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Abstract

The primary external energy input to planetary atmospheres comes from solar radiation. Accurate estimates of solar irradiance
are needed in order to understand atmospheric conditions at other planets. Many studies have interpolated Earth-based
irradiance measurements at other planets, disregarding the evolution of solar features, which are responsible for the irradiance
variability. We present an approach for assessing solar irradiance at other planets by using synthetic full surface magnetograms
of the Sun, generated by the Surface Flux Transport Model, and then converted into sunspots and faculae areas. Following
the Spectral And Total Irradiance REconstruction approach, we compute the irradiance as the sum of contributions from
sunspots, faculae, and the quiet Sun. We calculate the S-index, which is a proxy for near-ultraviolet irradiance, and the total
solar irradiance, which is the wavelength-integrated value. We demonstrate that a simple phase shift of the Earth-observed
total solar irradiance does not produce reliable estimates in the ecliptic. By comparing and correlating our results with the
interpolated measurements, we find that the two models agree in the S-index variability, because faculae have a long lifetime, so
the effect of the solar rotation becomes less important. Conversely, the methods disagree strongly in the total solar irradiance,
since sunspots have a short lifetime, and the interpolation does not take into account their emergence and evolution on the

far-side of the Sun, as it only uses the information of the disc visible for an Earth-bound observer.
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Key Points:

« We estimate the solar irradiance at any point in the ecliptic plane, accounting for
the evolution of magnetic features on the solar surface.

e The method agrees for values in the ultraviolet but disagrees for the TSI when com-
pared to the interpolation of Earth-based measurements.

« We calculate the correlation between our method and the phase shifting and the
interpolation of Earth-based measurements of irradiance.
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Abstract

The primary external energy input to planetary atmospheres comes from solar ra-
diation. Accurate estimates of solar irradiance are needed in order to understand atmo-
spheric conditions at other planets. Many studies have interpolated Earth-based irra-
diance measurements at other planets, disregarding the evolution of solar features, which
are responsible for the irradiance variability. We present an approach for assessing so-
lar irradiance at other planets by using synthetic full surface magnetograms of the Sun,
generated by the Surface Flux Transport Model, and then converted into sunspots and
faculae areas. Following the Spectral And Total Irradiance REconstruction approach,
we compute the irradiance as the sum of contributions from sunspots, faculae, and the
quiet Sun. We calculate the S-index, which is a proxy for near-ultraviolet irradiance, and
the total solar irradiance, which is the wavelength-integrated value. We demonstrate that
a simple phase shift of the Earth-observed total solar irradiance does not produce reli-
able estimates in the ecliptic. By comparing and correlating our results with the inter-
polated measurements, we find that the two models agree in the S-index variability, be-
cause faculae have a long lifetime, so the effect of the solar rotation becomes less impor-
tant. Conversely, the methods disagree strongly in the total solar irradiance, since sunspots
have a short lifetime, and the interpolation does not take into account their emergence
and evolution on the far-side of the Sun, as it only uses the information of the disc vis-
ible for an Earth-bound observer.

1 Introduction

Solar radiation is the main source of external energy input to planetary atmospheres,
playing a crucial role in the atmospheric structure and composition. In particular, the
ultraviolet (UV) irradiance drives the photochemistry of the Earth’s middle atmosphere
(Gray et al., 2010), while the extreme ultraviolet (EUV) radiation is responsible for the
photochemistry of the upper atmospheres of the planets in the Solar System (Fox et al.,
2008). A number of general circulation models have been employed in order to under-
stand the mechanisms that rule the atmospheric behavior. These models need, as an in-
put, the values of solar irradiance entering the planetary atmosphere. However, the di-
rect measurements of such irradiance are scarce, so that it must be obtained with mod-
elling.

Several studies have used measurements made at Earth to evaluate the solar irra-
diance at other planets (e.g. Ramstad et al., 2015; Peter et al., 2014). These studies are
based on the assumption that irradiance from the non-rotating Sun is constant and, thus,
the only source of irradiance variability is the solar rotation (hereafter referred as the
lighthouse approximation). Then, to obtain the irradiance entering the atmosphere of
a planet, the measurements made from Earth are either phase-shifted (see Section 3.1)
or interpolated (see Section 3.2) according to the relative position of the Earth and the
planet and then scaled to the Sun-planet distance (Thiemann et al., 2017, 2021).

