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ABSTRACT

Context. Accurate information on long-term variations in solar irradiance, important for understanding the solar influence on Earth’s
climate, cannot be derived from direct irradiance measurements due to the comparatively short lifetimes of space-borne experiments.
Models using measurements of the solar photospheric magnetic field as input can provide an independent assessment of the changes.
Aims. The Spectral And Total Irradiance Reconstruction in the satellite era (SATIRE-S) model does just that. Unfortunately, the mag-
netogram archives used by SATIRE-S to recover irradiance variations are also relatively short-lived and have short mutual overlapping
periods, making it difficult to evaluate their consistency. To overcome this and bridge the various archives more reliably, we include
additional input data sets.
Methods. We improve SATIRE-S total solar irradiance (TSI) reconstruction by firstly incorporating magnetograms from the Mt
Wilson Observatory as well as unsigned magnetograms reconstructed from Meudon, Rome, and San Fernando Ca ii K data, and
secondly, by re-analysing all periods of overlaps between the various archives.
Results. Our combined daily irradiance reconstruction from all eight input archives returns an excellent agreement with direct mea-
surements of irradiance, in particular we find a correlation coefficient of 0.98 when comparing to TSIS1/TIM (Total and Spec-
tral Solar Irradiance Sensor Total Irradiance Monitor) data. The minimum-to-minimum TSI difference between 1976 and 2019 is
-0.2±0.17 Wm−2, while the TSI difference between the 1986 and 2019 minima is statistically insignificant (-0.06±0.13 Wm−2). Our
analysis also sheds light on the trend shown by the TSI over the so-called ACRIM gap, disfavouring a hypothesised increasing trend
in TSI in that period.
Conclusions. By including more direct and indirect magnetogram time series, we have made the TSI reconstructed by SATIRE-S
more robust and accurate. The new series shows a reduced trend of decreasing TSI over the last half century, which agrees well with
most composites of measured TSI.
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1. Introduction

The primary source of energy for Earth’s system is the radiation
of the Sun (see e.g. Kren et al. 2017). Consequently, any fluc-
tuations in solar irradiance have the potential to impact Earth’s
climate (e.g. Haigh 2007; Gray et al. 2010; Solanki et al. 2013;
Krivova 2018). Hence, acquiring accurate information about the
long-term changes in solar irradiance is crucial for understand-
ing the Sun’s impact on Earth’s climate (IPCC 2021).

Solar irradiance represents the solar power received per unit
area at a distance of one astronomical unit (AU), normalized
to the mean Sun-Earth distance. When irradiance is measured
across different wavelengths, it is termed spectral solar irradi-
ance (SSI), while after wavelength integration it is called total
solar irradiance (TSI). Since 1978, various space-borne instru-
ments have recorded the fluctuations in TSI (e.g. Fröhlich 2000;
Kopp 2016). However, the individual missions covered relatively
short periods of time, mostly shorter than one solar cycle, with
the Variability of Irradiance and Gravity Oscillations (VIRGO;
Fröhlich et al. 1995) onboard the Solar and Heliospheric Obser-
vatory (SoHO; Domingo et al. 1995) being the currently longest
one (operating since 1996).

Consequently, data from various missions have been amal-
gamated into composite series. Each instrument features a
different absolute scale, noise level, sensitivity changes, and

instrumental degradation, which significantly complicates as-
sessments of any secular variation from direct measurements.
Three commonly used, “classical”, TSI composites are called
ACRIM1 (Active Cavity Radiometer Irradiance Monitor, which
is the instrument taken as the reference by Willson 1997; Will-
son & Mordvinov 2003), PMOD2 (named after Physikalisch-
Meteorologisches Observatorium Davos; Fröhlich 2006), and
ROB3 (named after Royal Observatory of Belgium, previously
referred to as RMIB, Royal Meteorological Institute of Belgium;
Dewitte et al. 2004; Dewitte & Nevens 2016). More recently, a
few more composites have emerged, such as those by Dudok de
Wit et al. (2017)4, Schmutz (2021), Montillet et al. (2022, Com-
posite PMOD-Data Fusion, CPMDF, hereafter), and Coperni-
cus Climate Change Service (C3S)5. These composites exhibit
partly diverging long-term trends, usually characterised by the

