor diagnostic tools. This can explain the apparent
absence of the magnetic field e!ect on the scattering polariza-
tion of these lines.

5. Discussion

We have found the first clear evidence for the Hanle e!ect in
molecular lines, namely in the C2 triplet at 5140 Å. The ob-
served magnetic field strength is significantly greater than zero.
This eliminates the doubt whether our current model of molec-
ular physics contains a serious shortcoming as compared to
atomic physics, and whether molecules behave in principle dif-
ferently to atoms. Our results are well in agreement with the

theory of molecular scattering developed by Berdyugina et al.
(2002).

Let us address the issue of apparently di!erent Hanle sig-
natures in molecular and atomic lines. A general overview of
the second solar spectrum has led to the impression that molec-
ular lines remain invariant both spatially and in time, whereas
many atomic lines are known to vary significantly due to the
Hanle e!ect (Gandorfer 2000; Berdyugina et al. 2002). This
does not mean that molecular lines are immune to the Hanle
e!ect, as we have proven in this work. However, there are three
main categories of arguments that have to be taken into account
in the interpretation of the Hanle e!ect: (i) the magnetic field
range, in which a given line is most sensitive to the Hanle ef-
fect; (ii) inhomogeneities of the thermodynamic properties and
of the magnetic field distribution in the solar atmosphere; (iii)
accuracy and limitations of spectropolarimetric observations.
Note that another essential point would be a very basic di!er-
ence between molecular and atomic physics, which we can rule
out as discussed above. In the following we examine in detail
these three points.

As pointed out by Trujillo Bueno (2003c) the critical Hanle
field in Gauss is given by

BH #
1.137 ! 10"7

!Rg$L
· (16)

It identifies the approximate magnetic field strength of the
highest Hanle e!ect sensitivity and depends on the product of
the radiative lifetime and Landé factor. With the nearly con-
stant lifetime (cf. Fig. 2) and the Landé factor decreasing with
J, most C2 lines in the studied band have a critical Hanle field
greater than 30 G. The same is found e.g. for MgH lines with
high J numbers (Trujillo Bueno 2003b). This critical Hanle
field has to be compared with the magnetic field strength of
15 G that we have obtained in this work. With such an av-
erage turbulent magnetic field strength, it is no surprise that
most molecular lines in the second solar spectrum undergo a
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excluding all measurements outside of a range of heliocentric
angles 0.07 < µ < 0.13. As described in Paper I, µ is accurately
determined through a calibration using the amplitude of a mag-
netically less sensitive C2 line.

The use of radiative transfer allows us to include the pre-
viously neglected influence of collisions and the depolarization
of the continuum and to investigate their e!ects on amplitude ra-
tios. Earlier modeling of various spectral lines (e.g., Faurobert &
Arnaud 2003; Trujillo Bueno et al. 2006) have resulted in di!er-
ent magnetic field strengths, ranging from a few Gauss to hun-
dreds of Gauss for the turbulent magnetic field. While we were
able to exclude the presence of stronger fields (above 80 G) for
the C2 lines with the simple line-ratio model and set a lower limit
of 4.7 G, our goal is to obtain a more accurate field strength when
taking into account more radiative transfer e!ects.

We explain the model in Sect. 2 and carry out a parame-
ter study in Sect. 3. The data are compared with the model in
Sect. 4. The average magnetic field strength calculated from the
78 measurements obtained during the solar minimum is found to
be 7.41 G with a standard deviation of 0.76 G.

2. Radiative transfer model

2.1. Basic assumptions

In Paper I we employed a simple model expressing the C2 po-
larization amplitudes via a number of line parameters, including
the intrinsic line polarizability W2 and the depolarization fac-
tors due to the Hanle e!ect WH and collisions Wc (Berdyugina
& Fluri 2004). This model was further simplified by assuming
that Wc = 1 for all C2 lines. We found however that this model
cannot produce a su"ciently good fit to our current data sets for
the R- and P-triplets with very di!erent total angular momen-
tum numbers. To investigate the possibility to fit both triplets
simultaneously, we now apply a more consistent approach us-
ing radiative transfer, similar to the one employed by Holzreuter
et al. (2005) and Shapiro et al. (2011a) who applied it to the first
and second solar spectrum in strong chromospheric lines and the
CN violet system, respectively. While a detailed description of
the code can be found in those papers, we will emphasize the
di!erences and required changes for our modeling.

The scattering process is a radiative excitation followed by
an emission of a photon. Each photon can be produced through
di!erent excitation processes. For each C2 line, we take into
account nine radiative excitation processes as shown in Fig. 1,
each corresponding to absorption. Transitions with the same ini-
tial and final states are called Rayleigh scattering, the others are
Raman scattering. In principle, all these transitions have to be
calculated and treated separately and the line source function has
contributions from all of them. Also, contributions from other
vibrational states should be included, but we verified them to be
negligible. In addition to the scattering processes, thermal ab-
sorption and emission take place as well.

Thus, the line source function consists of two terms: scat-
tering and thermal part. For the ith line it is Si

l ! Si
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within the CRD approximation it can be written as
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Fig. 1. Diagram showing the nine considered transitions for the R2(13)
line. The diagrams for all other C2 lines are similar. The energy di!er-
ences of the levels are not to scale. Primed ($) variables correspond to
upper levels and double-primed ($$) variables to lower levels. Dotted
lines represent Q-branch transitions, which are significantly weaker
than the other transitions. Transitions from satellite branches are not
shown because they are even weaker than the Q-branch.

incoming frequencies of the photons. Each of the integrals in
Eq. (1) corresponds to one excitation possibility with the in-
dex j denoting the set of quantum numbers of the initial level.
There are nine integrals for each C2 line. The term with i = j
is Rayleigh scattering and terms with i ! j describe Raman
scattering. P is the phase matrix describing the scattering pro-
cess, I is the Stokes vector and # j is the line profile. The val-
ues for the intrinsic line polarizabilities Wi, j

2 were calculated
from formulas (15)–(17) in Berdyugina et al. (2002). The vec-
tor Bth = (B", 0) is the thermal source term, which is given by
the Planck function. The parameters #i, j

sc and #i
th (which are depth

dependent) define the branching between scattering and thermal
parts of the source function, as follows

#i
thBth

#i, j
sc I j

sc

=
$C

$ j
R

! %th

% j
sc

, (2)

where I j
sc is the intensity part of the jth scattering integral, $C

is the total collisional exciting rate, $ j
R is the radiative exciting

rate from the lower level j. The total collisional rate is defined as
the sum of rates of all possible collisional excitation processes.
The coe"cients %th and % j

sc define the parts of the thermal and
scattered photons

% j
sc =

$ j
R%

j
$ j

R + $C

(3)

and %th = 1#%
j %

j
sc. To simplify the calculations, we substituted

the total exciting collision rates by the total decay rates. Both
rates are equal in LTE, and we have verified that they are so close
to each other in our case that no significant error is introduced.

The considered C2 lines are optically thin in the solar atmo-
sphere. Using the second solar spectrum atlas (Gandorfer 2000)
we verified that none of the absorption lines, which excite the
upper level of our lines of interest, are blended with other strong
lines (I/Ic is always larger than 0.85). Hence, the values of the
scattering integrals in Eq. (1) di!er only by the intrinsic polari-
zability factors W2 and Einstein coe"cients, which both depend
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Fig. 6. Fit to the observation of Stokes Q/I in the C2 lines without magnetic field (thick dashed line) and with the magnetic field B = 15 G
(thick solid line). The observation from the atlas by Gandorfer (2000) is shown with a thin solid line.

In order to determine the magnetic field strength from the
observed Stokes Q/I signals, we synthesized profiles for a
range of field strengths using Eq. (1). The damping parame-
ters in the Voigt function were calculated using the radiative
damping constants given by Eq. (15), and the Doppler widths
of the profiles were adjusted to the observed ones. Since the
blue component in the P-triplet is blended with the middle com-
ponent, we linearly added the two profiles. Such an operation
can be justified by the fact that the lines are optically thin. The
scaling factor q = 1.54!10"8 was determined using the R2(13)
line because it remains una!ected by weak magnetic fields.

A simultaneous fit to the R- and P-triplets reveals that the
average magnetic field has a strength of 15 ± 3 G. The result
is shown in Fig. 6 with the thick solid line. For comparison,
the profiles corresponding to the non-magnetic case are shown
with the thick dashed line. It is clearly seen that the R1(14) and
R3(12) lines strongly respond to the weak magnetic field and
are excellent diagnostics. At such a magnetic field the P-triplet
remains almost undisturbed but, as seen from Fig. 5, it becomes
an important diagnostic at fields of 20 G to 70 G.

Note that in the previous studies by e.g. Trujillo Bueno
(2003c) and Faurobert & Arnaud (2003) only P-triplets similar
to the one selected by us have been analyzed. Our calculations
show that for the average field strength below 20 G these lines
are rather poor diagnostic tools. This can explain the apparent
absence of the magnetic field e!ect on the scattering polariza-
tion of these lines.

5. Discussion

We have found the first clear evidence for the Hanle e!ect in
molecular lines, namely in the C2 triplet at 5140 Å. The ob-
served magnetic field strength is significantly greater than zero.
This eliminates the doubt whether our current model of molec-
ular physics contains a serious shortcoming as compared to
atomic physics, and whether molecules behave in principle dif-
ferently to atoms. Our results are well in agreement with the

theory of molecular scattering developed by Berdyugina et al.
(2002).

Let us address the issue of apparently di!erent Hanle sig-
natures in molecular and atomic lines. A general overview of
the second solar spectrum has led to the impression that molec-
ular lines remain invariant both spatially and in time, whereas
many atomic lines are known to vary significantly due to the
Hanle e!ect (Gandorfer 2000; Berdyugina et al. 2002). This
does not mean that molecular lines are immune to the Hanle
e!ect, as we have proven in this work. However, there are three
main categories of arguments that have to be taken into account
in the interpretation of the Hanle e!ect: (i) the magnetic field
range, in which a given line is most sensitive to the Hanle ef-
fect; (ii) inhomogeneities of the thermodynamic properties and
of the magnetic field distribution in the solar atmosphere; (iii)
accuracy and limitations of spectropolarimetric observations.
Note that another essential point would be a very basic di!er-
ence between molecular and atomic physics, which we can rule
out as discussed above. In the following we examine in detail
these three points.

As pointed out by Trujillo Bueno (2003c) the critical Hanle
field in Gauss is given by

BH #
1.137 ! 10"7

!Rg$L
· (16)

It identifies the approximate magnetic field strength of the
highest Hanle e!ect sensitivity and depends on the product of
the radiative lifetime and Landé factor. With the nearly con-
stant lifetime (cf. Fig. 2) and the Landé factor decreasing with
J, most C2 lines in the studied band have a critical Hanle field
greater than 30 G. The same is found e.g. for MgH lines with
high J numbers (Trujillo Bueno 2003b). This critical Hanle
field has to be compared with the magnetic field strength of
15 G that we have obtained in this work. With such an av-
erage turbulent magnetic field strength, it is no surprise that
most molecular lines in the second solar spectrum undergo a
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Fig. 4. Example fit of four polynomials (dotted) to an observation (solid)
to be able to determine the amplitudes of the lines and their ratios.

