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The variation in the radiative output of the Sun, described in terms of solar irradiance, is important to
climatology. A common assumption is that solar irradiance variability is driven by its surface magnetism.
Verifying this assumption has, however, been hampered by the fact that models of solar irradiance
variability based on solar surface magnetism have to be calibrated to observed variability. Making use of
realistic three-dimensional magnetohydrodynamic simulations of the solar atmosphere and state-of-the-art
solar magnetograms from the Solar Dynamics Observatory, we present a model of total solar irradiance
(TSI) that does not require any such calibration. In doing so, the modeled irradiance variability is entirely
independent of the observational record. (The absolute level is calibrated to the TSI record from the Total
Irradiance Monitor.) The model replicates 95% of the observed variability between April 2010 and July
2016, leaving little scope for alternative drivers of solar irradiance variability at least over the time scales
examined (days to years).
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The brightness of the Sun is usually described in terms of
solar irradiance, defined as the solar radiative flux at 1 AU.
The integral over all wavelengths, total solar irradiance
(TSI), has been monitored from space since 1978 [1]. The
observation of TSI revealed fluctuations with solar activity
[2], confirming speculations that the radiative output of the
Sun is not constant but modulated by its activity [3]. These
fluctuations,whileminute (about 0.1%over the11-year solar
cycle), influence Earth’s climate, with implications for our
assessment of the anthropogenic contribution to climate
change [4]. Climate simulations require historical solar
irradiance variability as input, and this can be provided
only by models since measurements only go back to 1978.
Evidently, modeling solar irradiance variability requires an
understanding of the underlying physics. This understanding
is also vital to our interpretation of the brightness variations
of other cool stars, which are beginning to be monitored
extensively with missions such as Convection Rotation and
Planetary Transits (COROT) [5] and Kepler [6].
The kilogauss-strength magnetic concentrations found in

the lower solar atmosphere affect the temperature structure
of the enclosed plasma, forming what we observe as dark
sunspots and bright faculae and network [7]. (Faculae refers
to the bright features in magnetically active regions, which
are concentrated at midlatitudes and network to the smaller
bright features distributed more uniformly across the solar
disk.) Hereafter, we will refer to faculae and network, the
fundamental physics of which is similar, collectively as
faculae. Observations indicate that TSI is lower and higher
around the minima and maxima of the solar cycle [8].
TSI measurements also indicate increases and decreases
that coincide with the passage of faculae and sunspots
across the disk [2,9,10]. This apparent correlation between

solar irradiance variability and solar surface magnetism
spurred the development of models aimed at reconstructing
solar irradiance variability by ascribing it to magnetic
activity on the solar surface [11,12]. This implicitly
assumes that the heat blocked by sunspots is redistributed
in the convection zone and the excess heat emitted by
faculae originates from the convection zone [13]. If the
intensity deficit (excess) of surface magnetic features is
channeled to (from) their surroundings instead, they would
have no net effect on solar irradiance.
Other mechanisms have also been proposed, for exam-

ple, global oscillations driven by the rotation of the Sun
[14], surface temperature fluctuations related to magnetic
fields in the interior [15], and the solar dynamo modulating
convective flows [16]. There has been no reported attempt
to incorporate any of these mechanisms in solar irradiance
models. Solar irradiance variability from acoustic oscilla-
tions, convection, and flares, which occur at time scales of
a day and shorter, and from the thermal and chemical
evolution of the Sun, which emerge at time scales exceed-
ing 105 yr, are irrelevant over the intermediate, climate-
relevant time scales [17].
Solar irradiance variability is modeled as the outcome of

solar surface magnetism by inferring the intensity deficit
and excess effected by sunspots and faculae from solar
observations indicative of its surface magnetism. There are
two main approaches, termed proxy and semiempirical
[12]. Proxy models employ indirect, disk-integrated mea-
sures of solar magnetism such as the Mg II index [18] and
the photometric sunspot index [9] as indications of facular
brightening and sunspot darkening. Solar irradiance vari-
ability is obtained by the regression of these measures to
solar irradiance observations [19]. In the semiempirical