1Available at https://web.archive.org/web/
20170611210135/http://acrim.com/

2Available at https://www.pmodwrc.ch
3Available at https://www.sidc.be/observations/

space-based-timelines/tsi
4More recent versions are available at https://spot.colorado.

edu/~koppg/TSI/
5Available at: https://confluence.ecmwf.int/pages/

viewpage.action?pageId=304239361
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changes between irradiance levels during different cycle minima
(Fröhlich 2012; Kopp 2016; Chatzistergos et al. 2023). While
all published composites evidence a decrease in TSI since 1996,
they disagree regarding the exact magnitude and the direction
of the trend between 1986 and 1996. The persisting uncertainty
precludes definitive conclusions regarding secular changes based
only on direct TSI measurements (Montillet et al. 2022).

By now it is established that variability of solar irradiance
stems from changes in the solar surface magnetic field (Shapiro
et al. 2017; Yeo et al. 2017). Thus, the most straightforward way
to reconstruct irradiance variations is by using directly observed
maps of the solar surface magnetic field. This is the approach
taken by the SATIRE (Spectral And Total Irradiance REcon-
struction; Fligge et al. 2000a; Krivova et al. 2003) model. Vari-
ous versions of SATIRE exist, depending on the input data and
covered period. SATIRE-S, where “S” stands for the satellite
era (Krivova et al. 2003; Wenzler et al. 2006; Ball et al. 2012;
Yeo et al. 2014) uses various space- and ground- based magne-
tograms to reconstruct irradiance back to 1974. The data from
the different datasets were merged by cross-calibrating them
with the histogram equalisation method (Jones & Ceja 2001).
In particular, the most recent version of SATIRE-S by Yeo et al.
(2014) included the data from the Helioseismic and Magnetic
Imager (HMI; Scherrer et al. 2012) onboard the space-based
Solar Dynamics Observatory (SDO; Pesnell et al. 2012), the
Michelson Doppler Imager (MDI; Scherrer et al. 1995) on board
the space-based SoHO, and the Kitt Peak Vacuum Telescope
using a 512-channel Babcock type instrument (KP/512) and a
CCD spectromagnetograph (KP/SPM). The reconstruction by
Yeo et al. (2014) resulted in a more pronounced decline between
the activity minima of 1986 and 1996 compared to the compos-
ites of direct measurements. Yeo et al. (2024) have shown that
the stability of the instrument response was not an issue and
could not be responsible for such a trend. This could, however,
still potentially be due to residual issues with cross-calibration
of the individual datasets. The individual magnetogram archives
used in that reconstruction covered roughly one solar cycle each,
while the overlap between them was not always optimum to al-
low an accurate calibration, which could introduce uncertainty in
the resulting long-term trend. For instance, the cross-calibration
of the KP/512 and KP/SPM was based on just 11 days of joint
observations.

In this work, we make use of four additional datasets to bet-
ter understand the potential effect of the instrumental switches
on the long-term trend of the SATIRE-S reconstruction. These
include directly recorded magnetograms from the Mt Wilson
Observatory and three sets of unsigned magnetograms recon-
structed from Ca ii K observations. These additional datasets al-
low creating a more reliable reconstructed composite irradiance
dataset.

We briefly describe the SATIRE-S model in Section 2, fol-
lowed by an overview of the data we used and their processing
in Section 3. We outline the overall process to reconstruct irra-
diance and present the new SATIRE-S composite reconstruction
in Section 4. In Section 5 we compare our new TSI and SSI
reconstructions to irradiance measurements and discuss the ac-
tivity minimum-to-minimum trend of the final series. Finally, we
summarise our results in Section 6.