Table 2. Average amplitude ratios for various datasets

R1/R2 R3/R2 R2/P
IRSOL 2007–2009
N 0.62 ± 0.04 0.71 ± 0.04 0.35 ± 0.02
NW 0.63 ± 0.04 0.71 ± 0.04 0.35 ± 0.02
S 0.61 ± 0.05 0.70 ± 0.05 0.36 ± 0.02
SW 0.61 ± 0.04 0.70 ± 0.04 0.36 ± 0.02
W 0.59 ± 0.04 0.69 ± 0.03 0.36 ± 0.01
THEMIS 2008 0.59 ± 0.03 0.73 ± 0.03 0.35 ± 0.01
THEMIS/MTR 2004 0.66 ± 0.10 0.62 ± 0.10 0.31 ± 0.03
IRSOL 2003 0.57 ± 0.09 0.71 ± 0.08 0.29 ± 0.02
Atlas 1999 0.52 ± 0.05 0.62 ± 0.05 0.43 ± 0.02

If at least two ratios are measured, the filling factor can be de-
termined as well. Figure 3 shows its influence on the amplitude
ratios. The lower the filling factor, the lower the changes in the
ratios with increasing magnetic field. It would be possible to ex-
tend the analysis and use a continuous distribution of magnetic
field strengths, for instance characterized through a probability
distribution function (PDF). This is however beyond the scope of
this simple model. We employ this model to interpret our Stokes
Q/I measurements in Sect. 5.1.

4. Data analysis
We calculated the amplitude ratios R1/R2, R3/R2 and R2/P for
102 synoptic measurements, all THEMIS observations and suit-
able older data. To determine these amplitude ratios all spec-
tra were shifted to the same polarization level which was fixed
at zero for the average of the points between 5140.6Å and
5141.0Å (”continuum”). Then, a fourth-degree polynomial was
fitted through the three R peaks and the P peak as demonstrated
in Fig. 4 (dotted lines). These fits were used to calculate the ra-
tios, therefore setting the continuum polarization to zero.

4.1. Dependence on position angles

Figure 5 shows the amplitude ratios of 78 synoptic measure-
ments sorted by heliographic position angle (N, NW, S, SW, W).
The observed position angles are not evenly distributed because
of the exclusion of noisy measurements or weather constraints.
The solid lines denote the averages per position angle which are
also presented in Table 2 with their standard deviations. Only the
synoptic measurements with the limb distances 0.07 < µ < 0.13

Fig. 5. Q/I amplitude ratios for 78 synoptic measurements sorted by
heliographic position angle. The ratios R1/R2 and R2/P are shown in the
upper panel and R3/R2 in the lower panel. The solid lines show the av-
erages per position angle. They are the same within one standard devi-
ation for all angles. This indicates that the turbulent field is everywhere
of equal strength.

are included in this plot in order to avoid a possible variation be-
cause of µ. The error bars for the single older measurements
in the table are derived from the residuals of the fits and their
propagation into the ratios.

The noise level of the observations amounts to a maximum
of about 5·10!5 which is significantly smaller than one standard
deviation of the amplitude ratios. This implies that some local
variations may have been present, since the used slit was quite
long. If these variations are because of a change in magnetic field
strength we can restrict them to be less than ± 1G (see Section
5.1). A possible local change in anisotropy or a variation of the
filling factor would have a similar e!ect on the ratios and would
diminish the variation of the magnetic field strength.

However, we see no systematic di!erences, neither between
the position angles nor in time at a given position. We conclude
therefore that the turbulent magnetic field has been of rather
equal strength everywhere on the Sun during the past solar min-
imum at the depth of formation of the C2 lines.

There is only one measurement, taken on May 9, 2008 (here-
after ms080509) close to the South pole, which deviates from the
rest by more than 3! in R1/R2 and R2/P but is close to the aver-
age in R3/R2. Its amplitude ratios are R1/R2 = 0.47 ± 0.03, R3/R2
= 0.66 ± 0.04 and R2/P = 0.43 ± 0.01. This measurement will
be discussed and compared with others in Sect. 4.3.

4.2. Dependence on the limb distance

The absolute amplitude of the Q/I signal steeply decreases with
increasing limb distance µ. This may be attributed to a combina-
tion of depth dependent anisotropy, collisional rates or magnetic
field and the scattering geometry. Indeed, the radiation emitted at
higher µ forms deeper in the atmosphere where collisional rates
are larger and, hence, the contribution from scattering processes
is smaller.

The knowledge of the limb distance µ for every measure-
ment is necessary for analyzing the data and for determining the

Distribution on the disc
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Fig. 12. Magnetic field strength calculated with the model described in
Sect. 3 applied to the R-triplet ratios only. The data sets are the same as
in Fig. 10.

owing to line opacity, which is certainly larger for the P-triplet.
Since the C2 polarization is formed higher in the atmosphere
than that of the continuum, this implies that line polarization
is built on top of a depolarized profile (Fluri & Stenflo 2003),
which reduces the peak polarization with respect to the local, un-
a!ected continuum. However, these lines are still optically thin,
so the di!erence in their optical thicknesses is not su"cient to
explain the di!erence between modeling and observation. This
e!ect is taken into account in the radiative transfer modeling
in Paper II and confirmed to be very small. Another possibility
is depolarization owing to collisions. There are indications that
collision rates depend on the total angular momentum J and can
be higher for lower J numbers (Derouich 2006). In this case, the
depolarization would be stronger for the R-triplet than for the
P-triplet, which is in accord with our measurements. This e!ect
is also accounted for in Paper II.

If the magnetic filling factor ! was not fixed, then the results
were qualitatively similar. Good fits for all ratios were obtained
for ! ! 0.8 and 60 " B " 90 G (depending on the measure-
ment). The measured R2/P ratio can only be obtained for higher
field strengths, as can be seen in Fig. 3. At these field strengths
P3, which was not taken into account in the line ratios, is al-
ready significantly depolarized. This implies that the magnetic
field must be below 60 G, and the best fit then yields ! = 1.0
and 3 " B " 8 G. This also supports the conclusion that there
seems to be a significant di!erence between the two triplets. It
also confirms a high filling factor for turbulent magnetic fields.

Nevertheless, it is possible to evaluate the turbulent magnetic
field strength from the amplitude ratios in the R- and P-triplets
separately with the di!erential Hanle e!ect model in the weak-
field regime, because the J-dependent e!ects will be strongly di-
minished within one triplet. Using the theoretical ratios as func-
tions of the magnetic field strength shown in Fig. 3, we interpret
the measured ratios presented in Fig. 10 in terms of B, keeping
the filling factor as a free parameter. The result yields ! = 1 for
all fits and is shown in Fig. 12.

We conclude that the average strength of the turbulent mag-
netic field during the solar minimum in 2008–2009 was at least
4.7± 0.2 G. It may have reduced in strength since the solar max-
imum in 2000, for which the single measurement indicated the

field strength of at least 6 ± 1 G. The strength for intermediate
years (2003–2004) is 5 ± 1 G.

Thus, the magnetic field may have weakened by a few Gauss
as the solar activity changed from maximum to minimum during
the last decade. Note that the scale of this variation is still model-
dependent. In the present interpretation we neglected some de-
polarizing e!ects, e.g. collisions. This provides the robust lower
limits on both the average strength and the variation scale of the
turbulent magnetic field (as indicated above). When these e!ects
are more consistently accounted for, the strength of the field and
its variations scale up. For instance, we show in Paper II that
the scaling factor may be as large as two, which leads to fields
weaker than #10 G. This is still within the range of previously
reported values inferred from molecular lines and significantly
lower than those for atomic lines. To resolve this contradiction,
one needs to apply the di!erential Hanle e!ect to atomic lines
and, therefore, reduce the model dependent e!ects. Our synop-
tic observations have a potential for this analysis and we will
pursue it in the near future.

5.2. Modeling of Stokes V/I

The signals in Stokes V/I can be used to calculate the line-of-
sight (LOS) magnetic field component. Several measurements
taken under good seeing conditions show V/I signals on the or-
der of 0.1% in the Fe ! lines. The magnetic patches of the same
polarity have a size of 3 to 10 pixels along the slit, equal to 4.4$$
to 14.6$$ with the width of 0.5$$. Because the signal-to-noise ra-
tio is su"ciently high, we do not need to average V/I over the
whole slit like Q/I, but it is su"cient to average several pixels.

Using the STOPRO code (Solanki 1987; Frutiger et al. 2000)
we calculated Stokes V/I profiles for the three iron lines next
to the C2 lines. The synthetic profiles were broadened using
an instrumental profile of 50 mÅ. Because the strong iron lines
form in NLTE conditions, we slightly adjusted their oscillator
strengths, so that the calculated Stokes I better matches the ob-
servations. Unfortunately, the available set of iron lines did not
allow us to separate the filling factor and the field strength.
Therefore, we could determine only their product, so the field
strengths discussed below are actually low limits and correspond
to the filling factor ! = 1. Because the spatial resolution was low,
we could expect cancellations of Stokes V within the observed
patches.

Figure 13 shows the best fit for a magnetic field of 5 ± 1 G
(solid thick lines) to an observation of August 16, 2008, averaged
over 5.8$$ (dotted). The thin lines are calculations for 3 G and
7 G to demonstrate the sensitivity of the V/I amplitudes to the
weak magnetic field. The intensity decrease in Stokes I at longer
wavelengths in this spectrum results from vignetting e!ects and
cannot be completely removed because of the absence of spectral
flatfields. Only a first order correction was applied to Stokes I by
fitting a second-order polynomial through continuum points. As
mentioned before, Stokes I should be treated with caution, but
V/I does not su!er from any vignetting or gain table e!ects.

Fits to di!erent observations on various days and for di!er-
ent parts of the slit revealed magnetic fields of 3 G to 8 G with
the errors of ±1 G. Weaker magnetic fields could not be accu-
rately determined because of the noise level. Despite measuring
only !B, we can exclude strong fields with a high filling fac-
tor, because they would contribute to Q/I due to the transverse
Zeeman e!ect. While there were some small variations visible
in Q/I of the iron lines across the slit, the signals never ex-
ceeded the level of the scattering polarization (max 0.1%), and
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Fig. 12. Magnetic field strength calculated with the model described in
Sect. 3 applied to the R-triplet ratios only. The data sets are the same as
in Fig. 10.
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strengths, so that the calculated Stokes I better matches the ob-
servations. Unfortunately, the available set of iron lines did not
allow us to separate the filling factor and the field strength.
Therefore, we could determine only their product, so the field
strengths discussed below are actually low limits and correspond
to the filling factor ! = 1. Because the spatial resolution was low,
we could expect cancellations of Stokes V within the observed
patches.

Figure 13 shows the best fit for a magnetic field of 5 ± 1 G
(solid thick lines) to an observation of August 16, 2008, averaged
over 5.8$$ (dotted). The thin lines are calculations for 3 G and
7 G to demonstrate the sensitivity of the V/I amplitudes to the
weak magnetic field. The intensity decrease in Stokes I at longer
wavelengths in this spectrum results from vignetting e!ects and
cannot be completely removed because of the absence of spectral
flatfields. Only a first order correction was applied to Stokes I by
fitting a second-order polynomial through continuum points. As
mentioned before, Stokes I should be treated with caution, but
V/I does not su!er from any vignetting or gain table e!ects.

