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ABSTRACT

Solar irradiance variability has been monitored almost exclusively from the Earth’s perspective. We present a method to combine
the unprecedented observations of the photospheric magnetic field and continuum intensity from outside the Sun-Earth line, which
is being recorded by the Polarimetric and Helioseismic Imager on board the Solar Orbiter mission (SO/PHI), with solar observa-
tions recorded from the Earth’s perspective to examine the solar irradiance variability from both perspectives simultaneously. Taking
SO/PHI magnetograms and continuum intensity images from the cruise phase of the Solar Orbiter mission and concurrent observa-
tions from the Helioseismic and Magnetic Imager onboard the Solar Dynamics Observatory (SDO/HMI) as input into the SATIRE-S
model, we successfully reconstructed the total solar irradiance variability as apparent from both perspectives. In later stages of the
SO mission, the orbital plane will tilt in such a way as to bring the spacecraft away from the ecliptic to heliographic latitudes of up
to 33◦. The current study sets the template for the reconstruction of solar irradiance variability as seen from outside the ecliptic from
data that SO/PHI is expected to collect from such positions. Such a reconstruction will be beneficial to factoring inclination into how
the brightness variations of the Sun compare to those of other cool stars, whose rotation axes are randomly inclined.

Key words. Sun: activity – Sun: faculae, plages – Sun: magnetic fields – sunspots

1. Introduction

Solar irradiance variability is a key natural driver of climate
change (Gray et al. 2010; Solanki et al. 2013) and serves as a
template for understanding the brightness variability of other
cool stars (Foukal 1993; Radick et al. 2018). The variability
at timescales of days to the solar cycle is established to be
mainly driven by photospheric magnetism (Shapiro et al. 2017;
Yeo et al. 2017).

The photospheric magnetic field is partly confined in
kilogauss-strength concentrations, which are manifested as

bright faculae and network (hereinafter referred to collectively
as faculae) and as dark sunspots (Spruit & Roberts 1983). Solar
irradiance fluctuates as the time evolution of the photospheric
magnetic field and solar rotation change the prevalence and spa-
tial distribution of bright faculae and dark sunspots on the solar
disc. The intensity excess produced by an individual facular fea-
ture varies with time, as its magnetic field emerges, decays,
coalesces, or is cancelled out by nearby magnetic flux (time
evolution). Likewise, the intensity deficit produced by a given
sunspot is modulated by the time evolution of its magnetic field.
At the same time, the intensity excess or deficit produced by the
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feature is modulated by the combination of solar rotation mov-
ing it across the solar disc and the variation in its intensity con-
trast and projected area with distance from disc centre (rotational
modulation).

The photospheric magnetic field is spatially heterogeneous
such that the magnetism on the solar disc, and consequently solar
irradiance variability, can appear to be different to observers
looking at the Sun from different directions. How solar irra-
diance variability might change with the heliographic latitude
of the observer is of particular interest as it is relevant to
how the brightness variations of the Sun compare to those
of other cool stars, which come in all inclinations. Unfortu-
nately, solar irradiance has so far only been monitored from
Earth-orbiting satellites (Ermolli et al. 2013; Kopp 2014) and
from the Mars-orbiting MAVEN satellite (Jakosky et al. 2015).
Although models have been developed to reconstruct solar irra-
diance variability from observations related to solar magnetism
such as activity indices and full solar disc imagery (see reviews
by Domingo et al. 2009; Yeo et al. 2014a; Chatzistergos et al.
2022), before the Solar Orbiter mission (Müller et al. 2020),
no suitable data had been recorded from outside the Sun-Earth
line. Consequently, attempts to determine how solar variabil-
ity might appear from outside the ecliptic have no alterna-
tives but to extrapolate this information from models of the
Sun or solar observations recorded from the ecliptic (Schatten
1993; Knaack et al. 2001; Vieira et al. 2012; Shapiro et al. 2014;
Nèmec et al. 2020a,b).