2. The SATIRE-S model

The model has been extensively described in the literature
(Fligge et al. 2000a; Krivova et al. 2003; Wenzler et al. 2006;

Table 1. Wavelength grid for the synthesised spectra.

Central wavelength [nm] step [nm]
115.5–289.5 1
291–999 2
1,002.5–1,597.5 5
1,605–3,195 10
3,210–6,390 20
6,420–10,020 40
20,000–160,000 20,000

Ball et al. 2012; Yeo et al. 2014), thus here we only give a brief
overview.

SATIRE-S divides the solar surface into four different com-
ponents, faculae (f), sunspot umbra (u), sunspot penumbra (p),
and quiet Sun (q). The intensities Iu,p,f,q(µ; λ) of each component
as a function of wavelength, λ, and position on the disc in terms
of µ, the cosine of the heliocentric angle, were computed with the
radiative transfer code ATLAS9 (Kurucz 1970) by Unruh et al.
(1999) from the appropriate semi-empirical model atmospheres.
The quiet Sun is represented by the Kurucz (1993, 2005) model
at T = 5777 K, sunspot umbrae and penumbrae by the models
with T = 4500 K and T = 5450 K, respectively, and faculae and
network by the FALP model (Fontenla et al. 1999) as modified
by Unruh et al. (1999). The synthesized spectra range from 115
to 160,000 nm. The wavelength grid of the spectra, which is also
the same for our SSI reconstruction, is described in Table 1.

To derive the distribution of faculae and sunspots on the solar
visible surface, we use full-disc magnetograms and continuum
observations, respectively. For this, we analyse every pixel of
each image to determine whether it belongs to sunspot umbra,
penumbra, facula or quiet Sun. Sunspots are identified as pix-
els with continuum contrasts below certain thresholds (i.e. large
negative contrasts; see Yeo et al. 2014, and Sect. 4.1 for details).
All other pixels are classified based on their magnetogram sig-
nal. If the magnetic flux density of a pixel is below the noise
threshold (see Yeo et al. 2014, and Sect. 4.1), they are considered
to be free of a detectable magnetic field and are thus attributed
to the quiet Sun. All other pixels are assumed to lie in facular re-
gions. After labeling each pixel as belonging to umbra, penum-
bra, faculae, or quiet Sun, we calculate the filling factors as the
disc fractional area of each component across 101 equidistant µ
rings.

For sunspots (including both umbrae and penumbrae), the la-
beling process is binary, in the sense that each pixel is assigned
a value of one if it corresponds to that component or zero if it
does not. For faculae, however, the relationship between mag-
netic flux, as measured in magnetograms, and the actual bright-
ness of the corresponding magnetic regions on the Sun is more
uncertain (see, e.g., Fligge et al. 2000b; Yeo et al. 2014). To ad-
dress this, we consider Af(i, j) which expresses the area fraction
of pixel i, j that is covered by faculae. Af(i, j) is scaled linearly
with the measured pixel magnetic flux density until a saturation
limit, Bsat, is reached:

Af(i, j) =
{
|Br(i, j)|/Bsat if |Br(i, j)| < Bsat

1 if |Br(i, j)| ≥ Bsat
, (1)

where |Br(µ)| is the unsigned radial magnetic field strength. It is
derived by dividing the measured flux density by µ, the cosine of
the heliocentric angle, to account for foreshortening. The satura-
tion of the facular brightness above a certain threshold is a simple
way of accounting for the lower average brightness of magnetic
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features in regions with more magnetic flux (e.g. Solanki & Sten-
flo 1984) and of the non-linear dependence of brightness of as a
function of magnetic flux (e.g. Kahil et al. 2017).

Then the filling factors of faculae, αf(µ), are defined as:

αf(µk) =

∑
i
∑

j Af(i, j)1(µk+1<µi, j≤µk)
A

, (2)

where µk are the central locations of 101 equidistant µ-bins with
an index k ranging from 1 to 101, 1 is the indicator function get-
ting the value of one or zero depending on whether the criterion
in the parenthesis is fulfilled, and A is the total number of pixels
of the solar disc. The saturation limit, Bsat, is the sole free param-
eter of the model. It is set by comparing the TSI reconstructions
to direct measurements and is treated as a constant throughout a
given magnetogram archive (see Sect. 4.2).