Fits to di!erent observations on various days and for di!er-
ent parts of the slit revealed magnetic fields of 3 G to 8 G with
the errors of ±1 G. Weaker magnetic fields could not be accu-
rately determined because of the noise level. Despite measuring
only !B, we can exclude strong fields with a high filling fac-
tor, because they would contribute to Q/I due to the transverse
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Table 1. Parameters for best fits

observation B [G] !C !J

Syn. obs.! 7.41 ± 0.09 0.054 ± 0.001 1.58 ± 0.03
stddev " 0.76 0.010 0.23
Atlas 9.1 ± 1.5 0.045 ± 0.006 1.2 ± 0.2
ms080509 8.1 ± 0.8 0.047 ± 0.003 1.4 ± 0.1

! Averages of 78 synoptic measurements with 0.07 < µ < 0.13, their
errors and their standard deviations ". To obtain errors of the means
the standard deviations are divided by

"
78, assuming a normal dis-

tribution of the errors.

4. Fitting the observations
We calculate the #2-minimization comparing the simulations
with the observations, and we obtain the collision rates, the J-
dependent collisions and the value of B from the best fit. In this
section we calculate the model fits to the 78 synoptic observa-
tions with limb distance 0.07 < µ < 0.13 from Paper I including
the peculiar measurement ms080509 and to the atlas of the second
solar spectrum (Gandorfer 2000). The minimization was calcu-
lated using three wavelength points of each of the C2 peaks, giv-
ing a total of 18 data points per observation. This way, the P and
R triplet are weighted equally and since the wavelength points
are chosen close to the maximum values of each peak, the am-
plitude ratios of each best fit agree well with the amplitude ratios
of the respective observation. We minimize the #2-value defined
as:

#2 =
1

(18 # 3)

18
!

i=1

"

(Q/I)iobs # (Q/I)imodel
"obs

#2

(5)

where "obs denotes the noise of the observed Q/I spectrum. The
filling factor $ of the turbulent magnetic field was assumed to be
$ = 1 in agreement with the results of Paper I.

The best fits (smallest #2) are shown in Figure 7 for an aver-
age synoptic observation, the atlas and ms080509 (from top to bot-
tom). The observations (dotted), always averaged over the slit,
and the calculations (solid) were shifted so that the continuum
is at the zero level. The parameters for each best fit are given in
Table 1.

The limb distance (µ) was a fixed parameter, determined for
each observation separately as described in Paper I. The model
was calculated for steps of "µ = 0.01 and linearly interpolated
for each observation. It was verified that within these small steps
of µ, a linear interpolation results in a relative error of less than
1% which is lower than the noise level of our observations.

The parameters, especially the magnetic field, are well con-
strained. Of all measurement, the lowest obtained magnetic field
is 6.0 G and the highest amounts to 9.7 G. The deviations in the
collision factor and !J are slightly larger because they are both
coupled with our additional anisotropy. As mentioned before, we
chose an additional anisotropy linearly increasing with height.
Our simplification may not be entirely correct and therefore, for
measurements with di!erent µ and thus line formation heights,
one may need di!erent collision rates to depolarize the lines to
their ’best fit’. This is indeed the case, as all of the lowest occur-
ring collision rates (0.03) are for µ < 0.08. The magnetic field
however will not be a!ected because of the di!erential Hanle
e!ect.

The J-dependent collision factor is coupled in a similar way:
The di!erence in the formation heights of the P and R lines
gets larger for measurements taken closer to the solar limb.

Fig. 7. Best fits for Q/I (solid), as determined by the #2-minimization,
to an example synoptic observation, the atlas and ms080509 (dotted, from
top to bottom). Blend lines (Fe I and Cr I) were not included for the
calculations which explains the large di!erences below 5139.8 Å.

Fig. 8. Contours of constant #2-values (confidence levels {68.3%,
95.4%, 99.7%}, solid lines) for fits to the atlas observation. !J was fixed
and the contours were calculated for the µ-value of the observation. The
dashed ellipse represents a confidence interval of 68.3% for one degree
of freedom. It is used to derive the errors of the single parameters by
projections onto one dimensional intervals (see Press et al. 2002).

Modulation
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78, assuming a normal dis-

tribution of the errors.

4. Fitting the observations
We calculate the #2-minimization comparing the simulations
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tions with limb distance 0.07 < µ < 0.13 from Paper I including
the peculiar measurement ms080509 and to the atlas of the second
solar spectrum (Gandorfer 2000). The minimization was calcu-
lated using three wavelength points of each of the C2 peaks, giv-
ing a total of 18 data points per observation. This way, the P and
R triplet are weighted equally and since the wavelength points
are chosen close to the maximum values of each peak, the am-
plitude ratios of each best fit agree well with the amplitude ratios
of the respective observation. We minimize the #2-value defined
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where "obs denotes the noise of the observed Q/I spectrum. The
filling factor $ of the turbulent magnetic field was assumed to be
$ = 1 in agreement with the results of Paper I.

The best fits (smallest #2) are shown in Figure 7 for an aver-
age synoptic observation, the atlas and ms080509 (from top to bot-
tom). The observations (dotted), always averaged over the slit,
and the calculations (solid) were shifted so that the continuum
is at the zero level. The parameters for each best fit are given in
Table 1.

The limb distance (µ) was a fixed parameter, determined for
each observation separately as described in Paper I. The model
was calculated for steps of "µ = 0.01 and linearly interpolated
for each observation. It was verified that within these small steps
of µ, a linear interpolation results in a relative error of less than
1% which is lower than the noise level of our observations.

The parameters, especially the magnetic field, are well con-
strained. Of all measurement, the lowest obtained magnetic field
is 6.0 G and the highest amounts to 9.7 G. The deviations in the
collision factor and !J are slightly larger because they are both
coupled with our additional anisotropy. As mentioned before, we
chose an additional anisotropy linearly increasing with height.
Our simplification may not be entirely correct and therefore, for
measurements with di!erent µ and thus line formation heights,
one may need di!erent collision rates to depolarize the lines to
their ’best fit’. This is indeed the case, as all of the lowest occur-
ring collision rates (0.03) are for µ < 0.08. The magnetic field
however will not be a!ected because of the di!erential Hanle
e!ect.

The J-dependent collision factor is coupled in a similar way:
The di!erence in the formation heights of the P and R lines
gets larger for measurements taken closer to the solar limb.

Fig. 7. Best fits for Q/I (solid), as determined by the #2-minimization,
to an example synoptic observation, the atlas and ms080509 (dotted, from
top to bottom). Blend lines (Fe I and Cr I) were not included for the
calculations which explains the large di!erences below 5139.8 Å.

Fig. 8. Contours of constant #2-values (confidence levels {68.3%,
95.4%, 99.7%}, solid lines) for fits to the atlas observation. !J was fixed
and the contours were calculated for the µ-value of the observation. The
dashed ellipse represents a confidence interval of 68.3% for one degree
of freedom. It is used to derive the errors of the single parameters by
projections onto one dimensional intervals (see Press et al. 2002).
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ring collision rates (0.03) are for µ < 0.08. The magnetic field
however will not be a!ected because of the di!erential Hanle
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The di!erence in the formation heights of the P and R lines
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their application to the calculation of irradiance. The above information leads to section 5

that describes how the total and spectral solar irradiance can be reconstructed from well

established solar activity indices, from intensity images and from magnetograms.

In this review we restrict ourselves mainly to the study of solar variations for the time

where instrumental data is available, i.e. to time scales of days to decades. Extrapolation

to earlier periods, with a large variety of time scales, have been made with use of indirect

observations such as the historical observed sunspot number (e.g., Krivova et al (2007)) and

further back with cosmogenic isotopes found in diverse geological formations that can be

dated, for instance see Lockwood (2006).

2 Observation of Solar Irradiance

Here we describe the available observations of total and spectral solar irradiance (TSI and

SSI). Solar irradiance is its energy flux received at a mean distance of 1 AU. We call it total

when is is integrated over all wavelengths.
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Fig. 1 (a) Compared are daily averaged values of the Sun’s total irradiance from radiometers on different
space platforms as published by the instrument teams since November 1978. Note, that the VIRGO TSI is
determined from both VIRGO radiometers (PMO6V and DIARAD), whereas the DIARAD TSI is only based
on this one. Also plotted are data from ERBS (Lee III et al, 1987), HF on NIMBUS 7 and TIM on SORCE.
Panels (b), (c) and (d) show the three available composites, PMOD, ACRIM and IRMB, respectively.

Scafetta & Willson (2009)

Krivova et al. (2009)

Fröhlich (2009)

TSI reconstruction for the satellite period

Krivova, Solanki&Schmutz (2011)
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“Neither of the papers gives a strong reason, as yet, to 
radically alter our current estimates of the change in TSI 
between the Maunder minimum and recent decades. 
However, they do point to the uncertainties that are still 
inherent in reconstructions of TSI over past centuries, and we 
should be prepared to have to revise the reconstructions — 
yet again — in the future.” Lockwood (2011), Nature Climate 
Change



G. A. Schmidt et al.: Climate forcings for the Last Millennium: v1.1 187

900 1000 1100 1200 1300 1400 1500 1600 1700 1800 1900 2000

1358.0

1360.0

1362.0

1364.0

1366.0

1368.0 WLS (noback)
WLS (back)
DB (noback)
DB (back)
SBF
VSK
MEA (noback)
MEA (back)
SEA
PMOD

Total Solar Irradiance Reconstructions

Year (CE)

TS
I (

W
/m

2 )

Fig. 2. Estimates of TSI including the SEA reconstruction calibrated to the WLS reconstructions over 1976–

2006. Note: DB = Delaygue and Bard (2011), MEA = Muscheler et al. (2007), PMOD = Fröhlich (2009), SBF

= Steinhilber et al. (2009), SEA = Shapiro et al. (2011), VSK = Vieira et al. (2011), WLS = Wang et al. (2005).

Fig. 3. Ratio of spectral irradiance variability to total solar irradiance variability from UV to Near IR. This

shows the regression of the % change in solar spectral irradiance (SSI) at each wavelength to the % change in

TSI for 4 separate estimates (Lean, 2000, 2009; Krivova et al., 2010; Shapiro et al., 2011) (cf. Fig 7 in Schmidt

et al. (2011)).

with the absolute size of the changes in the TSI in each reconstruction). Note that very recent results

(Haigh et al., 2010; Harder et al., 2009) suggest a radically different SSI change than we have as-

sumed (much stronger in the UV, less or even the opposite sign in the visible range), but this depends

to a large degree on an unconfirmed short time-series (2004-2007) from a single instrument on the135

SORCE mission (Lean and DeLand, 2012; Unruh et al., 2012). We therefore do not recommend the

use of this SSI change in long term climate model experiments at this time.

Finally, we note that Kopp and Lean (2011) provide further strong evidence to indicate that recent

measurements by the TIM instrument on board SORCE of around 1361 W/m2 are more reliable

than the previously assumed 1366 W/m2. All of our solar reconstructions should be multiplied by a140

factor of 0.99634 if this solar baseline is used. Note, however, that models are mostly sensitive to the

6

Fig. 2. Estimates of TSI including the SEA reconstruction calibrated to the WLS reconstructions over 1976–2006. Note: DB=Delaygue
and Bard (2011), MEA = Muscheler et al. (2007), PMOD= Fröhlich (2009), SBF=Steinhilber et al. (2009), SEA = Shapiro et al. (2011),
VSK=Vieira et al. (2011), WLS=Wang et al. (2005).

data sets – see Fig. 3 in v1.0). Implied carbon emissions are
likely to be sensitive to this point (though this is less likely to
impact surface albedo or roughness changes). Unfortunately,
the differences between the datasets cannot be constrained by
recourse to the atmospheric CO2 record due to uncertainties
in long-term carbon uptake by the biosphere and oceans and
responses of the carbon cycle to shorter term natural variabil-
ity.