PRL 119, 091102 (2017) P HY S I CA L R EV I EW LE T T ER S
week ending

1 SEPTEMBER 2017

0031-9007=17=119(9)=091102(6) 091102-1 © 2017 American Physical Society

https://doi.org/10.1103/PhysRevLett.119.091102
https://doi.org/10.1103/PhysRevLett.119.091102
https://doi.org/10.1103/PhysRevLett.119.091102
https://doi.org/10.1103/PhysRevLett.119.091102


approach, solar irradiance variability is reconstructed by
combining the information about the spatial distribution of
solar surface magnetism in resolved full-disk observations
(such as magnetograms, which map the magnetic flux
density) with the intensity contrast of solar surface features
calculated from models of their atmospheric structure by
the solution to the radiative transfer equation [20].
While such models have managed to replicate most of

the variability in solar irradiance observations [17], they
suffer from the shortcoming of having to rely on empirical
relationships to establish facular brightening and, in the
case of proxy models, sunspot darkening from the solar
observations employed [21]. (Semiempirical models return
sunspot darkening without taking recourse to empirical
relationships.) These empirical relationships are con-
strained by optimizing the model output to observed solar
irradiance variability. Critically, in doing so, the possible
contribution to solar irradiance variability by other mech-
anisms can bewrongly ascribed to solar surface magnetism.
The ability of present-day models to replicate observed
solar irradiance variability cannot exclude the possibility
that mechanisms other than solar surface magnetism might
play a significant role. The true relationship between solar
irradiance variability and solar surface magnetism will
remain an open question for as long as models have to
be calibrated to observed variability. It is therefore vital to
develop models of solar irradiance that do completely
without such calibrations.
Proxy models, by their very definition, have to be

optimized to measured solar irradiance. Current semiem-
pirical models represent solar surface features with one-
dimensional (1D) model atmospheres, which describe the
vertical stratification of their atmospheric structure. As we
will explain later in this Letter, the challenge in describing
the variation in facular intensity with magnetic flux density
[22] with 1D model atmospheres is the reason why existing
semiempirical models have to be calibrated to observed
solar irradiance variability.
We present the first TSI model to reproduce observed

variability without requiring any calibration to the latter
[23]. This is achieved by extending the current semi-
empirical approach to incorporate state-of-the-art 3D model
atmospheres. To this end, we made use of 3D magneto-
hydrodynamic (MHD) simulations of the solar atmosphere
generated with the MURaM code [35]. (MURaM denotes the
Max-Planck Institute for Solar System Research and
University of Chicago Radiation MHD code.) We exploit
the realism of MURaM simulations of the solar atmosphere,
which have been demonstrated to reproduce a wide range
of solar observations [36–39]. We also employed full-disk
magnetograms and intensity images from the Helioseismic
and Magnetic Imager (HMI) onboard the Solar Dynamics
Observatory (SDO), launched in 2010 [40]. Recorded
from space, HMI observations are free from atmos-
pheric seeing effects. Also, as compared to other full-disk

magnetographs, the spatial resolution is higher and the
noise level is, in most cases, lower [41].
The TSI model is a major extension of the semiempirical

model Spectral and Total Irradiance Reconstruction for the
Satellite Era (SATIRE-S) [20,41]. In SATIRE-S, the wave-
length-integrated or bolometric intensity of the quiet Sun,
faculae, and sunspots, at various distances from the disk
center, is calculated on the basis of 1D model atmospheres
with a radiative transfer code [42]. For a given day, the
surface coverage by faculae and sunspots is determined by
identifying these features in a full-disk magnetogram and
the concurrent continuum intensity image. TSI is recovered
by assigning the calculated bolometric intensities to each
disk position according to this segmentation and integrating
the resultant bolometric image over the solar disk. The TSI
model presented here assumes a similar architecture, with
the crucial exception that the bolometric intensity of the
quiet Sun and faculae is calculated from 3D model
atmospheres provided by MURaM simulations.
It is known that the intensity of faculae varies not just