The Solar Orbiter mission, launched in February 2020, is set
to change this state of affairs. The spacecraft is orbiting the Sun
with a period of about 180 days such that, over the course of
each orbit, it assumes a range of positions outside the Sun-Earth
line. At present, the orbital plane is close to the ecliptic. In the
later stages of the Solar Orbiter mission, the orbital plane will
tilt to bring the spacecraft away from the ecliptic to heliographic
latitudes of up to 33◦. While there is no solar irradiance moni-
tor on board, the payload includes the Polarimetric and Helio-
seismic Imager (SO/PHI, Solanki et al. 2020), which returns,
amongst other data products, full-disc magnetograms and con-
tinuum images suitable for reconstructing solar irradiance vari-
ability. The out-of-ecliptic observations SO/PHI is expected to
return will present the unique opportunity to reconstruct solar
irradiance variability as apparent from outside the ecliptic from
actual observations recorded from such positions. Such a recon-
struction is missing from existing attempts to factor inclination
into how the brightness variations of the Sun compare to those of
other cool stars (Schatten 1993; Knaack et al. 2001; Vieira et al.
2012; Shapiro et al. 2014; Nèmec et al. 2020a,b).

We present a method to augment the unprecedented obser-
vations SO/PHI is recording from outside the Sun-Earth line
with solar observations recorded from the Earth’s perspective
in order to examine solar irradiance variability from both per-
spectives. This is a preliminary study aimed at setting the tem-
plate for the reconstruction of solar irradiance variability from
the out-of-ecliptic observations expected from SO/PHI in the
later stages of the Solar Orbiter mission. Taking SO/PHI full-
disc magnetograms and continuum images recorded during the
cruise phase of the mission and concurrent observations from the
Helioseismic and Magnetic Imager onboard the Earth-orbiting
Solar Dynamics Observatory (SDO/HMI, Scherrer et al. 2012),
we reconstruct total solar irradiance (TSI) variability as appar-
ent simultaneously from both perspectives. For this purpose,
we made use of the Spectral And Total Irradiance REcon-
structions for the Satellite era model (SATIRE-S, Fligge et al.
2000; Krivova et al. 2003; Yeo et al. 2014a,b, 2015), an estab-

lished model of solar irradiance variability that has been success-
fully applied to such data from various solar telescopes, includ-
ing SDO/HMI, to reconstruct this quantity. In the following,
we describe the data set (Sect. 2.1) and the SATIRE-S model
(Sect. 2.2) and we describe how it is adapted here to the pur-
poses of the current study (Sect. 2.3), and the results (Sect. 3).
Finally, we give our concluding remarks (Sect. 4).

2. Model

The SATIRE-S model computes the corresponding total and
spectral solar irradiance from a given full-disc line-of-sight mag-
netogram and the simultaneous continuum intensity image, here-
inafter referred to as an image pair. For this preliminary study,
we confine the scope to total solar irradiance. We input con-
current SO/PHI and SDO/HMI image pairs into the model to
recover TSI variability as seen from both perspectives.

2.1. Data selection and reduction

The SO/PHI instrument images the full solar disc with one of
its two telescopes, the Full Disc Telescope (FDT). The FDT
records polarised full-disc images in bandpasses centred on six
wavelength positions, five within the magnetically-sensitive Fe
I 6173 Å line, and one in the nearby continuum, on a 2048 ×
2048 pixel CMOS sensor. The pixel scale is 3.57 arcsec. From
the filtergram observations, various data products are gener-
ated, including vector and line-of-sight magnetograms, images
in the continuum near the Fe I 6173 Å line, and Dopplergrams
(Albert et al. 2020).

Over the periods of 01.09.2021 to 10.09.2021, 26.09.2021
to 04.10.2021, and 08.10.2021 to 12.10.2021, denoted P1, P2,
and P3, the FDT returned an image pair (i.e. simultaneous full-
disc line-of-sight magnetogram and continuum intensity image)
every two hours, with interruptions at certain times. The Sun-
Solar Orbiter distance ranged from about 0.6 au to 0.7 au (Fig. 1),
such that each image pixel corresponded to an area of about
1600 km × 1600 km to 1800 km × 1800 km on the solar disc.
At this distance, the entire solar disc laid within a 1024 × 1024
pixel window in the middle of the field-of-view (FoV). For this
reason, the instrument returned this window alone, producing
1024 × 1024 pixel images. The image pairs with clear instru-
mental artefacts, such as missing data, are excluded, leaving 173
image pairs, about seven per day on average. At the time of study,
the data reduction remains preliminary.