There have been efforts to test the accuracy of the lighthouse approximation in the
literature. For example, Thiemann et al. (2021) used measurements from the Extreme
Ultraviolet Monitor (EUVM, Eparvier et al., 2015) onboard the Mars Atmosphere and
Volatile EvolutioN (MAVEN) spacecraft to conclude that the error introduced by the
lighthouse approximation can be comparable to the amplitude of the solar rotational vari-
ability. Quémerais et al. (2019) developed an algorithm which combines measurements
from the Solar Wind ANisotropies (SWAN) Solar Heliospheric Observatory (SOHO) Lyman-
« photometer with Earth-based solar flux measurements to derive the irradiance at Lyman-
« for any direction in the ecliptic plane. They found that the SWAN-based method is
superior to the interpolation at periods of high solar activity. On the contrary, the in-
terpolation method works better than the SWAN-based method at periods of low solar
activity.
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The lighthouse approximation introduces an error that depends on the angle within
the ecliptic plane between Earth and the planet of interest, centered on the Sun. This
Earth-Sun-planet angle (¢) is shown in Figure 1. This error is a consequence of the con-
stantly evolving distribution of magnetic fields on the solar surface. The magnetic fields
emerge from the interior of the Sun, forming active regions on the surface, which evolve
and decay on timescales from days to months (see e.g. Solanki et al., 2013, and refer-
ences therein). In the absence of active regions, the solar irradiance is constant. In this
case, the solar irradiance measured at Earth can be scaled to other positions in the So-
lar System with a simple function of distance. The active regions, however, make the so-
lar surface heterogeneous and lead to anisotropic solar irradiance, as well as the tempo-
ral variability of the irradiance.

180°

90°

Figure 1. Earth-Sun-planet angle (¢), within the ecliptic plane. The Earth and the planet of
interest are depicted by the symbols & and the full circle, respectively, and the star depicts the

Sun. Solar rotation is anti-clockwise.

There are two main sources of solar variability on the timescales from days to months.
The first is brought about by solar rotation: the active regions rotate in and out of view,
similar to the behavior of a lighthouse. The second is attributed to the evolution of ac-
tive regions. Nemec et al. (2020) showed that the variability of the solar irradiance in
the visible spectral domain is dominated by rotation for timescales between 4-5 days and
the synodic solar rotation period (27.3 days). For timescales shorter than 4-5 days or
longer than a solar rotation, the variability is dominated by the evolution and emergence
pattern of magnetic features, which is not taken into consideration by the lighthouse ap-
proximation.

In this study, we present a method for estimating solar irradiance at different po-
sitions within the ecliptic plane of the Solar System, for the total solar irradiance (TSI,
i.e. spectrally-integrated irradiance) and for the S-index (a proxy for near-ultraviolet).
We take into consideration the evolution of active regions in the Sun and follow an ap-
proach rooted in the Spectral And Total Irradiance REconstruction model (SATIRE, Fligge
et al., 2000; Krivova et al., 2003, 2011). Our SATIRE-inspired approach is described in
Section 2 and then compared to both simple shifting of irradiance measurements and the
interpolation method in Section 3. The conclusions of this work are drawn in Section 4.

2 Methods

In order to calculate the TSI and the S-index, we combine spectra of the quiet Sun
(i.e. regions on the solar surface free from any visible manifestations of magnetic activ-
ity) and the magnetic features with their corresponding area coverages on the visible so-
lar disc. Each of these aspects will be covered in this section.

2.1 Spectral and total solar irradiance

The SATIRE-inspired approach makes use of the intensity of the quiet Sun and of
magnetic features, weighted by their areas on the solar disc. It takes into account the
distribution and time evolution of magnetic features on the full solar surface so that the
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irradiance variability in any given direction can be directly calculated. The approach is
based on the assumption that solar irradiance variations on timescales longer than one

day can be explained by variations in the surface magnetic fields (Fligge et al., 2000; Krivova
et al., 2003).

In this approach, the spectral solar irradiance (SSI) at the Earth-Sun-planet an-
gle ¢ (see Figure 1), at an orbital inclination 6, for a certain time ¢ and wavelength A
is computed as the sum of two components:

E?(t,\) = Eq(\) + E2%(t, \). (1)

Then, the TSI is obtained by integrating the SSI calculated using Eq. 1 over all wave-
lengths.