Thus, the solar spectral irradiance, F(λ, t), is then computed
as:

F(λ, t) =
∑
µ

αu(µ; t)Iu(µ; λ) + αp(µ; t)Ip(µ; λ)

+αf(µ; t)If(µ; λ) + αq(µ; t)Iq(µ; λ). (3)

TSI is then computed by simply integrating F(λ, t) over all wave-
lengths.

3. Data and processing

3.1. Full-disc observations

To extract the distribution of the different magnetic features over
the solar surface and its changes with time, in this work we use
various space- and ground-based full-disc observations of the
Sun, including magnetograms, continuum images, as well as im-
ages in the Ca II K line converted into unsigned magnetograms.
Table 2 gives an overview of the various individual archives,
while below we briefly describe them. The most recent pub-
lished version of SATIRE-S (Yeo et al. 2014) used the follow-
ing datasets: Helioseismic and Magnetic Imager (HMI; Scher-
rer et al. 2012) onboard the space-based Solar Dynamics Obser-
vatory (SDO; Pesnell et al. 2012), Michelson Doppler Imager
(MDI; Scherrer et al. 1995) on board the space-based SoHO,
and Kitt Peak National Solar Observatory (Sects. 3.1.1–3.1.3).
Here, we additionally include magnetograms from Mt Wilson
(Sect. 3.1.4) and the unsigned magnetograms reconstructed from
Ca ii K data. Ca ii K brightness is known to be an excellent proxy
of solar surface magnetism (Babcock & Babcock 1955; Sku-
manich et al. 1975; Schrijver et al. 1989; Loukitcheva et al. 2009;
Kahil et al. 2017; Chatzistergos et al. 2019b). Thus, it is possi-
ble to use Ca ii K observations to reconstruct unsigned magne-
tograms (Chatzistergos et al. 2019b). In particular, Chatzistergos
et al. (2021) showed that one can reconstruct solar irradiance in
this way nearly as well as when using directly recorded magne-
tograms. Therefore, here we also make use of three datasets of
unsigned magnetograms reconstructed from Ca ii K images. The
three most useful archives for our purpose are those from Rome,
San Fernando (SFO), and Meudon.

3.1.1. SDO/HMI

SDO/HMI started operation on 30th of April 2010 and contin-
ues to this day. It continuously captures full-disc filtergrams at
six wavelength positions along the Fe I 6173 Å line. These fil-
tergram data are merged to generate simultaneous continuum in-
tensity images and longitudinal magnetograms at a cadence of

45 seconds. Following Yeo et al. (2014) we keep only one daily
intensity image and magnetogram calculated as the average over
a 315-second period in order to mitigate signal fluctuations from
noise and p-mode oscillations. As Yeo et al. (2014), we also
chose the data closest in time to 12 UT, except for the period of
overlap to SoHO/MDI observations (April 30 to December 24,
2010), for which we selected the SDO/HMI observations closest
in time to the SoHO/MDI ones.

3.1.2. SoHO/MDI

SoHO/MDI provided observations from March 19, 1996 to April
11, 2011. It captured full-disc filtergrams at four wavelength po-
sitions along the Ni I 6768 Å line and additionally at one wave-
length in the nearby continuum, generating continuum intensity
images and longitudinal magnetograms on each observation day.
Continuum images and magnetograms are, however, not syn-
chronous. Following Ball et al. (2012) and Yeo et al. (2014), for
each day we chose the level 1.5 continuum intensity image and
the level 1.8.2 5-minute longitudinal magnetogram (Liu et al.
2012) recorded closest in time to each other. However, as was
also done by Ball et al. (2012) and Yeo et al. (2014) we ex-
cluded SoHO/MDI observations prior to February 2, 1999, due
to changes in the instrument response to magnetic flux during
extended outages suffered by the SoHO spacecraft between June
1998 and February 1999, the so-called SoHO-vacation (see also
Yeo et al. 2024). Following Yeo et al. (2014), we also excluded
the SoHO/MDI data after December 24, 2010 due to issues with
the flat field of the observations.