Similar to the FDT on SO/PHI, SDO/HMI records polarised
full-disc images in six filters within the Fe I 6173 Å line, from
which similar data products are generated at 45-s and 720-s
cadences. The CCD/image size is 4096×4096 pixel and the pixel
scale is 0.5 arcsec, such that each image pixel corresponds to an
area of about 360 km × 360 km on the solar disc.

We refer, by the term SO/PHI, to the FDT on this instru-
ment. We isolate the SDO/HMI 720-s line-of-sight magnetogram
and continuum image (hmi.M_720s and hmi.Ic_720s data prod-
ucts) concurrent to each SO/PHI image pair taking into account
that the light travel time from the Sun to SO/PHI is shorter than
that to SDO/HMI. The average difference in the time of obser-
vation between the SDO/HMI and SO/PHI image pairs is about
four minutes. To match the SDO/HMI data set to the SO/PHI
data set, taking each SDO/HMI image, the solar disc is binned
down to the size of the solar disc in the corresponding SO/PHI
image. Then, we resampled the SDO/HMI image in such a way
so as to account for solar rotation in the time interval between

A25, page 2 of 9



Yeo, K. L., et al.: A&A 679, A25 (2023)

Fig. 1. Flight path of SO/PHI (blue lines) relative to the Sun (black
cross) and SDO/HMI (red cross) over the observation periods of P1,
P2, and P3 as seen from above the north pole of the Sun. From this per-
spective, SO/PHI is moving anti-clockwise about the Sun towards the
Sun-SDO/HMI line (black line) and the angle subtended by SO/PHI and
SDO/HMI from the Sun represents the separation in heliographic lon-
gitude. The solid grey lines mark the annotated angular distances and
the dashed grey lines the annotated distances from the Sun. The sep-
aration in heliographic latitude, hidden in this perspective, is relatively
minute, ranging from 3.7◦ to 7.6◦. Simultaneous SO/PHI and SDO/HMI
magnetograms from 05.09.2021 and 09.09.2021 (blue plus symbols) are
depicted in Fig. 4.

the two images. From P1 to P3, SO/PHI approached the Sun-
SDO/HMI line such that the angular distance between SO/PHI
and SDO/HMI from the Sun declined steadily from 67.3◦ to
12.2◦ (see Fig. 1).

2.2. SATIRE-S model

The SATIRE-S model describes the variation in solar irradiance
due to sunspot darkening and facular and network brightening.
The model does not distinguish between faculae and network,
which are collectively termed “faculae”. The model has two
components. The first component is the solar disc coverage by
sunspot umbra, sunspot penumbra, and faculae at a given time,
derived by identifying these features in the image pair (line-
of-sight magnetogram and continuum intensity image) recorded
then. The solar disc outside of sunspots and faculae is classified
as internetwork. The second component is the intensity spectra
of sunspot umbra, sunspot penumbra, faculae, and the internet-
work at various distances from disc centre, calculated from mod-
els of their atmospheric structure with a radiative transfer code
(Unruh et al. 1999). Integrating each intensity spectrum over the
full wavelength range, 115 nm to 170 000 nm, yields the corre-
sponding bolometric intensity.

Hereinafter, we will refer to the difference between facu-
lar and internetwork bolometric intensity, depicted in Fig. 2
(blue dashed line), as the facular intensity contrast. Likewise,
we will refer to the difference between sunspot and internetwork
bolometric intensity (red dashed line) as the sunspot intensity
contrast. Going from disc centre to limb, the facular intensity
contrast increases steadily from the disc centre level (black solid
line) while the sunspot intensity contrast decreases. To recover
TSI, the model assigns to each point on the solar disc the appro-
priate bolometric intensity depending on whether it is inside the
umbra or penumbra of a sunspot, faculae, or the internetwork

Fig. 2. TSI excess produced by a given facular feature in SATIRE-S
(blue solid line) and the facular intensity contrast adopted by the model
(blue dashed line), from Unruh et al. (1999), as a function of distance
from disc centre, r

r�
. The red solid and dashed lines represent the same

for sunspots. The black dashed line follows the projected area of a given
solar surface feature (i.e., foreshortening). Each quantity is normalised
to the disc centre value (black solid line). The model treats sunspot
umbra and sunspot penumbra separately, and assumes an umbral to
penumbral area ratio of 1:4. For each quantity depicted, the sunspot pro-
file is given by the mean of the umbral and penumbral profiles, weighted
by this ratio.

and the distance from disc centre. The summation of the result
over the solar disc yields TSI.