In Eq. 1, Eq()) is the time-independent spectral irradiance from the quiet Sun. Eq())
does not depend on ¢ and 6, and is given by

= qu()\,ui)AQu (2)

where I (A, i) is the intensity emerging from the quiet Sun for a given A at a disc po-
sition given by u; , where p is the cosine of the heliocentric angle. The solar surface is
divided into many pixels indexed with i (see Section 2.2) and AQ; is the solid angle sub-
tended by the i-th pixel as seen from the planet.

The term E??(¢,\) in Eq. 1 represents the contribution to the SSI from magnetic
activity, and can be decomposed as

E(t,\) Zaw" WO ) — IO\ )] AQ;
+Zaz¢9 o O ) — Ig(\ )] AQ;

+ Za“*"’ [T (A p) = Tg(A )| AL, (3)

Here, I(), ;) are the intensities of the magnetic features, namely, sunspot umbrae
(u), sunspot penumbrae (p), and faculae (f). Unruh et al. (1999) have shown that in-
cluding only the quiet Sun, sunspots, and faculae in the computations is adequate to ex-
plain the observed SSI and TSI variations (see e.g. Solanki et al., 2013; Ermolli et al.,
2013). We employ the intensities computed by Unruh et al. (1999) with the use of the
ATLAS9 radiative transfer code (Kurucz, 1992; Castelli & Kurucz, 1994), under the as-
sumption of local thermodynamic equilibrium (LTE).

The intensities are derived for 1221 wavelengths, ranging from 9.09 nm to 10020 nm,
with varying spectral resolution, but only values computed above 160 nm can be trusted,
due to the assumption of LTE in ATLAS9 (Tagirov et al., 2019). To account for the centre-
to-limb variation of the intensity, the intensities are calculated for 11 positions on the
solar disc corresponding to u = 1.0 (disc center), 0.9, 0.8, 0.7, 0.6, 0.5, 0.4, 0.3, 0.2, 0.1,
and 0.05. For intermediate disc positions, i.e. when p; of the pixel is different from these
11 values, the intensities are interpolated to the value of p;.

In Eq. 3, a'®?(t) are the fractional area coverages per pixel by a given magnetic fea-
ture. Depending on ¢ and 6, an observer sees different parts of the solar surface, i.e., the
visible solar disc changes. The dependence of the SSI on the observer’s location comes
solely from E%?(t, \), because the disc area coverages of sunspots and faculae depend on
¢ and 0. Therefore, the calculation of the SSI for different ¢ and 6 angles requires that
the distribution of sunspots and faculae over the entire solar surface is known, in addi-
tion to their intensities.
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In the following section, we describe the method used to obtain the area coverages
of magnetic features that are needed to compute the SSI and TSI at various locations
of the observer. Several studies have used this method to model solar irradiance at ar-
bitrary inclinations (see e.g. Nemec et al., 2020; Sowmya, Shapiro, et al., 2021). We note
that for any ¢ and 0, an observer sees only half of the solar surface and therefore the sum-
mations in Eqgs. 2 and 3 are carried out only over the pixels on the visible disc. Further-
more, to compare our results with those which use measurements made exclusively on
Earth, we limit our analysis to the solar disc as observed from the ecliptic plane, and there-
fore the superscript 6 will be omitted from now on.

2.2 Area coverages

We use the spots and faculae area coverage maps obtained by Nemec et al. (2020),
who utilised the Surface Flux Transport Model (SFTM) in the form presented in Cameron
et al. (2010). We summarise their approach here briefly, but refer to Nemec et al. (2020)
for details.

In the SFTM, magnetic flux emerges as bipolar magnetic regions and, once emerged,
the flux evolves due to advection, diffusion and large scale flows (i.e. the meridional flow
and differential rotation). The emergence of the bipolar magnetic regions is based on the
semi-empirical input record of sunspot groups, as described in Jiang et al. (2011), with
the addition that the emergence longitude of the bipolar magnetic regions is randomised
in order to get the full surface distribution of the regions, as needed for our purpose. We
note that the statistical input record preserves the latitudes of emergence (i.e. the so-
lar butterfly diagram), but due to the nature of the semi-empirical record, the actual sizes
and emergence of the active regions cannot be directly compared on a day-to-day ba-
sis to the observed distribution on the Sun. While the record by Jiang et al. (2011) dates
back to 1700, we only utilise the synthesized solar cycle 22, which represents a cycle of
intermediate activity level.