3.1.3. Kitt Peak

Daily full-disc continuum intensity images and longitudinal
magnetograms based on spectropolarimetry of the Fe I 8688
Å line were obtained with the ground-based Kitt Peak Vac-
uum Telescope using a 512-channel Babcock type instrument
(KP/512) from February 1, 1974, to April 10, 1993. Addition-
ally, data were collected using a CCD spectromagnetograph
(KP/SPM) from November 19, 1992, to September 21, 2003.

We used only 1371 and 2055 pairs of continuum observa-
tions and magnetograms from KP/512 and KP/SPM, respec-
tively. These were selected by Wenzler et al. (2006) and Yeo
et al. (2014) out of the total of 4665 and 2894 KP/512 and
KP/SPM images, respectively, as those reasonably devoid of in-
strumental artefacts and not unduly affected by atmospheric see-
ing.

3.1.4. Mt Wilson

Mt Wilson observatory started producing photospheric magne-
tograms in 1967 and continued until 2013, thus it currently has
the longest collection of solar surface magnetograms. A Bab-
cock solar magnetograph was employed at Mt Wilson, which
recorded the Zeeman polarization in the wings of the Fe I 5250
Å absorption line (Ulrich 1992). We use the data as updated by
Ulrich & Boyden (2019); Ulrich et al. (2024)6. Unfortunately,
various instrumental changes and equipment failures occurred
over the years (see e.g. Howard et al. 1983; Ulrich et al. 1991,
2002; Ulrich & Boyden 2019; Ulrich et al. 2024) introducing in-
consistencies in the series. Particularly important for our purpose

6Available at ftp://howard.astro.ucla.edu/pub/obs/fits/
and https://dataverse.harvard.edu/dataset.xhtml?
persistentId=doi:10.7910/DVN/4VTNJ3
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Fig. 1. Examples of magnetograms from the various archives used in this study. The dates of the observations from left to right are 30 May 1983,
28 April 1993, 23 April 2002, and 10 November 2010. All magnetograms are saturated at ± 50 G after removing the signal below the respective
noise levels. The three images obtained from Ca ii K observations correspond to unsigned magnetic field.

Table 2. Characteristics of magnetogram archives used in this study.

Dataset Platform Type Period Noise level Pixel scale Sunspot source N images N days Chained to
Mean σ [”/pixel] Total Composite

KP/512 ground-based magnetogram 1974–1993 8.0 1.2 1.0 FD continuum 1371 1371 1360 Meudon
Meudon ground-based Ca ii K 1974–2017 - 0.9–2.2a Mandal et al. (2020) 12262 9863 4124 SoHO/MDI
MW I ground-based magnetogram 1983–1988 2.0 0.3 3.8 Mandal et al. (2020) 8911 1476 352 Meudon
MW II ground-based magnetogram 1988–1995 2.0 0.3 3.8 Mandal et al. (2020) 18482 2049 398 Meudon
MW III ground-based magnetogram 1996–2013 2.0 0.3 5.7 Mandal et al. (2020) 45180 3344 50 SoHO/MDI
KP/SPM ground-based magnetogram 1992–2003 4.0 0.7 1.1 FD continuum 2055 2055 1145 Meudon
SFO ground-based Ca ii K 1992–2013 - 2.6 Mandal et al. (2020) 4004 3856 191 SoHO/MDI
SoHO/MDI space-based magnetogram 1999–2010 11.8 4.0 2.0 FD continuum 3941 3941 3745 SDO/HMI
Rome/PSPT ground-based Ca ii K 2000–2022 - 2.0 FD continuum 3206 3206 133 SoHO/MDI
SDO/HMI space-based magnetogram 2010- 6.4 0.9 0.5 FD continuum 5429 5429 5429 -