3 Solar variations update

We discussed the process of reconstructing a record of so-
lar irradiance in v1.0 and noted that evaluation of the irra-
diance level during Grand Minima has been extremely dif-
ficult. Early reconstructions (i.e. Reid, 1997) used assumed
solar-climate responses and temperature reconstructions to
constrain the Total Solar Irradiance (TSI) change, but ob-
viously this would be circular for PMIP purposes. The re-
constructions suggested in Schmidt et al. (2011) were either
physically based (VSK, WLS, SBF) or extrapolated from a
physically based reconstruction (MEA, DB) (see caption of
Fig. 2 for acronyms). Nonetheless, some assumptions con-
cerning the “background” variation of irradiance (that which
is not tied to the solar cycle) are inevitable.
Recently, there have been suggestions that the irradiance

at the Grand Minima can be estimated by analogy: Schrijver
et al. (2011) suggest that due to the seemingly exceptional
character of the 2007–2009 solar minimum (compared to the
two previous minima, Fröhlich, 2009), this level of activity
is a good analog for the longer term minima. This would
produce a reconstruction with minimal levels of background
change and would be similar to the reconstructions provided
previously. More strikingly, Shapiro et al. (2011) (henceforth
SEA) have suggested that irradiance at low solar modulation
function (8 = 0) should correspond to a solar disk that is
uniformly as bright as the dimmest part of the solar disk at

current 11-yr solar cycle minima (the “Model A” of Fontenla
et al., 1999). This implies a reconstruction of irradiance that
has an order of magnitude larger variance in amplitude than
the reconstructions discussed by us previously.
It is important to note that the results of both these studies

are mainly a function of their assumed calibration (given an
estimate of the historical timeseries for 8). No independent
evidence for these assumptions exists and no physically plau-
sible model has been used. Note too that since “Model A” is
poorly constrained in the lower photosphere, where most of
the TSI changes originate, the uncertainty in the calculated
TSI is high (Fontenla et al., 1999). In contrast to the SEA
reconstruction, there is magnetic field evidence that supports
only a modest increase of solar activity over the 20th century
(Svalgaard and Cliver, 2010; Lockwood and Owens, 2011).
Additionally, Foukal and Milano (2001) suggest that photo-
metric evidence also rules out a strong decrease in the early
20th century, but the images they used are uncalibrated and
so the results must be considered cautiously (Ermolli et al.,
2009). For completeness, we have added the SEA recon-
struction to the PMIP3 database. Processing the SEA data
was done consistently with the other reconstructions. We use
their reconstruction for TSI until 1610CE. Subsequently, we
use the 40-yr smoothed data from their “long” reconstruction
combined with a synthetic 11-yr solar cycle (as discussed in
Schmidt et al., 2011), though note that different approaches
could also be used (e.g. Hathaway et al., 1994; Volobuev,
2009). The whole timeseries is calibrated to the WLS mean
over 1976 to 2006 (Fig. 2). Note that the form of the vari-
ations pre-1610 are the same as in SBF (Steinhilber et al.,
2009) since they use the same 10Be record, but the scaling is
very different.
In other recent work, Foukal et al. (2011) suggest that

the link between TSI and facular indices is non-linear at
low solar activity levels. This would imply a smaller TSI
value during Grand minima than in the previously dis-
cussed reconstructions, while minimising recent trends. No
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TSI reconstructions

from Schmidt et al. (2011)
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4 Judge et al.: A recent irradiance reconstruction (RN)

Fig. 1. Intensity data at 350µ from the James Clerk Maxwell telescope
obtained by Lindsey et al. (1995). The upper figure shows, on a lin-
ear scale, part of the solar disk scanned by the JCMT on 1991 Feb 9.
The middle panel shows the same data without limb brightened regions
and active regions, identified by eye. The lowest panel shows the dis-
tribution functions of relative intensities for both images (not counting
zeros), and the locations of the model brightnesses at this wavelength
(with model C set to unity), for both the F99 and VAL models. The in-
tensities are linearly proportional to the temperature between 450 and
550 km above the visible continuum of the Sun.

“Our semiempirical models are constructed to repro-
duce observed emergent intensities and profiles at wave-
lengths from the UV to radio wavelengths. Thus, we ex-
pect intensities computed from these models to give rea-
sonable absolute intensities and, hence, good irradiance
estimates.”

Because the irradiance variations are linearly proportional to
(qC ! qA), we investigated the predictions of the F99 model in-
tensities against observations from the sub-mm region, whose
intensities reflect linearly the temperatures of various features of
the solar upper photosphere and temperature minimum region.
Lindsey et al. (1995) obtained and analyzed data from the James
Clerk Maxwell Telescope (JCMT) at 350 microns which has a
PSF of " 6##, close to 5 $ 5## pixels of the SKYLAB data upon
which the VAL models were based. This continuum emission
forms between 400 and 700 km above the photosphere (where
the 500nm continuum optical depth is unity). Figure 1 shows
our re-analysis of the best data from Lindsey et al. (1995). The
chosen minimum state of S2011 corresponds to centering the en-

tire distribution of brightness 350µ to the point marked “F99 A”
in the figure. These data are relevant in that the intensities in each
pixel are linearly proportional to the temperature of the emit-
ting plasma near 500km. Given that total irradiance variations
are dominated by atmospheric changes between 0 and 500 km,
that the various F99 models are very similar at 0 km in the deep
photosphere, and the fact that the temperature is monotonically
decreasing with height (when averaged over surface magnetic
and granular features), this distribution spans the likely range of
temperatures found at each height in the photosphere of the Sun
in 1991, as seen at this resolution.

Now model ‘A’ was originally built by VAL to match the 8th
percentile in a distribution of Lyman continuum intensities ob-
served with similar resolution by SKYLAB. The F99 models are
updates including a large (230K) upward shift in temperature of
all models near the temperature minimum region (Maltby et al.,
1986). Direct comparisons of the JCMT and SKYLAB intensity
distributions are not possible, because the emergent intensity of
the Lyman continuum is exponentially sensitive to the temper-
ature, and is formed many scale heights higher in the chromo-
sphere than 350µ radiation. Yet it is striking that model F99 A
produces intensities below which only 1.8% of the pixels ob-
served at 350µ are found. (The VAL model A produces intensi-
ties only at the 0.1% level).

We can get a sense in which a given point in the 350µ in-
tensity distribution is going to be shifted in the intensity of the
Lyman continuum, in the context of these models, as follows.
Because temperatures at a given monochromatic optical depth
in the F99 models increase monotonically from darkest (A) to
brightest (F), at all temperatures within the chromospheres, the
Lyman continuum will be brighter when the 350µ continuum is
brighter. It is then clear that a given point in the distribution of
infrared intensities will have its corresponding point at a much
lower percentile in the UV continuum, owing to the exponential
weighting of the Wien limit of the Planck function. Lastly, while
the Lyman continuum is not formed in LTE, the systematic dif-
ferences between the models which are of a very similar form
imply that the source functions have at least the sense, if not the
magnitude, of changes in the Planck function. Indeed figures 7
and 22 of VAL show, for example, that model E is 3$ brighter in
the Lyman continuum than model B, but the 350µ continuum is
just 1.14$ brighter.

We conclude that the model ‘A’ temperatures of the upper
photosphere are too low relative to model ‘C’, if model A is
to represent more than a 1.8% of the number of occurrences in
the 350µ intensity – hence temperature – distribution. A hint of
this problem is present already in the VAL paper, where in their
figure 22 brightness temperatures of the modeled intensities of
A and B fell some 400K below those then measured using sub-
mm observations around 300microns. Our analysis suggests that
model B (or a model in between the A and B) could be a better
choice for the minimum state of the least active Sun. The re-
placement of the model A by the model B would lead to approx-
imately 2 times smaller forcing than reported by Shapiro and
colleagues, as quoted by them.

3.3. The variable Sun in a stellar context

Taking the variations computed by S2011 at face value, we can
place the Sun into the context of stars which have been observed
photometrically for some decades. But this is not straightforward
since no stars have been observed photometrically for centuries,
and we must relate the total solar irradiance variations to the
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migration of surface activity on these stars resemble the
solar archetype, among other things. We will return to some
of these issues in a subsequent paper.

5. PATTERNS OF VARIATION

At this point, we are Ðnally ready to explore the patterns
of variation among Sun-like stars and to make a quantitat-
ive comparison of the SunÏs behavior to that of its stellar
analogs. Rather than wearying the reader with a com-
prehensive and confusing catalog of scatter plots and corre-
lation diagrams, we will present a limited number that
nonetheless capture what we believe to be the more inter-
esting and signiÐcant features of the analysis. These com-
prise three pairs of plots, showing (1) long- and short-term
chromospheric variability versus average chromospheric
activity, (2) long- and short-term photometric (b ] y)/2
variability versus average chromospheric activity, and (3)
the correlation between photometric and chromospheric
variations on long- and short-term timescales. A Ðnal Ðgure
will show the numerical value for the slope of the regression
of long-term photometric variability on chromospheric
variability as a function of average chromospheric activity.

5.1. Chromospheric Emission Variation versus Mean Activity
The two panels of show the distributions ofFigure 6

long- and short-term chromospheric variation, measured
using the rms metric, as functions of average chromospheric

FIG. 6.ÈChromospheric variation vs. average chromospheric activity
level : long-term (cyclic) variation (upper panel) and short-term (night-to-
night) variation (lower panel).

activity level. Both distributions are roughly linear on a
log-log scale, but the run of short-term variation is both
tighter and less steep. Although the Sun lies within both
distributions, it is clearly above the best-Ðt trend line in

and below it in (by factors of 1.4 andFigure 6a Figure 6b
0.69, respectively). Four other stars in the sample (HD
10476, HD 103095, HD 160346, and HD 185144) show the
same (i.e., strong long-term and weak short-term) pattern of
variation ; only one star (HD 143761) is a clear example of
the opposite. A glance back to demonstrates, notFigure 3
surprisingly, that the stars in the SunÏs category are also
those that have the most pronounced activity cycles, with
long-term variation dominating their short-term variability.

5.2. Brightness Variation versus Mean Activity
The two panels of are analogous to those ofFigure 7

except the ordinate is photometric (b ] y)/2Figure 6,
brightness variation. There are, however, some additional
features in We have used drop lines to depict theFigure 7.
correction for comparison star variation ; if this correction
drove the corrected rms variation to an imaginary value, we
have arbitrarily assigned a variation of 0.00002 mag to the
star, which positions it near the bottom of the panel. The
trend lines were Ðtted using only the variable stars (Paper I,
also summarized in these stars are designated byTable 1) :
Ðlled symbols. One star (HD 143761), judged to be a mar-

FIG. 7.ÈPhotometric variation vs. average chromospheric activity
level : long-term (cyclic) variation (upper panel) and short-term (night-to-
night) variation (lower panel). Drop lines attached to each symbol indicate
the correction for comparison star variation. The trajectory above the
SunÏs symbol in the upper panel represents the inclination correction
(° 4.3.3).