Subsequently, the flux distribution is converted into spot and faculae areas. Fol-
lowing the input record, sunspots are immediately emerged at their largest size, i.e. we
neglect the growing phase. On the day of emergence, Nemec et al. (2020) calculated the
size of the spots using the given areas in the input record, but needed to add a simple
model to take into account the growth and decay of the spots. Penumbral area cover-
ages are taken as 80% of the spot areas, while the remaining 20% is attributed to um-
brae. Using the spatial and temporal distribution of spots, the magnetic flux in each pixel
of the full surface map is corrected for the spot flux. The remaining magnetic field in
the pixel is ascribed to faculae. The area coverages of faculae are determined following
the saturation threshold approach of the SATIRE model (Fligge et al., 2000; Krivova et
al., 2003). From the full surface maps of area coverages, the coverages on the visible disc
for any ¢ can be computed by making appropriate geometrical transformations (see e.g.
Sowmya, Nemec, et al., 2021).

Figure 2 illustrates an example of the synthetic distribution of magnetic features
on the full solar surface and the visible discs corresponding to ¢ angles of 0°, 90°, 180°,
and 270°. The spatial distribution as well as the area coverages of spots and faculae on
the visible disc are very different depending on ¢, as clearly shown by the orthographic
projections in Figure 2.

2.3 S-index

The Mg II spectral lines around 280 nm exhibit one of the largest solar irradiance
variability in the near-UV. Due to this, the Mg II index (core to wing ratio) is used as
a proxy for the irradiance variability in the UV and EUV regime. The Mg II index is
also shown to be a better proxy for solar EUV than the widely used F10.7 index (Viereck
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Figure 2. Snapshot of a synthetic distribution of faculae (red shades) and sunspots (blue pix-
els). Top: full surface map. Bottom: orthographic projections centered at the ¢ angle indicated
above each panel. An observer placed at ¢ = 0° views the visible solar disc as in panel (a), for

example.

et al., 2001). Very accurate and high resolution spectra of the Mg II lines synthesized
in non-LTE as a function of p are needed to correctly determine the Mg II index and its
dependence on ¢. Since such detailed modelling is currently unavailable and beyond the
scope of this work, we instead use the Ca IT H and K lines to investigate the irradiance
changes in the near-UV. Such a choice is directly driven by the strong linear correlation
between the irradiance in the Mg II and Ca II lines (DeLand & Marchenko, 2013).

We quantify the variability in Ca II via the well-known chromospheric activity in-
dicator, namely the S-index (Vaughan et al., 1978). The S-index is calculated as the ra-
tio of the summed fluxes in the Ca IT H and K line cores to the summed fluxes in two
spectral regions near the blue wing of the K line and the red wing of the H line. This
index was established by the Mt. Wilson Observatory, and has been recorded for lower
main-sequence stars since 1966 (Wilson, 1978).

The formation of Ca IT H and K lines spans a wide range of heights in the solar
atmosphere. The line cores are formed in the chromosphere, above the solar photosphere,
where LTE assumptions are no longer valid. Sowmya, Shapiro, et al. (2021) followed a
non-LTE approach to compute the emergent intensities of the quiet Sun and faculae, us-
ing the RH code (Uitenbroek, 2001). Here, again, the intensities are computed for dif-
ferent disc position, as explained in Section 2.1, in order to account for center-to-limb
variations.

We use the spectra from Sowmya, Shapiro, et al. (2021) in Egs. 2 and 3 to deter-
mine the near-UV SSI variability, neglecting the contribution from spots, since the vari-
ability in the Ca II H and K lines are mainly driven by faculae, as shown by Sowmya,
Shapiro, et al. (2021) and Sowmya et al. (2023). The S-index is then obtained accord-
ing to Eq. 1 of Sowmya, Shapiro, et al. (2021).
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3 Results and discussion

The synthetic calculations of TSI and S-index in this work are performed for two
one-year periods within solar cycle 22, using the methods presented in Sections 2.1 and 2.3.
The first year is a period of high solar activity and it is centered on the day with the max-
imum disc area coverage of faculae during the cycle. The second is a period of low so-
lar activity and comprises the last 365 days of solar cycle 22. Figure 3 shows the obtained
TSI for the whole solar cycle 22, as well as the chosen periods of high and low solar ac-
tivity.
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Figure 3. Synthetic TSI based on the magnetic flux of the visible disc for solar cycle 22. The
one-year time periods of high and low solar activity used in this work are marked by red dashed

lines.