Notes. The columns are: name of dataset, ground- or space-based, direct or reconstructed (from Ca ii K ) magnetograms, the period covered by
the data (as used in this study), mean and standard deviation of noise level, pixel scale, source of the sunspot information (that is from the (quasi-
)simultaneous full-disc, FD, continuum data or from the Mandal et al. 2020 database), the total number of images, the number of days that we
analysed, the number of days that entered the SATIRE-S composite, and the bridging dataset that was used to cross-calibrate the filling factors to
the SDO/HMI level. (a) The CCD-based data since 2002 have a pixel scale of 1.5”, while the photographic data derive from two digitisations with
pixel scales of 0.9” and 2.2”.

are the changes made to the instrument in 1981 (Howard et al.
1983), 1988 (Ulrich et al. 2002), and 19967. The whole mag-
netograph was largely rebuilt in 1981 (Howard et al. 1983), as
earlier data had stability and calibration issues. In May 1982, as
reported by Howard et al. (1983), also the grating system was re-
placed. In 1988 and 1996 additional fiber-optic reformators were
introduced to the system (Ulrich et al. 2002). In 1996 the instru-
ment was further upgraded into a 24-channel spectral sampling
system (Ulrich et al. 2002).

The magnetograms have a pixel scale of ∼3.8” and ∼5.7”
before and after 1996, respectively. Multiple images exist for
each day of observation, with the whole dataset (1967–2013)
comprising 73263 images. For the time being, for our irradi-
ance reconstruction with Mt Wilson data we did not consider

7https://web.archive.org/web/20230703170118/http:
//obs.astro.ucla.edu/150_magn.html

the data before 1983 due to uncertainties with their calibration.
We also removed 450 problematic magnetograms from our anal-
ysis. These were magnetograms which either had parts of the
solar disc missing or exhibited a standard deviation less than 1 G
so that their values were lower than the average noise level of
this dataset. Furthermore, we considered the rest of the data as
three separate sets covering the periods January 1983–July 1988
(MW I), August 1988–December 1995 (MW II), and January
1996– January 2013 (MW III) (see Sect. 4.4 for further details).
Table 2 lists the relevant information for each of these subsets of
Mt Wilson magnetograms.

3.1.5. Rome/PSPT

Rome is one of the most accurate CCD-based Ca ii K archives
with observations available since 1996 (Ermolli et al. 2022). The
Rome archive contains observations in the Ca ii K line and four
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continuum intervals with the Precision Solar Photometric Tele-
scope (PSPT) utilising interference filters (Ermolli et al. 2022).
Here, we restrict the use of Rome/PSPT Ca ii K data and red con-
tinuum to the period since 2000 to avoid potential issues due to
some early instrumental changes (Ermolli et al. 2022).

3.1.6. San Fernando

SFO is the longest-running Ca ii K archive producing digital im-
ages with a linear diode array extending back to 1988 (Chapman
et al. 2024). SFO data are taken with two different telescopes,
Cartesian Full Disk Telescope no. 1 (CFDT1) and no. 2 (CFDT2)
using an interference filter (Chapman et al. 2013). Here, we only
used the observations from CFDT2 since the beginning of 1993
due to their better quality over the CFDT1 ones. Although con-
tinuum observations were performed at SFO, we do not have
access to them and thus employ the Mandal et al. (2020) sunspot
database to derive information about sunspots.