Radick et al. (1998)



The Sun among its stellar cohort

-5.4 -5.2 -5.0 -4.8 -4.6 -4.4 -4.2 -4.0
Chromospheric Activity   [log(R’  )]

-7.0

-6.5

-6.0

-5.5

-5.0

C
yc

lic
 C

hr
om

os
ph

er
ic

 V
ar

ia
tio

n 
 [l

og
(r

m
s 

R
’  

)]

HK

H
K

Sun

-5.4 -5.2 -5.0 -4.8 -4.6 -4.4 -4.2 -4.0
Chromospheric Activity   [log(R’  )]

-7.0

-6.5

-6.0

-5.5

-5.0

Sh
or

t-T
er

m
 C

hr
om

os
ph

er
ic

 V
ar

ia
tio

n 
 [l

og
(r

m
s 

R
’  

)]

HK

H
K

Sun

-5.4 -5.2 -5.0 -4.8 -4.6 -4.4 -4.2 -4.0
Chromospheric Activity  [log(R’  )]

10-5

10-4

10-3

10-2

10-1
C

yc
lic

 P
ho

to
m

et
ric

 V
ar

ia
tio

n 
 [r

m
s 

(b
+y

)/2
]

HK

Sun

-5.4 -5.2 -5.0 -4.8 -4.6 -4.4 -4.2 -4.0
Chromospheric Activity  [log(R’  )]

10-5

10-4

10-3

10-2

10-1

Sh
or

t-T
er

m
 P

ho
to

m
et

ric
 V

ar
ia

tio
n 

 [r
m

s 
(b

+y
)/2

]

HK

Sun

No. 1, 1998 VARIABILITY OF SUN-LIKE STARS 255

migration of surface activity on these stars resemble the
solar archetype, among other things. We will return to some
of these issues in a subsequent paper.

5. PATTERNS OF VARIATION

At this point, we are Ðnally ready to explore the patterns
of variation among Sun-like stars and to make a quantitat-
ive comparison of the SunÏs behavior to that of its stellar
analogs. Rather than wearying the reader with a com-
prehensive and confusing catalog of scatter plots and corre-
lation diagrams, we will present a limited number that
nonetheless capture what we believe to be the more inter-
esting and signiÐcant features of the analysis. These com-
prise three pairs of plots, showing (1) long- and short-term
chromospheric variability versus average chromospheric
activity, (2) long- and short-term photometric (b ] y)/2
variability versus average chromospheric activity, and (3)
the correlation between photometric and chromospheric
variations on long- and short-term timescales. A Ðnal Ðgure
will show the numerical value for the slope of the regression
of long-term photometric variability on chromospheric
variability as a function of average chromospheric activity.

5.1. Chromospheric Emission Variation versus Mean Activity
The two panels of show the distributions ofFigure 6

long- and short-term chromospheric variation, measured
using the rms metric, as functions of average chromospheric

FIG. 6.ÈChromospheric variation vs. average chromospheric activity
level : long-term (cyclic) variation (upper panel) and short-term (night-to-
night) variation (lower panel).

activity level. Both distributions are roughly linear on a
log-log scale, but the run of short-term variation is both
tighter and less steep. Although the Sun lies within both
distributions, it is clearly above the best-Ðt trend line in

and below it in (by factors of 1.4 andFigure 6a Figure 6b
0.69, respectively). Four other stars in the sample (HD
10476, HD 103095, HD 160346, and HD 185144) show the
same (i.e., strong long-term and weak short-term) pattern of
variation ; only one star (HD 143761) is a clear example of
the opposite. A glance back to demonstrates, notFigure 3
surprisingly, that the stars in the SunÏs category are also
those that have the most pronounced activity cycles, with
long-term variation dominating their short-term variability.

5.2. Brightness Variation versus Mean Activity
The two panels of are analogous to those ofFigure 7

except the ordinate is photometric (b ] y)/2Figure 6,
brightness variation. There are, however, some additional
features in We have used drop lines to depict theFigure 7.
correction for comparison star variation ; if this correction
drove the corrected rms variation to an imaginary value, we
have arbitrarily assigned a variation of 0.00002 mag to the
star, which positions it near the bottom of the panel. The
trend lines were Ðtted using only the variable stars (Paper I,
also summarized in these stars are designated byTable 1) :
Ðlled symbols. One star (HD 143761), judged to be a mar-

FIG. 7.ÈPhotometric variation vs. average chromospheric activity
level : long-term (cyclic) variation (upper panel) and short-term (night-to-
night) variation (lower panel). Drop lines attached to each symbol indicate
the correction for comparison star variation. The trajectory above the
SunÏs symbol in the upper panel represents the inclination correction
(° 4.3.3).

Radick et al. (1998)

variability (young stars). For stars with log R0
HK there is a rela-

tively well-defined increase in the amount of photometric vari-
ability relative to the chromospheric variability. Six outliers lie
well below the rest, including the unusually active star HD 129333.
As before, the nine stars with only one usable comparison star are
plotted using inverted triangles.

Left of the Sun’s location on this diagram there is considerable
scatter, which we attribute mainly to the poorly known level of
photometric activity of these stars rather than to an astrophysi-
cally meaningful effect.

This figure, which we consider a key exhibit in the morphol-
ogy of stellar variability for the Sun and its analogs, raises an
interesting question. Is the Sun’s location, just slightly above the
dividing line, fixed for historical time or could it shift around a
bit? Certainly, during the three solar cycles of modern observa-
tion, there is nothing to suggest that spot activity could over-
take facular activity as the principal component of solar variability.
The answer, apart from whatever theoretical ruminations might
arise, lies in expanding the sample of stars and pushing down the
limits of estimated photometric variability as far as possible. The
answer, therefore, lies in the indefinite future.

4.5. Lessons Learned

In this section we discuss how our results might have been
improved hadwe known in 1984what we know today.We began
our survey of Sun-like field stars in 1984 with the new knowl-
edge that young F7YK2 stars in the Hyades vary at the easily
detected level of a few percent (Radick et al. 1983; Lockwood et al.
1984). This was a revelation, since Jerzykiewicz & Serkowski
(1966) had shown that stars in this spectral range, if they vary at
all, do so at levels below 0.5% on a decadal timescale. The Sun
itself, shown from spacecraft observations in 1980 to be a vari-
able star on a timescale of days (Willson et al. 1981), had yet to
reveal its minuscule cycle timescale 0.1% variation (Fröhlich
2003a, 2003b).

The challenge, as we perceived it in 1984, was therefore to
map out variability downward from the easily detected several-
percent range of Hyades dwarfs to whatever level our instrumen-
tation would allow. To be reasonably certain of not coming up
empty handed, we included a number of young, presumably ac-
tive stars (based on their log R0

HK values) in our sample. These
rewarded us almost immediately by showing variability.

A preliminary reconnaissance of our capabilities based on ob-
servations of planetary targets (e.g., Lockwood 1977, 1981) had

Fig. 7.—Long-term (cycle timescale) photometric variation vs. average
chromospheric activity level.

Fig. 8.—Correlation between photometric brightness and HK emission var-
iations for long timescales based on 13Y20 yr of observation. (top) and 7Y12 yr
of observation from Paper II. (bottom). Many correlations are strengthened and
none of the 32 surviving stars in the longer sample show reversal in the sense of
the correlation.

Fig. 9.—Slope of the regression of photometric brightness variation on HK
emission variation, plotted as a function of average chromospheric level.

PATTERNS OF VARIATION AMONG SUN-LIKE STARS 301No. 1, 2007

Lockwood et al. (2007)
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migration of surface activity on these stars resemble the
solar archetype, among other things. We will return to some
of these issues in a subsequent paper.

5. PATTERNS OF VARIATION

At this point, we are Ðnally ready to explore the patterns
of variation among Sun-like stars and to make a quantitat-
ive comparison of the SunÏs behavior to that of its stellar
analogs. Rather than wearying the reader with a com-
prehensive and confusing catalog of scatter plots and corre-
lation diagrams, we will present a limited number that
nonetheless capture what we believe to be the more inter-
esting and signiÐcant features of the analysis. These com-
prise three pairs of plots, showing (1) long- and short-term
chromospheric variability versus average chromospheric
activity, (2) long- and short-term photometric (b ] y)/2
variability versus average chromospheric activity, and (3)
the correlation between photometric and chromospheric
variations on long- and short-term timescales. A Ðnal Ðgure
will show the numerical value for the slope of the regression
of long-term photometric variability on chromospheric
variability as a function of average chromospheric activity.

5.1. Chromospheric Emission Variation versus Mean Activity
The two panels of show the distributions ofFigure 6

long- and short-term chromospheric variation, measured
using the rms metric, as functions of average chromospheric

FIG. 6.ÈChromospheric variation vs. average chromospheric activity
level : long-term (cyclic) variation (upper panel) and short-term (night-to-
night) variation (lower panel).

activity level. Both distributions are roughly linear on a
log-log scale, but the run of short-term variation is both
tighter and less steep. Although the Sun lies within both
distributions, it is clearly above the best-Ðt trend line in

and below it in (by factors of 1.4 andFigure 6a Figure 6b
0.69, respectively). Four other stars in the sample (HD
10476, HD 103095, HD 160346, and HD 185144) show the
same (i.e., strong long-term and weak short-term) pattern of
variation ; only one star (HD 143761) is a clear example of
the opposite. A glance back to demonstrates, notFigure 3
surprisingly, that the stars in the SunÏs category are also
those that have the most pronounced activity cycles, with
long-term variation dominating their short-term variability.

5.2. Brightness Variation versus Mean Activity
The two panels of are analogous to those ofFigure 7

except the ordinate is photometric (b ] y)/2Figure 6,
brightness variation. There are, however, some additional
features in We have used drop lines to depict theFigure 7.
correction for comparison star variation ; if this correction
drove the corrected rms variation to an imaginary value, we
have arbitrarily assigned a variation of 0.00002 mag to the
star, which positions it near the bottom of the panel. The
trend lines were Ðtted using only the variable stars (Paper I,
also summarized in these stars are designated byTable 1) :
Ðlled symbols. One star (HD 143761), judged to be a mar-

FIG. 7.ÈPhotometric variation vs. average chromospheric activity
level : long-term (cyclic) variation (upper panel) and short-term (night-to-
night) variation (lower panel). Drop lines attached to each symbol indicate
the correction for comparison star variation. The trajectory above the
SunÏs symbol in the upper panel represents the inclination correction
(° 4.3.3).

Radick et al. (1998)

variability (young stars). For stars with log R0
HK there is a rela-

tively well-defined increase in the amount of photometric vari-
ability relative to the chromospheric variability. Six outliers lie
well below the rest, including the unusually active star HD 129333.
As before, the nine stars with only one usable comparison star are
plotted using inverted triangles.

Left of the Sun’s location on this diagram there is considerable
scatter, which we attribute mainly to the poorly known level of
photometric activity of these stars rather than to an astrophysi-
cally meaningful effect.

This figure, which we consider a key exhibit in the morphol-
ogy of stellar variability for the Sun and its analogs, raises an
interesting question. Is the Sun’s location, just slightly above the
dividing line, fixed for historical time or could it shift around a
bit? Certainly, during the three solar cycles of modern observa-
tion, there is nothing to suggest that spot activity could over-
take facular activity as the principal component of solar variability.
The answer, apart from whatever theoretical ruminations might
arise, lies in expanding the sample of stars and pushing down the
limits of estimated photometric variability as far as possible. The
answer, therefore, lies in the indefinite future.

4.5. Lessons Learned

In this section we discuss how our results might have been
improved hadwe known in 1984what we know today.We began
our survey of Sun-like field stars in 1984 with the new knowl-
edge that young F7YK2 stars in the Hyades vary at the easily
detected level of a few percent (Radick et al. 1983; Lockwood et al.
1984). This was a revelation, since Jerzykiewicz & Serkowski
(1966) had shown that stars in this spectral range, if they vary at
all, do so at levels below 0.5% on a decadal timescale. The Sun
itself, shown from spacecraft observations in 1980 to be a vari-
able star on a timescale of days (Willson et al. 1981), had yet to
reveal its minuscule cycle timescale 0.1% variation (Fröhlich
2003a, 2003b).