with distance from the disk center but also with magnetic
flux density (see [22,43,44], and references therein).
However, in SATIRE-S, facular intensity is determined
as a function of the distance from the disk center alone with
a 1D model atmosphere that corresponds to faculae of a
particular and a priori unknown magnetic flux density [42].
In order to relate the calculated facular intensities to
measured facular magnetic flux densities, as needed to
assign the appropriate intensity to observed faculae, the
model introduces an empirical relationship that is con-
strained by optimizing the model output to measured TSI
variability [20]. Other existing semiempirical models face
the same issue, as they also employ 1D model atmospheres.
The application of the calculated sunspot intensities to
observed sunspots yields sunspot darkening without the
need to introduce any further calibration to measured TSI
variability.
To model facular brightening and therefore TSI vari-

ability without optimizing the model output to observed
TSI variability, we need to incorporate the variation in
facular bolometric intensity with magnetic flux density into
the model in a physically self-consistent manner. This is
achieved here by synthesizing bolometric images and
magnetograms of 3D model atmospheres emulating how
they would appear to a bolometric imager and to HMI.
From the result, we determined facular bolometric intensity
as a function of the distance from the disk center and the
HMI magnetogram signal. Such a quantitative relationship
is exactly what is missing from existing models. This
relationship allows us to assign the appropriate bolometric
intensity to faculae identified in HMI magnetograms by
their disk position and apparent magnetic flux density
alone, making it possible to reconstruct TSI variability from
HMI observations without any calibration to observed
variability.
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The MURaM code describes the time evolution of mag-
netized plasma of solar composition from magnetoconvec-
tion in a 3D space [35]. The computational domain of the
employed simulations extends 9 × 9 Mm in the horizontal
and 3 Mm in the vertical, set up such that the surface of
optical depth unity (i.e., the solar surface) is about 0.7 Mm
from the top. We generated three MHD simulations,
initiated with a uniform magnetic field of 100, 200, and
300 G, respectively [Fig. 1(a)]. There is an additional
simulation to which no magnetic flux was introduced,
making it purely hydrodynamic. We took ten snapshots of
each simulation. Each snapshot, capturing the state of the
given simulation at a particular simulation time, is equiv-
alent to a 3D model atmosphere.
Taking each snapshot, we calculated the emergent

intensity spectrum (including the effect of spectral lines)

from each horizontal position when viewed from above
using a radiative transfer code [45]. Taking the integral over
wavelength of each intensity spectrum, we arrive at the
bolometric image of the snapshot as it would appear at the
disk center [Fig. 1(b)]. This is repeated, inclining the line
of sight as needed to synthesize the bolometric images of
the snapshot as it would appear at various distances from
the disk center. The bolometric images are resampled to the
image pixel scale of HMI [Fig. 1(c)].
Next, we synthesized the magnetogram corresponding to

each bolometric image by emulating the HMI instrument
[Fig. 1(d)]. Applying a spectral line synthesis code [46] to
the MHD snapshots in a process similar to the bolometric
intensity calculations just described, we calculated the
Stokes parameters of the Fe I 6173 Å line (the spectral
line HMI observes) corresponding to each point in each
bolometric image. The line profiles were processed in
such a way as to emulate the spatial resolution, spectral
sampling, stray light [47], and noise level [22] of the HMI
instrument. We calculated the magnetic flux density from
the line profiles employing the same algorithm used in the
HMI data reduction pipeline [48], yielding the HMI-like
magnetogram corresponding to each bolometric image.
From the synthetic images and magnetograms based on the
MHD snapshots, we derived a relationship describing
bolometric intensity as a function of the distance from
the disk center and the HMI magnetogram signal (solid
lines, Fig. 2).