We define the normalized variability on the time scale of a solar rotation as

E(b(ta )‘) - <E¢(ta )‘)>81
s @

AE?(t,)\) =

where (E?(t, \))s; is the moving average with an 81-days time window centered on t.
We use a time window of 81-days, which is the equivalent to three solar rotations, in or-
der to remove the effects that arise due to the transit of the magnetic features.

For the S-index, we simply calculate the rotational variability as
AS?(t) = S(t) — (S°(t))s1, ()

where S?(t) is the S-index at time ¢ and angle ¢, and (S?(t))s; is the 81-days moving
average.



219 3.1 Phase shifts and cross-correlation analysis

220 In the phase shift approach, the irradiance at the planet of interest is obtained by

o) simply phase shifting the irradiance measurements made at Earth and scaling them to

222 the Sun-planet distance. In this approach, we neglect the evolution of active regions and

223 assume that in the absence of solar rotation, the solar irradiance is constant.

224 Here, we perform an experiment to assess the accuracy of the phase shift approach

25 at three different ¢ angles in the plane of the solar equator: 90°,180°, and 270° (see Fig-

226 ure 1). According to the phase shift approach, the irradiance values at these angles are

EY(#,0) = E” (t — 7 d,\) (6)

B8 (t,0) = E” (t — 14 d, \) (7)
E*T°(t, ) = E”(t — 21 d, ), (8)

207 with ¢ in days (d). The time periods are equivalent to the angular distance, assuming

28 the synodic solar rotation to be ~ 28 days. The irradiance at ¢ = 90° is expected to

229 be the irradiance at ¢ = 0° a quarter of a solar rotation (seven days) earlier, and so

230 on for the other ¢ angles.

231 Figure 4 shows the comparison between TSI values calculated with the phase shift

232 approach (i.e. with Eqs. 6-8, see blue, green, and red curves) and with the SATIRE-

233 based approach (i.e. with Egs. 1-3, see black curves). The comparison is given for pe-

234 riods of high (left panels) and low (right panels) solar activity during solar cycle 22. We

235 note that the dips in the time series are indicative of spot transits. Since the spots are

236 dark, they reduce the TSI. On the contrary, the peaks are caused by faculae, which are
237 bright regions that increase the TSI.

238 The variability of the S-index computed with the phase shift and with SATTRE-

239 based approaches is shown in Figure 5, following the same color scheme as in Figure 4.
240 We note that the S-index calculations are performed by neglecting spots, since Sowmya
211 et al. (2023) showed that the solar S-index and its variability are mainly driven by fac-
212 ulae. Hence, the variability seen in Figure 5 are attributed to faculae. The solar rota-

23 tional cycles are clearly visible in the time series at both high and low activity periods.
244 In Table 1, we show the linear Pearson correlation coefficients obtained for each

215 of the cases presented in Figures 4 and 5. The correlation between the reference and the
26 shifted TSI time series is poor during both periods of solar activity. In addition, the cor-
247 relation worsens with increasing ¢. This can be attributed to spots which dominate TSI
248 at shorter timescales. The spots are short-lived and evolve quickly on the solar surface.
249 Because of that, the visible disc at various ¢ differs considerably and the correlation be-
250 comes low when a shift of the order of a few days is applied. This suggests that a sim-
251 ple phase shift of the irradiance time series is not a good solution for determining the

252 TSI and its variability at different positions within the Solar System ecliptic plane.

253 The S-index curves at ¢ = 0° and at ¢ = 90° shifted by seven days (blue curves)
254 show a very good correlation, with linear correlation coefficients above 0.9. The differ-
255 ence between these two time series at ¢ = 90° and the series at ¢ = 0° arises from
256 the evolution of faculae over the course of seven days. Since the faculae survive on the
257 solar surface longer than most spots, the time series recorded seven days apart still sees
258 most of the original faculae features and thus the correlation between the time series is
259 high. With increasing ¢, the correlation between the time series generally decreases, al-

260 though the correspondence is still reasonably high. This indicates that shifting the so-
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Figure 5. The same as in Figure 4, but for the S-index variability.