The challenge, as we perceived it in 1984, was therefore to
map out variability downward from the easily detected several-
percent range of Hyades dwarfs to whatever level our instrumen-
tation would allow. To be reasonably certain of not coming up
empty handed, we included a number of young, presumably ac-
tive stars (based on their log R0

HK values) in our sample. These
rewarded us almost immediately by showing variability.

A preliminary reconnaissance of our capabilities based on ob-
servations of planetary targets (e.g., Lockwood 1977, 1981) had

Fig. 7.—Long-term (cycle timescale) photometric variation vs. average
chromospheric activity level.

Fig. 8.—Correlation between photometric brightness and HK emission var-
iations for long timescales based on 13Y20 yr of observation. (top) and 7Y12 yr
of observation from Paper II. (bottom). Many correlations are strengthened and
none of the 32 surviving stars in the longer sample show reversal in the sense of
the correlation.

Fig. 9.—Slope of the regression of photometric brightness variation on HK
emission variation, plotted as a function of average chromospheric level.

PATTERNS OF VARIATION AMONG SUN-LIKE STARS 301No. 1, 2007

Lockwood et al. (2007)

No. 1, 2009 ACTIVITY AND VARIABILITY OF SUN-LIKE STARS. II. 319

Figure 11. Activity vs. photometric variability of our sample. The Sun does not
appear as an outlier among the variability envelope of inactive solar analogs.
Drop lines from each plot symbol show where the point would move with
perfectly stable comparison stars. The dotted line is the regression on the same
scale as L07, while the dashed line is the regression obtained for the present
sample.

and time series length, and we use directly comparable data (the
same photometry, and consistent activity measurements (the
log R!

HK and S derived from the SSS data typically agree with
MWO S to 5% or less for inactive stars on both the surveys).
The principal difference is our emphasis on solar analogs, and
while the present regression has nearly the same slope as that of
L07, it is shifted downward by about 0.1 dex in variability.

Figure 11 yields an interesting result. The detection threshold
of our observations occurs at about 0.3 mmag (log rms variation
" # 3.5; see Equation (1)), corresponding to the precision
limit of the APTs and about half the level of the rms cycle
variability of the modern Sun. We observe five targets near
this threshold of detectability, one of which is 18 Sco (lying at
log R!

HK " # 4.90, ! ((b + y)/2) " # 3.5). The Sun is therefore
both no longer an outlier among the entire sample, and far from
being unusually quiescent, it is above the median variability of
the solar analogs with log R!

HK < #4.8.
We also find five inactive stars with detected variability at

" 1 mmag rms. Between this and the Sun is a gap of a factor
of about 2 where we find no stars. Possibly this is a comparison
star effect; drop lines on each symbol in Figure 11 show
where the star would lie with perfectly behaved (i.e., !c $ ")
comparison stars. A larger sample is needed to determine if there
is a real discontinuity between “Sun-like” and larger amplitude
variations.

We can address two questions with these data. Straightfor-
ward is the issue of whether the Sun’s low position in the Radick
et al. (1998) and L07 activity–brightness variation plots is a se-
lection effect: yes, it is. Less clear is whether the excursion
of the Sun’s activity cycle is unusual relative to those of gen-
uine solar analogs and twins. In Figure 12, we show the mean
log R!

HK for each of our targets versus its rms. The Sun lies at the
top of the distribution of inactive stars, but several other targets
are comparably variable, including 18 Sco, which has a cycle

Figure 12. Relative chromospheric variability of the sample, showing the grand
mean activity level for our HK time series vs. their rms. The Sun (open square)
and 18 Sco (the filled triangle immediately to the Sun’s right) are the most
variable of the inactive stars in the sample.

variation of ! (log R!
HK) = 0.043 from 1994 to 2008 (compara-

ble to 0.040 for the Sun over the same period). All we can say at
this point is that the Sun and 18 Sco—the two inactive stars in
the present sample with well defined cycles—(1) are the most
chromospherically variable of the bright, inactive solar analogs
and (2) vary with comparable amplitude.

4.2. Assessment of log R!
HK, S, and Excess Flux

Although log R!
HK is a standard quantity in the literature,

Rutten & Schrijver (1987) found it less satisfactory than the
surface flux density F for interpreting activity variations in cool
stars and we (Hall et al. 2007) have discussed how we obtain
the excess flux, defined as that part of the flux in a bandpass
centered on the HK line cores arising from magnetic activity,
and denoted !FHK. In Figure 13, we plot the same information
as in Figure 10, except in terms of !FHK rather than log R!

HK.
Again, the gray rectangle shows the range of solar excess flux
we measured between 1994 and end 2008. The active–inactive
star boundary translates from log R!

HK $ #4.75 to !FHK $
5 % 105 erg cm#2 s#1, which is approximately twice the mean
excess flux we measured in our solar spectra for Cycle 23.

However, Figure 13 shows that the R!
HK picture becomes

murkier below solar minimum (the bottom of the gray rectan-
gle). Several stars that by R!

HK standards are highly inactive are
warmer than the Sun and therefore will lie higher on the flux axis,
other things being equal, than on the R!

HK axis. This effect is en-
hanced for inactive stars, where a smaller portion of the HK line
core flux arises from dynamo-related processes than in more ac-
tive stars with prominent emission reversals. While our sample
appears to contain a number of “very inactive” (log R!

HK # 5.1)
stars lying quite close to the Sun on a color–magnitude diagram,
they do not appear to be magnetically very different from the
present excursion of the solar cycle. Two stars do appear to have
low levels of magnetic flux: HD 1461, with !FHK " 1%105 and

Hall et al. (2009)
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Fig. 2. Modulation potential (lower panel) and TSI reconstructions (upper panel) for the last 2500 years. Data before 1600 AD are based on
the modulation potential derived from 10Be records from the Greenland Ice core Project (red curves). Data since 1600 AD are based on the two
composites shown in Fig. 1 (red and cyan curves). The gray-shaded area indicates the intrinsic uncertainty.

resolution extends back only 400 years. Both reconstructions in
the right-hand panel of Fig. 2 are based on the 10Be data sets
mentioned above. The di!erence in the reconstructions allows
the error originating from the uncertainties in the proxy data to
be estimated (20!50% in the solar forcing value, depending on
the year). This is large, but still significantly less than the change
in irradiance between the present and the Maunder minimum.
Both reconstructions suggest a significant increase in the TSI
during the first half of the twentieth-century as well as a low
solar irradiance during the Maunder and Dalton minima. The
di!erence between the current and the reconstructed TSI during
the Maunder minimum is about 6 ± 3 W/m2 (equivalent to a so-
lar forcing of "FP!M " 1.0 ± 0.5 W/m2), which is substantially
larger than recent estimates (see Sect. 1). Because our technique
uses 22-year means of the solar modulation potential, our ap-
proach cannot be tested with the last, unusual solar minimum in
2008. To reproduce the current minimum as shown in Fig. 1, we
adopted a value of 584 MeV for the future 22-year average in
2020 (which is 92% of the 22-year average for 1988–2009).

The reconstruction before 1500 AD in the left-hand panel of
Fig. 2 (which stops for clarity at 500 BC) is based on the 10Be
records from the Greenland Ice core Project (Vonmoos et al.
2006). The modulation potential during the Maunder minimum
is about 3–4 times less than at present, but not zero. However,
it has decreased to zero several times in the past, and the corre-
sponding TSI was even smaller than during the Maunder mini-
mum. There were also several periods when the modulation po-
tential, and hence the TSI, were higher than the present value.
The reconstruction back to 7000 BC is presented in Fig. 3. The
choice of model A introduces an uncertainty of the order of 30%,
which is estimated by comparing model A to other possible can-
didates for the minimum state of the quiet Sun, e.g., model B
from Vernazza et al. (1981). Combining this with the uncertain-
ties of the proxy data outlined in Fig. 2 we can roughly esti-
mate the uncertainty of our solar forcing value to be 50%. In
additional to the 10Be-based data of the solar activity there are
several 14C-based datasets (e.g., Solanki et al. 2004; Vonmoos
et al. 2006; Muscheler et al. 2007; Usoskin 2008). An employ-
ment of these datasets will lead to somewhat di!erent values of

the solar variability, which is, however, covered by our rough
order of magnitude estimate of the overall uncertainty of the re-
construction.

Our TSI reconstructions give a value of "1 W/m2 per decade
for the period 1900!1950. The Smithsonian Astrophysical
Observatory (SAO) has a 32-year record of ground-based ob-
servations for 1920–1952. Although the SAO data are disputed
in reliability (Abbot 2007) and clearly contain a non-solar sig-
nal, they are the only available long-term measurements of the
TSI in the first half of the twentieth-century. The data show an
increase of 1 ± 0.5 (1.5 ± 0.5) W/m2 per decade for the period
1928–1947 (1920–1952). Because we are aware that maintain-
ing a stable calibration to better than 0.1% over 30 years is very
demanding, we cannot claim that the historical data confirm our
reconstruction. Nevertheless, it is intriguing to note how well the
SAO trend agrees with our TSI reconstruction.

Our reconstructed solar spectral irradiance comprises spec-
tra from 130 nm to 10 µm. Figure 4 presents a reconstruction
of the integrated flux for several selected spectral regions. The
contrast between di!erent brightness components of the quiet
Sun is especially high in the UV, which results in a large histor-
ical variability of the UV spectral irradiance. The irradiance in
the Schumann-Runge bands and Herzberg continuum increases
from the Maunder minimum to the present by about 26.6% and
10.9% respectively, which is much larger than 0.4% for the TSI
and the visible region. The variability is also relatively high
around the CN violet system, whose strength is very sensitive to
even small temperature di!erences because of the high value of
the dissociation potential. The large UV variability reported here
is especially of importance to the climate community because it
influences climate via an indirect, non-linearly amplified forcing
(Haigh 1994; Egorova et al. 2004).

We are aware that the choice of model A is responsi-
ble for a relatively large percentage of the uncertainty in our
results. Higher resolution observations have recently become
available, and model A could possibly be improved in future
studies. We emphasize that model A is not the coldest possi-
ble quiet Sun model, and therefore our estimate is not a lower
limit of the Sun’s energy output. The coldest model would be
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Fig. 2. Modulation potential (lower panel) and TSI reconstructions (upper panel) for the last 2500 years. Data before 1600 AD are based on
the modulation potential derived from 10Be records from the Greenland Ice core Project (red curves). Data since 1600 AD are based on the two
composites shown in Fig. 1 (red and cyan curves). The gray-shaded area indicates the intrinsic uncertainty.

resolution extends back only 400 years. Both reconstructions in
the right-hand panel of Fig. 2 are based on the 10Be data sets
mentioned above. The di!erence in the reconstructions allows
the error originating from the uncertainties in the proxy data to
be estimated (20!50% in the solar forcing value, depending on
the year). This is large, but still significantly less than the change
in irradiance between the present and the Maunder minimum.
Both reconstructions suggest a significant increase in the TSI
during the first half of the twentieth-century as well as a low
solar irradiance during the Maunder and Dalton minima. The
di!erence between the current and the reconstructed TSI during
the Maunder minimum is about 6 ± 3 W/m2 (equivalent to a so-
lar forcing of "FP!M " 1.0 ± 0.5 W/m2), which is substantially
larger than recent estimates (see Sect. 1). Because our technique
uses 22-year means of the solar modulation potential, our ap-
proach cannot be tested with the last, unusual solar minimum in
2008. To reproduce the current minimum as shown in Fig. 1, we
adopted a value of 584 MeV for the future 22-year average in
2020 (which is 92% of the 22-year average for 1988–2009).