Sunspots are distinguishable in continuum images by the
negative intensity contrast and faculae are distinguishable in
magnetograms from noise by the elevated magnetogram signals.
Let BLOS denote the line-of-sight magnetogram signal, which
indicates the line-of-sight component of the mean magnetic flux
density over each resolution element. For a given image pair, the
points on the solar disc where the intensity contrast is below a
certain threshold are classified as sunspots and the points where
|BLOS| is above a certain threshold and not already counted as
sunspots are taken to correspond to faculae.

The magnetic concentrations that comprise faculae and net-
work remain largely unresolved at the spatial resolution of avail-
able full-disc magnetograms, including SO/PHI and SDO/HMI.
In SATIRE-S, the filling factor of facular pixels, that is, the effec-
tive proportion of each resolution element occupied by facu-
lae, is estimated by means of an empirical relationship. Let µ
denote the cosine of the heliocentric angle. Taking into con-
sideration that magnetic flux tubes tend towards a surface nor-
mal orientation due to magnetic buoyancy, the quantity BLOS/µ
approximates the mean magnetic flux density over each reso-
lution element. The faculae filling factor is taken to scale lin-
early with BLOS/µ from zero at 0 G to unity at what is denoted
(BLOS/µ)sat, above which it saturates. The (BLOS/µ)sat parameter
modulates the facular area and, thus, the amplitude of the facular
brightening as well.

The TSI excess or deficit produced by a given facular or
sunspot feature depends on the projected area and intensity
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contrast. The projected area changes with its time evolution and
its passage across the solar disc with solar rotation (i.e. fore-
shortening) and the intensity contrast with the latter due to the
centre-to-limb variation (CLV) of this quantity. The SATIRE-S
model, by establishing the disc-coverage by faculae and sunspots
and taking the CLV of facular, sunspot, and internetwork inten-
sity into account (Fig. 2), captures these processes.

2.3. TSI reconstruction

We apply the SATIRE-S model to the SDO/HMI and SO/PHI
data sets to reconstruct TSI variability as apparent from both
perspectives. In the model, the intensity contrast threshold deter-
mines the disc coverage by sunspots while the |BLOS| threshold
and (BLOS/µ)sat determine the disc coverage by faculae. While
SO/PHI and SDO/HMI survey the same spectral line, they do
differ in instrument design and data reduction, most notably,
the significant difference in spatial resolution (Sect. 2.1). The
result is systematic differences in the apparent sunspot inten-
sity contrast, magnetogram noise, and magnetogram signal scale
between the two data sets. The intensity contrast and |BLOS|

thresholds and (BLOS/µ)sat have to be adapted to each data set
to account for these differences. In earlier implementations of
the SATIRE-S model (Krivova et al. 2003; Yeo et al. 2014b), the
intensity contrast threshold is set at the level that brings the resul-
tant sunspot area into agreement with independent sunspot area
measurements, and the |BLOS| threshold is set at the 3σ magne-
togram noise level. The (BLOS/µ)sat parameter is set at the level
that matches the amplitude of TSI variability in the model output
to that in TSI measurements, making it a free parameter of the
model. However, available sunspot area and TSI measurements
are all recorded from the Earth’s perspective, meaning we can-
not apply the above procedure as is to the SO/PHI data set. We
modified the procedure of Krivova et al. (2003) and Yeo et al.
(2014b) in such a way so we can set the various parameters at the
appropriate level for each data set, while circumventing the issue
that there are no sunspot area and TSI measurements from PHI’s
perspective. The objective is to ensure that the disc coverage by
faculae and sunspots is derived from the SDO/HMI and SO/PHI
data sets consistently; in turn, this ensures that the model output
based on the two are consistent. In the following analysis, unless
specified, we make use of all available data, namely, P1, P2, and
P3, in order to maximise the statistics.