We also determine the cross-correlation between the time series. With this anal-

lar irradiance time series measured at Earth to other positions within the ecliptic plane
works relatively better for S-index than for TSI.

ysis, our aim is to find how many days (forward or backward) the irradiance time series
at ¢ = 90°,180°, and 270° should be shifted in order to achieve the highest correlation
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Table 1. Correlation Coefficients Between the Calculated and the Phase Shifted Time Series of

Irradiance.

High activity Low activity
10) TSI  S-index TSI S-index

90° 0.39 0.92 0.47 0.93
180°  0.10 0.84 0.17 0.75
270°  —0.10 0.75 0.18 0.63

Table 2. Results of the Cross-Correlation Analysis Between the Time Series.

High activity Low activity
TSI S-index TSI S-index

¢  Shift (days) r  Shift (days) r  Shift (days) »r  Shift (days) r
90° —6 0.45 —6 0.92 -7 0.47 —6 0.94
180° —22 0.19 —13 0.87 -5 0.30 +13 0.82
270° +4 0.38 +7 0.90 +7 0.41 +7 0.88

Note. Given are the maximum correlation coefficients (r) and their corresponding shifts

with respect to the time series at ¢ = 0°. Negative shifts indicate preceding days, while

positive shifts indicate following days.

coefficient, 7, to the time series at ¢ = 0°. This is done by shifting the time series day

by day, with a time window ranging from a solar rotation in the past to a solar rotation
in the future, and comparing them with the time series at ¢ = 0°. Table 2 shows the
results of the cross-correlation analysis. Negative shifts indicate preceding days (the same
logic as in Eqgs. 6-8), while positive shifts indicate following days.

As discussed previously, an angular distance of ¢ = 90° should correspond approx-
imately to —7 days, ¢ = 180° to —14 days, and ¢ = 270° to —21 days. The cross-correlation
analysis gives the expected result for ¢ = 90°, even though the coefficients are relatively
low for the TSI. For higher ¢ angles, the maximum correlation coefficients for the TSI
do not seem to have any physical meaning, since the shifts are very distant from what
is expected. As for the S-index, some of the maximum coefficients are achieved when the
time series are shifted one entire solar rotation ahead of what is expected (positive shifts).
From Figures 4 and 5 and Tables 1 and 2, we infer that a simple phase shift is not suf-
ficient to provide good correlation results and, accordingly, irradiance estimates.

3.2 Comparison with interpolated Earth-based measurements

As described by Thiemann et al. (2017), the interpolation method estimates the
irradiance at a certain planet (or angle ¢ within the ecliptic plane) for a day t4, by us-
ing measurements at Earth (Eg) made before (t;— At1) and after (t4+ Ats) the visi-
ble solar disc rotates past the planet. The time differences At; and Aty follow the same
logic as in Egs. 6 to 8. For example, if the Earth-Sun-planet angle ¢ is 90° today, the
irradiance at the planet would be estimated as the weighted sum of the irradiance at Earth
~7 days ago and ~21 days in the future. The interpolation is given by

wq E@(td — At1) + we Eyg (td + Atg)

r3(ta) ’
where r%(t4) is the distance between Earth and the planet on day ¢4, in AU. The mea-
surements are linearly interpolated and weighted, and the weights w; and ws are pro-

E(tq,¢) =

(9)
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Table 3. Correlation Coefficients Between the Calculated and the Interpolated Time Series of

Irradiance.

High activity = Low activity
10) TSI S-index TSI S-index

90°  0.30 0.93 0.49 0.93
180°  0.17 0.93 0.21 0.87
270° 0.24 0.93 0.45 0.90

portional to the periods At; and At,. In the example given, the weights At; and Ats
would be 0.75 and 0.25, respectively. For a more detailed explanation of the method, see
Section 2.1 from Thiemann et al. (2017).

We apply the interpolation method to the irradiance time series at ¢ = 0°, and
determine the irradiance at ¢ = 90°,180°, and 270°. Then, we compare these interpo-
lated time series to the ones evaluated at ¢ = 90°,180°, and 270° using our SATIRE-
inspired approach, by considering the Pearson correlation coefficient of the time series
at each ¢. The coefficients are shown in Table 3. Figure 6 shows such a comparison for
the TSI during periods of high and low activity. The time series calculated using our SATIRE-
inspired approach at ¢ (black curves) and the values interpolated from ¢ = 0° to ¢ =
90°,180°, and 270° (in colors) differ greatly.