The reconstruction before 1500 AD in the left-hand panel of
Fig. 2 (which stops for clarity at 500 BC) is based on the 10Be
records from the Greenland Ice core Project (Vonmoos et al.
2006). The modulation potential during the Maunder minimum
is about 3–4 times less than at present, but not zero. However,
it has decreased to zero several times in the past, and the corre-
sponding TSI was even smaller than during the Maunder mini-
mum. There were also several periods when the modulation po-
tential, and hence the TSI, were higher than the present value.
The reconstruction back to 7000 BC is presented in Fig. 3. The
choice of model A introduces an uncertainty of the order of 30%,
which is estimated by comparing model A to other possible can-
didates for the minimum state of the quiet Sun, e.g., model B
from Vernazza et al. (1981). Combining this with the uncertain-
ties of the proxy data outlined in Fig. 2 we can roughly esti-
mate the uncertainty of our solar forcing value to be 50%. In
additional to the 10Be-based data of the solar activity there are
several 14C-based datasets (e.g., Solanki et al. 2004; Vonmoos
et al. 2006; Muscheler et al. 2007; Usoskin 2008). An employ-
ment of these datasets will lead to somewhat di!erent values of

the solar variability, which is, however, covered by our rough
order of magnitude estimate of the overall uncertainty of the re-
construction.

Our TSI reconstructions give a value of "1 W/m2 per decade
for the period 1900!1950. The Smithsonian Astrophysical
Observatory (SAO) has a 32-year record of ground-based ob-
servations for 1920–1952. Although the SAO data are disputed
in reliability (Abbot 2007) and clearly contain a non-solar sig-
nal, they are the only available long-term measurements of the
TSI in the first half of the twentieth-century. The data show an
increase of 1 ± 0.5 (1.5 ± 0.5) W/m2 per decade for the period
1928–1947 (1920–1952). Because we are aware that maintain-
ing a stable calibration to better than 0.1% over 30 years is very
demanding, we cannot claim that the historical data confirm our
reconstruction. Nevertheless, it is intriguing to note how well the
SAO trend agrees with our TSI reconstruction.

Our reconstructed solar spectral irradiance comprises spec-
tra from 130 nm to 10 µm. Figure 4 presents a reconstruction
of the integrated flux for several selected spectral regions. The
contrast between di!erent brightness components of the quiet
Sun is especially high in the UV, which results in a large histor-
ical variability of the UV spectral irradiance. The irradiance in
the Schumann-Runge bands and Herzberg continuum increases
from the Maunder minimum to the present by about 26.6% and
10.9% respectively, which is much larger than 0.4% for the TSI
and the visible region. The variability is also relatively high
around the CN violet system, whose strength is very sensitive to
even small temperature di!erences because of the high value of
the dissociation potential. The large UV variability reported here
is especially of importance to the climate community because it
influences climate via an indirect, non-linearly amplified forcing
(Haigh 1994; Egorova et al. 2004).

We are aware that the choice of model A is responsi-
ble for a relatively large percentage of the uncertainty in our
results. Higher resolution observations have recently become
available, and model A could possibly be improved in future
studies. We emphasize that model A is not the coldest possi-
ble quiet Sun model, and therefore our estimate is not a lower
limit of the Sun’s energy output. The coldest model would be
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Fig. 2. Modulation potential (lower panel) and TSI reconstructions (upper panel) for the last 2500 years. Data before 1600 AD are based on
the modulation potential derived from 10Be records from the Greenland Ice core Project (red curves). Data since 1600 AD are based on the two
composites shown in Fig. 1 (red and cyan curves). The gray-shaded area indicates the intrinsic uncertainty.

resolution extends back only 400 years. Both reconstructions in
the right-hand panel of Fig. 2 are based on the 10Be data sets
mentioned above. The di!erence in the reconstructions allows
the error originating from the uncertainties in the proxy data to
be estimated (20!50% in the solar forcing value, depending on
the year). This is large, but still significantly less than the change
in irradiance between the present and the Maunder minimum.
Both reconstructions suggest a significant increase in the TSI
during the first half of the twentieth-century as well as a low
solar irradiance during the Maunder and Dalton minima. The
di!erence between the current and the reconstructed TSI during
the Maunder minimum is about 6 ± 3 W/m2 (equivalent to a so-
lar forcing of "FP!M " 1.0 ± 0.5 W/m2), which is substantially
larger than recent estimates (see Sect. 1). Because our technique
uses 22-year means of the solar modulation potential, our ap-
proach cannot be tested with the last, unusual solar minimum in
2008. To reproduce the current minimum as shown in Fig. 1, we
adopted a value of 584 MeV for the future 22-year average in
2020 (which is 92% of the 22-year average for 1988–2009).

The reconstruction before 1500 AD in the left-hand panel of
Fig. 2 (which stops for clarity at 500 BC) is based on the 10Be
records from the Greenland Ice core Project (Vonmoos et al.
2006). The modulation potential during the Maunder minimum
is about 3–4 times less than at present, but not zero. However,
it has decreased to zero several times in the past, and the corre-
sponding TSI was even smaller than during the Maunder mini-
mum. There were also several periods when the modulation po-
tential, and hence the TSI, were higher than the present value.
The reconstruction back to 7000 BC is presented in Fig. 3. The
choice of model A introduces an uncertainty of the order of 30%,
which is estimated by comparing model A to other possible can-
didates for the minimum state of the quiet Sun, e.g., model B
from Vernazza et al. (1981). Combining this with the uncertain-
ties of the proxy data outlined in Fig. 2 we can roughly esti-
mate the uncertainty of our solar forcing value to be 50%. In
additional to the 10Be-based data of the solar activity there are
several 14C-based datasets (e.g., Solanki et al. 2004; Vonmoos
et al. 2006; Muscheler et al. 2007; Usoskin 2008). An employ-
ment of these datasets will lead to somewhat di!erent values of

the solar variability, which is, however, covered by our rough
order of magnitude estimate of the overall uncertainty of the re-
construction.

Our TSI reconstructions give a value of "1 W/m2 per decade
for the period 1900!1950. The Smithsonian Astrophysical
Observatory (SAO) has a 32-year record of ground-based ob-
servations for 1920–1952. Although the SAO data are disputed
in reliability (Abbot 2007) and clearly contain a non-solar sig-
nal, they are the only available long-term measurements of the
TSI in the first half of the twentieth-century. The data show an
increase of 1 ± 0.5 (1.5 ± 0.5) W/m2 per decade for the period
1928–1947 (1920–1952). Because we are aware that maintain-
ing a stable calibration to better than 0.1% over 30 years is very
demanding, we cannot claim that the historical data confirm our
reconstruction. Nevertheless, it is intriguing to note how well the
SAO trend agrees with our TSI reconstruction.

Our reconstructed solar spectral irradiance comprises spec-
tra from 130 nm to 10 µm. Figure 4 presents a reconstruction
of the integrated flux for several selected spectral regions. The
contrast between di!erent brightness components of the quiet
Sun is especially high in the UV, which results in a large histor-
ical variability of the UV spectral irradiance. The irradiance in
the Schumann-Runge bands and Herzberg continuum increases
from the Maunder minimum to the present by about 26.6% and
10.9% respectively, which is much larger than 0.4% for the TSI
and the visible region. The variability is also relatively high
around the CN violet system, whose strength is very sensitive to
even small temperature di!erences because of the high value of
the dissociation potential. The large UV variability reported here
is especially of importance to the climate community because it
influences climate via an indirect, non-linearly amplified forcing
(Haigh 1994; Egorova et al. 2004).

We are aware that the choice of model A is responsi-
ble for a relatively large percentage of the uncertainty in our
results. Higher resolution observations have recently become
available, and model A could possibly be improved in future
studies. We emphasize that model A is not the coldest possi-
ble quiet Sun model, and therefore our estimate is not a lower
limit of the Sun’s energy output. The coldest model would be
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Fig. 2. Modulation potential (lower panel) and TSI reconstructions (upper panel) for the last 2500 years. Data before 1600 AD are based on
the modulation potential derived from 10Be records from the Greenland Ice core Project (red curves). Data since 1600 AD are based on the two
composites shown in Fig. 1 (red and cyan curves). The gray-shaded area indicates the intrinsic uncertainty.

resolution extends back only 400 years. Both reconstructions in
the right-hand panel of Fig. 2 are based on the 10Be data sets
mentioned above. The di!erence in the reconstructions allows
the error originating from the uncertainties in the proxy data to
be estimated (20!50% in the solar forcing value, depending on
the year). This is large, but still significantly less than the change
in irradiance between the present and the Maunder minimum.
Both reconstructions suggest a significant increase in the TSI
during the first half of the twentieth-century as well as a low
solar irradiance during the Maunder and Dalton minima. The
di!erence between the current and the reconstructed TSI during
the Maunder minimum is about 6 ± 3 W/m2 (equivalent to a so-
lar forcing of "FP!M " 1.0 ± 0.5 W/m2), which is substantially
larger than recent estimates (see Sect. 1). Because our technique
uses 22-year means of the solar modulation potential, our ap-
proach cannot be tested with the last, unusual solar minimum in
2008. To reproduce the current minimum as shown in Fig. 1, we
adopted a value of 584 MeV for the future 22-year average in
2020 (which is 92% of the 22-year average for 1988–2009).

The reconstruction before 1500 AD in the left-hand panel of
Fig. 2 (which stops for clarity at 500 BC) is based on the 10Be
records from the Greenland Ice core Project (Vonmoos et al.
2006). The modulation potential during the Maunder minimum
is about 3–4 times less than at present, but not zero. However,
it has decreased to zero several times in the past, and the corre-
sponding TSI was even smaller than during the Maunder mini-
mum. There were also several periods when the modulation po-
tential, and hence the TSI, were higher than the present value.
The reconstruction back to 7000 BC is presented in Fig. 3. The
choice of model A introduces an uncertainty of the order of 30%,
which is estimated by comparing model A to other possible can-
didates for the minimum state of the quiet Sun, e.g., model B
from Vernazza et al. (1981). Combining this with the uncertain-
ties of the proxy data outlined in Fig. 2 we can roughly esti-
mate the uncertainty of our solar forcing value to be 50%. In
additional to the 10Be-based data of the solar activity there are
several 14C-based datasets (e.g., Solanki et al. 2004; Vonmoos
et al. 2006; Muscheler et al. 2007; Usoskin 2008). An employ-
ment of these datasets will lead to somewhat di!erent values of

the solar variability, which is, however, covered by our rough
order of magnitude estimate of the overall uncertainty of the re-
construction.

Our TSI reconstructions give a value of "1 W/m2 per decade
for the period 1900!1950. The Smithsonian Astrophysical
Observatory (SAO) has a 32-year record of ground-based ob-
servations for 1920–1952. Although the SAO data are disputed
in reliability (Abbot 2007) and clearly contain a non-solar sig-
nal, they are the only available long-term measurements of the
TSI in the first half of the twentieth-century. The data show an
increase of 1 ± 0.5 (1.5 ± 0.5) W/m2 per decade for the period
1928–1947 (1920–1952). Because we are aware that maintain-
ing a stable calibration to better than 0.1% over 30 years is very
demanding, we cannot claim that the historical data confirm our
reconstruction. Nevertheless, it is intriguing to note how well the
SAO trend agrees with our TSI reconstruction.