(a) (a)

(b)(b)

(c)

(d) (d) (d)

(c) (c)

(b)

(a)

FIG. 1. From top to bottom: (a) Magnetic field strength, at
optical depth unity, in a snapshot of each MHD simulation. There
are three MHD simulations, initiated with a uniform magnetic
field of 100 (left), 200 (center), and 300 G (right), respectively.
There is an additional simulation that is purely hydrodynamic
(not pictured). The white box on the left panel denotes a 100 × 100
area. (b) Bolometric image of each snapshot when viewed from
above, therefore representing if they were at the solar disk center,
synthesized with the snapshots as input to a radiative transfer
code. (c) The same bolometric images, resampled to the image
pixel scale of HMI. (d) Corresponding longitudinal magnetogram
of each snapshot, synthesized emulating the HMI instrument. The
longitudinal magnetograms map the line-of-sight (LOS) compo-
nent of the magnetic field strength.

FIG. 2. Bolometric intensity of the quiet Sun and faculae. Let μ
denote the cosine of the heliocentric angle, representing the
distance from the disk center. The crosses denote the result of
taking the bolometric images and the HMI-like longitudinal
magnetograms of the MHD snapshots, binning the points by μ
and magnetic field strength, and taking the bin-averaged mag-
netic field strength and bolometric intensity. The solid lines
follow the corresponding bivariate polynomial in μ and magnetic
field strength fit, taken into the model to describe the bolometric
intensity of faculae. The dashed lines denote the quiet Sun
bolometric intensity at each value of μ, given by the mean level in
the bolometric images of the hydrodynamic snapshots.
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We determined the bolometric intensity of the quiet Sun
from the bolometric images of the hydrodynamic snapshots
(dashed lines, Fig. 2). As in SATIRE-S, the bolometric
intensity of sunspots is calculated from 1D model atmos-
pheres. Since existing semiempirical models already dem-
onstrate this approach to return sunspot darkening without
requiring any calibration to observed solar irradiance
variability, there is no need to model it differently here.
HMI has been returning observations continuously since

April 30, 2010. For each day up to July 31, 2016, we took a
full-disk magnetogram [Fig. 3(a)] and the concurrent
continuum image [Fig. 3(b)]. We segmented the solar disk
into the quiet Sun, faculae, and sunspots by identifying
faculae by the magnetogram signal and sunspots by the
contrast in the continuum intensity image following
Ref. [41]. We assigned, to each image pixel on the solar
disk, the appropriate bolometric intensity by the surface
feature type, distance from the disk center, and, in the case
of faculae, the magnetogram signal. TSI is then given by
the integral of the resultant full-disk bolometric image
[Fig. 3(c)]. The reconstructed TSI variability (Fig. 4) is a
direct consequence of the day-to-day variation in surface
coverage by faculae and sunspots.
We compared the TSI reconstruction to the measure-

ments from the two solar radiometers that operated over the

same period, Total Irradiance Monitor onboard the solar
radiation and climate experiment (SORCE/TIM) [49] and
Variability of Irradiance and Gravity Oscillations instru-
ment onboard the Solar and Heliospheric Observatory
(SoHO/VIRGO) [50]. Because it is TSI variability that
is of interest rather than the absolute radiative flux, we
normalized the reconstruction and the VIRGO record to the
TIM record, the absolute radiometry of which is widely
accepted as the most accurate [51–53].
The TSI reconstruction is in excellent agreement with

both observational records, in particular that from TIM
(Table I). The Pearson correlation coefficient R is 0.976,
indicating the model replicates 95% of the apparent
variability. More importantly, the reconstruction repro-
duces the amplitude of measured TSI variability remark-
ably well. The reconstruction and the TIM record run
closely parallel to one another, in terms of both the overall

(a) (b)

(b)(a) (c)

(c)