The interpolation method misses the exact timing of most spot transits (valleys),
especially for periods of high solar activity. During periods of low solar activity, extrap-
olating the data seems to overestimate the duration and/or intensity of the sunspots. For
all three positions around the Sun, the correlation between the calculated and the in-
terpolated TSI variability does not surpass 0.49. This suggests further that the inter-
polation of the TSI variability observed at Farth to other planets does not represent the
true variability seen at those planets. By comparing Figures 4 and 6, however, the val-
leys and peaks characteristics of each time series are better reconstructed with the in-
terpolation than with the phase shifting method.

Following the same scheme, Figure 7 shows the time series of the S-index variabil-
ity at high and low activity periods. Contrary to the TSI case, the correlations between
the calculated and interpolated S-index variability are high, and the curves look very sim-
ilar. Again, the shapes of the interpolated irradiance time series are more in agreement
to the ones obtained with the SATTRE-inspired approach than the ones estimated with
the phase shifting method (Figure 5).

On one hand, the interpolation method works very well for the proxy of UV wave-
lengths because facular regions evolve very slowly, so that the evolution variability they
induce is not significant on solar rotation timescales. On the other hand, the applica-
tion of the interpolation method for the TSI or wavelengths which are dominated by sunspots
would result in a very large error in the estimated irradiance.

4 Summary and conclusions

In this study, we present a method for estimating solar irradiance within the eclip-
tic plane. First, we use a synthetic statistical model of magnetic field transport, as well
as semi-empirical information on active regions sources in order to build a synthetic model
of faculae and spots area coverages observed at any position within the ecliptic plane dur-
ing solar cycle 22. Then, we compute synthetic values of spectral solar irradiance at sev-
eral Earth-Sun-planet angles in the Solar System using a method that is built on the SATIRE
model for solar irradiance variability reconstruction.
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Figure 6. Synthetic time series of the normalized TSI variability for periods of high (left) and
low (right) solar activity. The panels show the variability calculated using our SATIRE-inspired
approach (black) and the interpolation method (colors). From top to bottom, the panels show

¢ =90° (blue), ¢ = 180° (green), and ¢ = 270° (red).
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Figure 7. The same as in Figure 6, but for the S-index variability.

Using our SATIRE-inspired synthetic model, we evaluate the TSI and the S-index,
which is a proxy for irradiance at near-UV wavelengths, at four Earth-Sun-planet an-
gles: ¢ = 0°,90°,180°, and 270°, for a year of high solar activity and a year of low so-
lar activity. We apply a simple phase shift to the time series at ¢ = 90°,180°, and 270°,
proportional to the solar rotation, and compare the results with the time series at ¢ =
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0°. We conclude that a simple phase shift of the data is not enough to obtain good es-
timates of solar irradiance.

We also compared our method with the traditional interpolation method (Thiemann
et al., 2017). This method consists of a ”lighthouse” model, where Earth-based measure-
ments of SSI are interpolated to other planets assuming that irradiance variability is only
caused by solar rotation.

We investigate the correlation of the time series computed with our SATIRE-inspired
approach and the interpolated time series. The results show that there is a high corre-
lation between the interpolation and the SATIRE-inspired approach when it comes to
the S-index. Due to the relatively greater lifetime of faculae, which are the sources of
solar UV variability, the interpolation method is able to catch slow changes in irradiance.
However, the correlation drops significantly for the TSI, since it is dominated by sunspots,
which emerge, evolve, and decay very fast. In this case, the interpolation method can-
not properly account for the effect of spots, which are relatively short-lived and do not
survive a full solar rotation. The SATIRE-inspired approach directly calculates the TSI,
accounting for effects of faculae and spots, which is advantageous compared to the in-
terpolation method.

We point out that our SATIRE-inspired approach for evaluating irradiance is still
based on a synthetic model of full surface solar magnetograms and we used statistically
valid emergences of magnetic regions to calculate the irradiance, and not real data. There-
fore, the model is not capable of producing a nowcast estimation of solar irradiance. In
the future, we will use information of far-side helioseismology to derive the actual area
coverages of magnetic regions.

Open Research Section

The area coverages data and flux intensities used for the calculations of irradiance
in the study are available in De Oliveira (2024).
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