The continuum images were normalised by their limb-
darkening profile, determined following Neckel & Labs (1994).
Taking each SDO/HMI (SO/PHI) continuum image, we classi-
fied the points on the solar disc where the normalised intensity
lies below 0.91 (0.94) as sunspots. For SDO/HMI, the thresh-
old is set at 0.91 by finding the level where the resultant disc-
integrated sunspot area complies with the independent record by
Mandal et al. (2020). The fact that SO/PHI is outside the Sun-
Earth line excludes a similar comparison to available sunspot
area measurements. Instead, the threshold was set at 0.94 by
finding the level where the foreshortening-corrected sunspot area
measured by SO/PHI matches that by SDO/HMI over the part
of the solar surface imaged by both instruments. The sunspot
pixels within each image are ordered by the normalised inten-
sity and the points below (above) the first quintile are taken to
correspond to sunspot umbra (penumbra). This sets the umbral
to penumbral area ratio at 1:4, in compliance with independent
sunspot observations (Solanki 2003).

Taking each SDO/HMI (SO/PHI) magnetogram, the points
on the solar disc where |BLOS| is above 45 G (31 G) and not
already identified as sunspots are taken to correspond to facu-

lae. Standalone facular pixels are reclassified as internetwork to
minimise the wrongful inclusion of magnetogram noise as fac-
ulae. We determined the appropriate BLOS threshold to separate
faculae from magnetogram noise by the following procedure.

For SO/PHI, we determined the magnetogram noise level as
a function of position in the FOV following the procedure of
Ortiz et al. (2002) and Yeo et al. (2013). This revealed the 1σ
noise level to vary within the range of 5.0 G and 10.2 G. Con-
servatively, we set the BLOS threshold for SO/PHI at 31 G, three
times the upper limit of this range. Compared to the SO/PHI
magnetograms, the SDO/HMI magnetograms are less noisy, due
mainly to the longer integration time and the fact that we had
resampled them so that the size of the solar disc matches that in
the former (Sect. 2.1). Consequently, there are weak facular fea-
tures that are distinguishable from noise in the SDO/HMI mag-
netograms but obscured by noise in the SO/PHI magnetograms.
Therefore, instead of setting the BLOS threshold for SDO/HMI
at its 3σ noise level like we did for SO/PHI, we set it at the
level that ensures we are isolating only the facular features that
SO/PHI can also distinguish from noise. Confining ourselves to
P3, we rotated the solar disc in the SDO/HMI magnetograms to
SO/PHI’s perspective. We let µHMI and µPHI denote, for a given
point on the solar surface, the value of µ in SDO/HMI’s and in
SO/PHI’s perspective, respectively. We scaled each point on the
solar disc in the rotated SDO/HMI magnetogram by µPHI

µHMI
. We

refer to the result (an estimate of what the SDO/HMI instrument
would have recorded if it was in SO/PHI’s position) as the pro-
jected SDO/HMI magnetograms. This step is more reliable when
the two perspectives are closer, which is why we confined this
analysis to P3. We set the BLOS threshold for SDO/HMI at 45 G
by finding the value where the number of facular pixels in the
projected SDO/HMI magnetograms matches that in the SO/PHI
magnetograms over the part of the solar surface imaged by both
instruments.

The free parameter in the model, (BLOS/µ)sat is set at
94 G for the SO/PHI-based reconstruction and at 146 G for
the SDO/HMI-based reconstruction. Recall, (BLOS/µ)sat modu-
lates the amplitude of facular brightening (Sect. 2.2). For the
SDO/HMI-based reconstruction, (BLOS/µ)sat is constrained by
matching the amplitude of TSI variability in the model output
to that in observed TSI. For this purpose, we make use of the
TSI record from the Total Irradiance Monitor (TIM) on the Total
and Spectral Solar Irradiance Sensor (TSIS-1) suite onboard
the International Space Station1. We emphasise that by this
step, the SDO/HMI-based reconstruction (red, Fig. 3) merely
adopts the amplitude of TSI variability in the TSIS-1/TIM record
(black). No adjustment of the free parameter can change the
variation in TSI with time in the model output to match that
in the TSIS-1/TIM record. As illustrated, the SDO/HMI-based
reconstruction closely reproduces the TSIS-1/TIM record: the
Pearson’s correlation coefficient, R2 is 0.981, and the root-
mean-square difference, RMSD, is 0.0361 Wm−2. The fact that
SO/PHI is outside the Sun-Earth line excludes a similar compar-
ison to available TSI measurements. To circumvent this issue,
again we compared the SO/PHI magnetograms from P3 to the
result of projecting the corresponding SDO/HMI magnetograms
to SO/PHI’s perspective. For the SO/PHI-based reconstruction,
(BLOS/µ)sat is constrained by matching the disc-integrated fac-
ulae filling factor in the SO/PHI magnetograms to that in the
projected SDO/HMI magnetograms over the part of the solar sur-
face imaged by both instruments. The SO/PHI-based reconstruc-
tion is shown in Fig. 3 (blue) along with the SDO/HMI-based