FIG. 3. From left to right: (a) HMI longitudinal magnetogram
dated December 16, 2012 (top) and the inset of the boxed area
(bottom). Positive and negative values, rendered bright and
dark, denote the magnetic field pointed towards and away from
the observer, respectively. (b) Simultaneous HMI continuum
intensity image, where sunspots are easily apparent. The instru-
ment maps the intensity in the continuum of the Fe I 6173 line
in instrumental units of digital number per second (DN/s).
(c) Bolometric image reconstructed with the model presented,
the full-disk integral of which yields TSI. The model assigns, to
each image pixel on the solar disk, the calculated bolometric
intensity of either the quiet Sun, faculae, sunspot penumbra, or
sunspot umbra depending on what it is identified to be in the HMI
observations.

(a)

(b)

(c)

FIG. 4. (a) The TSI reconstruction (black line) and the
measurements from TIM (red line), which operated over the
period of the reconstruction except between August 2013 and
April 2014. (b) The inset of the boxed period in 2012. (c) The
inset of the boxed period in 2014.

TABLE I. The Pearson correlation coefficient R and rms
difference between the TSI reconstruction and the observational
records from TIM and VIRGO. The reconstruction spans April
30, 2010 to July 31, 2016, a period of 2285 days, without
interruption. As there are gaps in the coverage of this period by
TIM and VIRGO, we compared the various time series to one
another over just the days where measurements are available from
both instruments (1996 days, 87% of the total).

Time series R rms difference (W=m2)

Model and TIM 0.976 0.0836
Model and VIRGO 0.968 0.0941
TIM and VIRGO 0.975 0.0865
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and the day-to-day trend, as visibly evident in Fig. 4
and encapsulated in the minute root-mean-square (rms)
difference of 0.0836 W=m2.
It is worth noting that the agreement between the model

reconstruction and each of the two observational records,
whether in terms of R or the rms difference, is comparable
to that between the two records (Table I). This suggests
that the differences between the reconstruction and the
two observational records is in no small part due to the
uncertainty in the latter.
Coming without any optimization to measured TSI

variability, the agreement between the TSI reconstruction
and observations is direct evidence that, at least for time
scales from days to the solar cycle, solar irradiance
variability is mainly driven by solar surface magnetic
activity. Recall that the case for this relationship has so
far been circumstantial due to the fact that preceding
models, without exception, have to be calibrated to
observed solar irradiance variability. The fact that the
model accounts for the bulk of measured TSI variability
(95%) also implies that the contribution by other mecha-
nisms, such as those stated earlier in this Letter [14–16],
is very limited (no more than 5% on the time scales
examined here).
The ability of the TSI model presented to recreate

observed variability confirms the assertion that the energy
blocked by sunspots is redistributed in the convection zone
and the excess energy released at faculae originates from
the convection zone [12,13,17]. The convection zone acts
like an energy store due to the high thermal conductivity
and slow thermal relaxation. Together with the high heat
capacity, the fluctuations in internal energy from these
exchanges have essentially no effect on the surface proper-
ties. If the intensity deficit (excess) of surface magnetic
features is channeled to (from) their surroundings instead,
accounting for just that as we have done here should not
recreate the observed solar irradiance variability.
Climate simulations rely on model reconstructions of

historical solar irradiance variability, and all current models
are based on solar surface magnetism. The demonstration
here that solar irradiance variability is indeed dominantly
driven by solar surface magnetism bolsters the validity of
their application to climate simulations.
Finally, the results of this study indicate that the photo-

metric variability of other cool stars, at time scales greater
than a day, can be almost completely ascribed to stellar
surface magnetism.
We made use of observations from SDO/HMI (level 1.5

[54]), SOHO/VIRGO (version 06_005_1608 [55]), and
SORCE/TIM (version 14 [56]), courtesy of the respective
instrument teams. The TSI reconstruction presented is
available in Ref. [57].
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