Our reconstructed solar spectral irradiance comprises spec-
tra from 130 nm to 10 µm. Figure 4 presents a reconstruction
of the integrated flux for several selected spectral regions. The
contrast between di!erent brightness components of the quiet
Sun is especially high in the UV, which results in a large histor-
ical variability of the UV spectral irradiance. The irradiance in
the Schumann-Runge bands and Herzberg continuum increases
from the Maunder minimum to the present by about 26.6% and
10.9% respectively, which is much larger than 0.4% for the TSI
and the visible region. The variability is also relatively high
around the CN violet system, whose strength is very sensitive to
even small temperature di!erences because of the high value of
the dissociation potential. The large UV variability reported here
is especially of importance to the climate community because it
influences climate via an indirect, non-linearly amplified forcing
(Haigh 1994; Egorova et al. 2004).

We are aware that the choice of model A is responsi-
ble for a relatively large percentage of the uncertainty in our
results. Higher resolution observations have recently become
available, and model A could possibly be improved in future
studies. We emphasize that model A is not the coldest possi-
ble quiet Sun model, and therefore our estimate is not a lower
limit of the Sun’s energy output. The coldest model would be
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temporal mean of the solar variability is approximately 2 times 
smaller than presently measured
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If the 11-year cycle is the only harmonic in the solar 
irradiance then the Sun is a clear outlier
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Long-term trend in the solar irradiance
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Chromospheric activity

same activity limits (0:130 ! hSi ! 0:200). The black histo-
gram in Figure 2 shows the distribution of the individual
observations for all 57 stars. The superimposed gray histogram
shows the distribution of observations for the 10 stars that fit
the adopted flat activity criterion of !(hSi)=hSi < 1:5%, where
hSi is the seasonal mean of individual observations. We have
also plotted the distribution of 3038 solar observations with a
white outline.We typically obtain solar observations three times
per week with three observations per day, and the data are
plotted as the running dailymean of the individual observations.

To assess the implications of these results, we examine the
ensemble characteristics of our data set. Of the 57 stars under
consideration, 10, or 17.5%, exhibit flat time series over 6–10
observing seasons. The other 47 are variable in some way,
exhibiting (1) cyclic behavior, (2) a long-term secular trend, or
(3) noncyclic variability in excess of 1.5%. This agrees well
with the figure of 15% quoted by Baliunas et al. (1998).

The critical difference lies in the distribution of the flat star
activity levels. We concur with the MWO data on HD 9562; our
mean S is 0.145, compared with 0.146 reported by BJ90 and
0.140 for the latter part of the B95 time series, and there is no
secular trend in the data. However, the derived S values for the
other nine flat stars occupy a broad and continuous range from
S " 0:145 to S " 0:180, spanning the entire range of mean
S values under consideration in this study. Therefore, where
BJ90 report that ‘‘the magnetic activity of the four ‘flat’ stars is
almost always lower than the activity of the ‘cyclic’ stars,’’ we
find, using a larger sample, that this is not necessarily the case.

Our sample has some sources of error and bias that must be
addressed. First, the data in Figure 2 are not equally weighted.
We can only maintain 18 stars on our ‘‘priority 1’’ list (nightly
observations); the rest are observed once or twice per month.
Thus, about one-third of the stars in Figure 2 contribute two-
thirds of the observations. Additionally, our uncertainty of
0.0075 in S is a significant fraction of the width of the roughly
five S bins (0.0125) occupied by the flat stars in BJ90, so the
flux-S conversion and random errors in our data might be in-
troducing some smearing that would obscure a sharp, well-
defined feature in the distribution (although, as noted above,
the original distribution itself is suspect following the revi-
sions in the HD 9562 and HD 143761 calibrations). For these

reasons, we redid the distribution using seasonal means, which
has the dual benefit of unweighting the sample (by using a
roughly equal number of data points per star, typically 7–9)
and creating a low-variance picture of a star over a given time
interval (this method was also employed by BJ90, who aver-
aged their densely sampled data over 0.1 yr intervals). The
result is shown in Figure 3. Each target in this plot has only
7–9 data points, and !(hSi) ranges from 0.002 to less than
0.001 in S. Again, there is no tendency for flat activity stars to
cluster at low values of S.

Second, our time series (7–9 yr) are considerably shorter
than the MWO series, and there are numerous examples in the
figures published by B95 in which a window of only 9 yr would
lead to incorrect assessment of the star’s variability. These are
primarily examples in which a star displayed subdued activity
for several years but is actually variable when observed for
20 yr (e.g., HD 6920 or HD 126053). The worst effect of this
bias would be to give us an erroneous estimate of the frequency
of flat stars. It is possible that some of our flat stars are variables
in a quiescent state or have long cycles (as seen in a number

Fig. 2.—Distribution of chromospheric activity in 57 Sun-like stars. The
black histogram shows 3709 individual observations for all the stars in the
sample. The superimposed gray histogram shows only those observations for
the 10 stars classified as ‘‘flat.’’ The white-outline histogram shows our 3038
direct measurements of the solar HK emission converted to S and scaled down
by a factor of 3 to fit on the plot.

Fig. 3.—Distribution of chromospheric activity in 57 Sun-like stars. The
black and gray histograms show the seasonal means of observations of stars in
the target sample, rather than individual observations. This weights all stars
equally, and the deviation of these means is small (less than 0.002 in S). As in
Fig. 2, the distributions of cycling and noncycling stars are the same.

Fig. 4.—Cumulative probability distribution of seasonal mean activity in
47 cycling stars (thick line) and 10 flat activity stars (thin line). The Spearman
rank coefficient " for these distributions is 0.969.

CHROMOSPHERIC ACTIVITY OF SOLAR ANALOG STARS 945No. 2, 2004

from Hall and Lockwood (2004)
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same activity limits (0:130 ! hSi ! 0:200). The black histo-
gram in Figure 2 shows the distribution of the individual
observations for all 57 stars. The superimposed gray histogram
shows the distribution of observations for the 10 stars that fit
the adopted flat activity criterion of !(hSi)=hSi < 1:5%, where
hSi is the seasonal mean of individual observations. We have
also plotted the distribution of 3038 solar observations with a
white outline.We typically obtain solar observations three times
per week with three observations per day, and the data are
plotted as the running dailymean of the individual observations.

To assess the implications of these results, we examine the
ensemble characteristics of our data set. Of the 57 stars under
consideration, 10, or 17.5%, exhibit flat time series over 6–10
observing seasons. The other 47 are variable in some way,
exhibiting (1) cyclic behavior, (2) a long-term secular trend, or
(3) noncyclic variability in excess of 1.5%. This agrees well
with the figure of 15% quoted by Baliunas et al. (1998).

The critical difference lies in the distribution of the flat star
activity levels. We concur with the MWO data on HD 9562; our
mean S is 0.145, compared with 0.146 reported by BJ90 and
0.140 for the latter part of the B95 time series, and there is no
secular trend in the data. However, the derived S values for the
other nine flat stars occupy a broad and continuous range from
S " 0:145 to S " 0:180, spanning the entire range of mean
S values under consideration in this study. Therefore, where
BJ90 report that ‘‘the magnetic activity of the four ‘flat’ stars is
almost always lower than the activity of the ‘cyclic’ stars,’’ we
find, using a larger sample, that this is not necessarily the case.

Our sample has some sources of error and bias that must be
addressed. First, the data in Figure 2 are not equally weighted.
We can only maintain 18 stars on our ‘‘priority 1’’ list (nightly
observations); the rest are observed once or twice per month.
Thus, about one-third of the stars in Figure 2 contribute two-
thirds of the observations. Additionally, our uncertainty of
0.0075 in S is a significant fraction of the width of the roughly
five S bins (0.0125) occupied by the flat stars in BJ90, so the
flux-S conversion and random errors in our data might be in-
troducing some smearing that would obscure a sharp, well-
defined feature in the distribution (although, as noted above,
the original distribution itself is suspect following the revi-
sions in the HD 9562 and HD 143761 calibrations). For these

reasons, we redid the distribution using seasonal means, which
has the dual benefit of unweighting the sample (by using a
roughly equal number of data points per star, typically 7–9)
and creating a low-variance picture of a star over a given time
interval (this method was also employed by BJ90, who aver-
aged their densely sampled data over 0.1 yr intervals). The
result is shown in Figure 3. Each target in this plot has only
7–9 data points, and !(hSi) ranges from 0.002 to less than
0.001 in S. Again, there is no tendency for flat activity stars to
cluster at low values of S.

Second, our time series (7–9 yr) are considerably shorter
than the MWO series, and there are numerous examples in the
figures published by B95 in which a window of only 9 yr would
lead to incorrect assessment of the star’s variability. These are
primarily examples in which a star displayed subdued activity
for several years but is actually variable when observed for
20 yr (e.g., HD 6920 or HD 126053). The worst effect of this
bias would be to give us an erroneous estimate of the frequency
of flat stars. It is possible that some of our flat stars are variables
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Fig. 4.—Cumulative probability distribution of seasonal mean activity in
47 cycling stars (thick line) and 10 flat activity stars (thin line). The Spearman
rank coefficient " for these distributions is 0.969.
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chromospheric activity of the flat-activity stars is not systematically 
lower than the chromospheric activity of the cycling stars.

minimum chromospheric activity of the stars with solar metallicity 
corresponds to log RHKʹ′ = −5.08 (Saar 2006)
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gram in Figure 2 shows the distribution of the individual
observations for all 57 stars. The superimposed gray histogram
shows the distribution of observations for the 10 stars that fit
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hSi is the seasonal mean of individual observations. We have
also plotted the distribution of 3038 solar observations with a
white outline.We typically obtain solar observations three times
per week with three observations per day, and the data are
plotted as the running dailymean of the individual observations.
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two scenarios: no secular changes in the chromospheric activity;
                        strong secular changes in the chromospheric activity
                        (log RHKʹ′ reaches Saar 2006 limit)
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Fig. 5.— Left panel: The dependency of the VLT parameter on the solar variability, retrieved
from the stellar data. The shaded area indicates the uncertainty (2!) due to the limited

number of stars. The V11 parameter is set to 0.00044 mag. Dashed line corresponds to the
expected mean solar variability rms20 = 8.2 · 10!4. The projection onto VLT-axis yields the

95% interval for expected long-term variability of the Sun: 0.0043 < VLT < 0.0076. Right
panel: The same as the left panel but additionally the contour calculated with V11 = 0.0002
mag is added. The four dashed lines give four values of rms20 (see text). The projection

onto VLT-axis yields the interval 0.0017 < VLT < 0.012.
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0.17% change in Stromgren (b+y) between the Maunder 
minimum and present
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Fig. 5.— Left panel: The dependency of the VLT parameter on the solar variability, retrieved
from the stellar data. The shaded area indicates the uncertainty (2!) due to the limited

number of stars. The V11 parameter is set to 0.00044 mag. Dashed line corresponds to the
expected mean solar variability rms20 = 8.2 · 10!4. The projection onto VLT-axis yields the

95% interval for expected long-term variability of the Sun: 0.0043 < VLT < 0.0076. Right
panel: The same as the left panel but additionally the contour calculated with V11 = 0.0002
mag is added. The four dashed lines give four values of rms20 (see text). The projection

onto VLT-axis yields the interval 0.0017 < VLT < 0.012.

corresponds to 1.9-2.7 W/m2 TSI change

0.17% change in Stromgren (b+y) between the Maunder 
minimum and present

THANK YOU!