1 Version 3, available at lasp.colorado.edu/home/tsis/data/
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Fig. 3. Total solar irradiance (TSI) over P1, P2 and P3. The blue and red lines correspond to the SATIRE-S model reconstruction of TSI at 2h
cadence based on the SO/PHI and SDO/HMI data sets, respectively. The black line traces the concurrent measurements from TSIS-1/TIM: the 6h
cadence record is interpolated to the times of the model reconstruction.

reconstruction (red) and the TSIS-1/TIM record (black). Of
course, due to the difference in perspective, the SO/PHI time
series is not expected to match the other two time series.

3. Results

As discussed in the previous section, we constrained the
SO/PHI-based model by optimising the agreement between the
disc coverage by faculae and sunspots derived from the SO/PHI
and SDO/HMI data sets (Sect. 2.3). Of course, even with such a
step, there will be residual discrepancies between the disc cov-
erage by faculae and sunspots derived from the two data sets. In
this section, we examine the extent to which faculae and sunspots
are mapped consistently between the two data sets, and the
uncertainty in the model output TSI produced by the inevitable
uncertainty in the disc coverage by faculae and sunspots.

To this end, we identify the active regions (ARs) that were
imaged by both instruments and examine the area of the enclosed
faculae and sunspots and their contribution to the TSI variability
reproduced by the model. We confine this analysis to P1, where
the two perspectives are furthest apart. In Sect. 2.3, we made use
of the data from P3, where the two perspectives are closest to one
another, to constrain the BLOS threshold and (BLOS/µ)sat, setting
them at the levels that brought the disc coverage by faculae in the
two data sets into agreement over this period. There is a need to
verify that faculae continue to be mapped consistently between
the two data sets outside of this period, especially when the two
perspectives are far apart.

Taking the SO/PHI and SDO/HMI data sets, we identified
and established the boundary of ARs that had emerged during
P1 and were imaged by both instruments (Appendix A), isolating
five such ARs (blue contours, Fig. 4). We examine each AR over
the period where it contains sunspots and lies entirely within the
solar disc from a given perspective. We let r

r�
denote the distance

of the magnetic centre-of-mass of a given AR from disc centre,
normalised to the solar radius. The trajectory of the various ARs
across the solar disc as seen from both perspectives, in terms of
r

r�
, is given in Fig. 5a. Compared to P1, periods P2 and P3 are

shorter and solar activity was weaker such that there are only
two relatively small and weak emerging ARs imaged by both
instruments and even then only for a limited period of time. This
is another reason the current analysis is confined to P1.

From the disc-coverage by faculae and sunspots deter-
mined from the SO/PHI and SDO/HMI data sets, we derive the

foreshortening-corrected facular (AF, Fig. 5b) and sunspot area
within each AR (AS, Fig. 5d). Comparing the AF values from the
SO/PHI (blue) and SDO/HMI data sets (red), the R2 is 0.956 and
the RMSD is 88.9 µHem. In the case of AS, the R2 is 0.939 and
the RMSD is 52.3 µHem. The values from the two data sets are
fairly similar, verifying the steps in Sect. 2.3 to ensure we map
faculae and sunspots consistently between the two data sets.

For each AR and from each perspective, we compute the
contribution to TSI variability by the enclosed faculae (facular
brightening, FB, Fig. 5c) and by the enclosed sunspots (sunspot
darkening, SD, Fig. 5e). To derive the FB of a given AR, we
repeat the TSI reconstruction, treating the faculae within this
AR as internetwork and subtracting the result from the original
reconstruction, likewise for SD. The discrepancies between the
FB and SD values from the SO/PHI-based (blue) and SDO/HMI-
based reconstructions (red) is due to the uncertainty in the
disc coverage by faculae and sunspots, just discussed, and rota-
tional modulation. The trajectory of the AR across the solar disc
(Fig. 5a), and therefore the effect of rotational modulation on FB
and SD, differs between the two perspectives.

Next, we examine the discrepancy between the SO/PHI-
based and SDO/HMI-based reconstructions due to the uncer-
tainty in the disc coverage by faculae and sunspots. First, we
have to account for the differences between the two due to rota-
tional modulation. Let FBDC and SDDC denote, for a given AR,
the FB and SD to an observer that follows it such that it is always
at disc centre, namely, no rotational modulation. In Fig. 2, we
chart the CLV of facular intensity contrast in SATIRE-S (blue
dashed line), based on Unruh et al. (1999), and of the projected
area of a given solar surface feature (i.e. foreshortening, black
dashed line), normalised to the disc centre level (black solid
line). The product of the two normalised CLV profiles yields the
normalised CLV of the FB produced by a given facular feature
in the model (blue solid line). In the same manner, we derive
the normalised CLV of the SD produced by a given sunspot (red
solid line). For faculae, the two effects roughly cancel out, such
that the CLV of FB is weak, explaining why the FB produced
by the various ARs is similar from both perspectives, as illus-
trated in Fig. 5c. In contrast, for sunspots, the CLV of the two
effects are quantitatively similar such that SD, in absolute terms,
exhibits a monotonic and increasingly steep decline towards the
limb. This, together with the uncertainty in AS, resulted in the
discrepancy, between the two perspectives, of the SD produced
by the various ARs (Fig. 5e). We use these results to estimate
FBDC and SDDC from FB and SD. Finally, for each AR, we
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Fig. 4. Simultaneous SO/PHI (left) and SDO/HMI line-of-sight magnetogram (right) recorded during P1 on 05.09.2021 (top), and 09.09.2021
(bottom). The position of SO/PHI relative to the Sun-SDO/HMI line at these times is indicated in Fig. 1 (blue plus symbols). The part of the
solar surface within view of both instruments is encircled in red. The five active regions (ARs) that emerged within P1 and were imaged by both
instruments are encircled in blue. The NOAA AR number is indicated in the top-left panel. The magnetic features marked “A” and “B” correspond
to remnants of ARs which dissipated before P1, and “C” and “D” to ARs which do not meet the aforementioned criteria, discussed in Appendix A.
The greyscale is saturated for the SO/PHI and SDO/HMI magnetograms at ±31 G and ±45 G, respectively. This corresponds to the magnetogram
signal threshold applied to separate faculae from magnetogram noise (Sect. 2.3).

took the sum of FBDC and SDDC, yielding the TSI variability
produced by the AR to an observer that follows it such that
it is always at disc centre, ∆TSIDC (Fig. 5f). Comparing the
∆TSIDC values from the SO/PHI-based (blue) and SDO/HMI-
based reconstructions (red), the R2 is 0.864 and the RMSD is
0.0638 Wm−2.

Between the SO/PHI and SDO/HMI data sets, the disc cover-
ages by faculae and sunspots, at least within ARs, agree to about
4% and 6%, respectively, and this corresponds to an agreement
of about 86% between the SO/PHI-based and SDO/HMI-based
reconstructions of TSI variability.

4. Conclusion

In this study, we presented a method to combine the unprece-
dented observations of the photospheric magnetic field and con-
tinuum intensity that SO/PHI is recording from outside the

Sun-Earth line with solar observations recorded from the Earth’s
perspective to examine solar irradiance variability from both per-
spectives simultaneously. Taking SO/PHI observations from the
cruise phase of the Solar Orbiter mission and concurrent obser-
vations from SDO/HMI as input into the SATIRE-S model, we
successfully reconstructed total solar irradiance (TSI) variability
as apparent from both perspectives (Sects. 2 and 3).

In later stages of the Solar Orbiter mission, the orbital plane
will tilt in such a way so as to bring the spacecraft away
from the ecliptic to heliographic latitudes of up to 33◦. The
current study sets the template for the reconstruction of solar
irradiance variability as seen from outside the ecliptic from
the data SO/PHI is expected to collect from such positions.
In the absence of out-of-ecliptic observations of the Sun, such
a reconstruction is missing from existing attempts to factor
inclination into how the brightness variations of the Sun com-
pares to that of other cool stars, which come in all inclinations
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Fig. 5. Properties of the five active regions that emerged during P1 and imaged by both SO/PHI and SDO/HMI (outlined by blue contours in Fig. 4),
as a function of time: (a) the distance from disc centre, r

r�
, (b) foreshortening-corrected facular area, AF in millionths of the solar hemisphere,

µHem, (c) the change in TSI due to faculae, FB. Rows (d) and (e) represent the same as rows (b) and (c), except for sunspots. In row (f), we chart
the total change in TSI (i.e. both faculae brightening and sunspot darkening) produced by each active region to an observer that follows it such
that it is always at disc centre, ∆TSIDC. The blue (red) solid lines follow the values from the SO/PHI (SDO/HMI) data set and the corresponding
TSI reconstruction. See Sect. 3 for details.

(Schatten 1993; Knaack et al. 2001; Vieira et al. 2012; Shapiro
et al. 2014; Nèmec et al. 2020a,b).

This study is based on a relative small body of SO/PHI
and SDO/HMI observations and the reduction of the SO/PHI
data is preliminary. The results obtained here will have to be
confirmed, in future efforts, with a larger set of SO/PHI and
SDO/HMI observations and the finalised reduction of the for-
mer. Future efforts will also aim to reconstruct solar bright-
ness variability in the passbands employed in stellar surveys
which monitor the photometry of their program stars, for exam-

ple, CoRot (Auvergne et al. 2009), Kepler (Borucki et al. 2010),
TESS (Ricker et al. 2015), and PLATO (Rauer et al. 2014).
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Appendix A: Active region mapping

We identified the ARs that emerged within P1 and were imaged
by both SO/PHI and SDO/HMI. We established their boundaries
as per the following procedure.

We have 96 concurrent SO/PHI and SDO/HMI image pairs
from this 10 day period (01.09.2021 to 10.09.2021). Taking each
SO/PHI image pair, we created a 1024 × 1024 Boolean map and
set to true the points that were classified as sunspots or facu-
lae (Sect. 2.3), that is, harbouring magnetic activity. Let us term
each contiguous cluster of magnetic points as a magnetic island.
We discard the magnetic islands that do not enclose sunspots,
leaving the sunspot-bearing magnetic islands (SBMIs), which
we take to be the cores of active regions. To allow us to compare
the Boolean maps from all the image pairs, we project each of
them to a heliographic latitude versus Carrington longitude grid,
namely, heliocentric coordinates. With this projection, a SBMI
that is present in multiple image pairs will appear in a similar
location in the corresponding Boolean maps. The Boolean maps
from the 96 image pairs are combined into a single Boolean
map using the logical OR operator. The result is a map that indi-
cates the maximum extent of each SBMI. This is repeated for the
SDO/HMI image pairs, producing a separate map of the SBMIs
that were imaged by this instrument.

We combined the SBMI maps from the SO/PHI and
SDO/HMI data sets using the logical AND operator. The result

is a map of the SBMIs that appeared to both instruments, of
which there are five. Taking each SBMI as the core of an active
region, we expanded the boundary in every direction by 60
Mm and took the result as the final boundary of the active
region. The five active regions are marked in Fig. 4, along with
their NOAA active region number. We confirmed, from visual
inspection, that the boundary established here encloses each
AR in its entirety. Each of these ARs emerged within P1, as
evident from the facular and sunspot area time series begin-
ning near zero (Figs. 5b and 5e). Meeting our selection crite-
ria, these five ARs were retained for the analysis presented in
Sect. 3.

Combining the SO/PHI and SDO/HMI maps using the log-
ical AND operator excludes SBMIs that are in one map but not
the other. The discarded SBMIs correspond to NOAA active
region 12860, 12865, and 12870. They do not meet our selec-
tion criteria. NOAA active region 12865, marked "C" in Fig. 4,
contained sunspots at the beginning of P1, where it was vis-
ible to SO/PHI but not to SDO/HMI. By the time it rotated
onto the solar disc from SDO/HMI’s perspective later in P1,
the embedded sunspots had dissipated. Even though this active
region was imaged by both instruments, it had emerged so much
before P1 that its sunspots never appeared to SDO/HMI. As for
NOAA active regions 12860 and 12870, the former was imaged
only by SDO/HMI and the latter, marked ’D’ in Fig. 4, only by
SO/PHI.
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