3.1.7. Meudon

Meudon is the longest running archive of Ca ii K observations
extending back to 1893 (although systematic observations
started in 1908) and continuing to the present (Malherbe 2023;
Chatzistergos et al. 2022). The quality of Meudon data over the
period of interest here (since 1974) is sufficiently good for our
purpose (see Chatzistergos et al. 2021, 2024). Meudon obser-
vations were performed with a spectroheliograph and they were
stored on photographic plates until 2002, while a CCD camera
was used afterwards. In 2017 the system was upgraded (Mal-
herbe & Dalmasse 2019) which resulted in a change of the band-
width of the observations. For this reason in this work we restrict
the use of Meudon data to the period before 2017. Neither do we
consider the data prior to 1974, since at this point significantly
more work is required to ascertain the consistency of earlier data
with the more recent ones. Unfortunately, continuum observa-
tions co-temporal to the Meudon Ca ii K data are not available,
thus we use again the Mandal et al. (2020) database.

3.2. Processing

We used the SoHO/MDI and Kitt Peak magnetograms processed
by Yeo et al. (2014), who applied histogram equalisation on
them and rescaled their magnetogram signal to the SDO/HMI
level. Specifically, first the SoHO/MDI magnetograms were cal-
ibrated to the SDO/HMI level, and then subsequently, the Kitt
Peak magnetograms were calibrated to the SoHO/MDI, ensur-
ing both were ultimately rescaled to the SDO/HMI level.

The photographic Meudon Ca ii K data were photometrically
calibrated (to account for the non-linear response of the photo-
graphic plates) with the method by Chatzistergos et al. (2018,
2019a). Unsigned magnetograms were reconstructed from all
Ca ii K data used here by applying the relationship derived by
Chatzistergos et al. (2019b, 2021). Since the relationship re-
quires Ca ii K observations corrected for limb darkening, we em-
ployed the method developed by Chatzistergos et al. (2018,
2020b) for this purpose. The unsigned magnetograms recon-
structed from Meudon, SFO, and Rome/PSPT were already, by
design, directly at the SDO/HMI level since the relationship we
had used to produce them was derived using SDO/HMI data as
the reference.

Next, we determined the noise level of the magnetograms
(except the maps derived from Ca ii K archives). For this, we fol-

lowed Wenzler et al. (2006) and Yeo et al. (2013). In contrast
to Yeo et al. (2013), however, we did not use the highest noise
level (that is the one of SoHO/MDI) for all archives but derived
the noise level for each instrument separately. Pixels with val-
ues lower than 3σ of the noise level were identified as noise and
set to 0 G. That is they are considered as quiet Sun. Figure 1
shows examples of SDO/HMI, SoHO/MDI, KP/SPM, KP/512,
and Mt Wilson magnetograms after accounting for their noise
levels. We converted all magnetograms to radial field unsigned
maps by dividing them by µ, the cosine of the heliocentric angle
θ, and taking the absolute values. This last step was not needed
for the reconstructed magnetograms from Ca ii K data since they
are already in radial field unsigned values.

The continuum observations from Kitt Peak, SoHO/MDI,
and SDO/HMI datasets were processed to compensate for the
limb darkening as in Yeo et al. (2014), while red-continuum
Rome/PSPT data were corrected using the method by Chatzis-
tergos et al. (2018, 2020a).

3.3. Irradiance data

For comparison purposes we used various published TSI series,
including measurements of individual instruments, composites
of direct measurements, as well as modelled series.

In particular, we used direct measurements from:

– Earth Radiation Budget onboard the Nimbus-7 satellite
(Nimbus-7/ERB; Hoyt et al. 1992, covering 1978–1993);

– SoHO/VIRGO (Fröhlich et al. 1995, covering 1996–2024;
version 8);

– Total Irradiance Monitor (TIM) onboard the Solar Radiation
and Climate Experiment (SORCE/TIM; Kopp et al. 2005,
covering 2003–2020; version 19);

– TSI Continuity Transfer Experiment TIM (TCTE/TIM;
Kopp et al. 2013, covering 2013–2019; version 4);

– The Total and Spectral Solar Irradiance Sensor TIM
(TSIS1/TIM; Pilewskie et al. 2018, covering 2018–2024;
version 4).

The data from SoHO/VIRGO, SORCE/TIM, TCTE/TIM, and
TSIS1/TIM, which all have direct overlap to SDO/HMI magne-
tograms, were also used to set Bsat.

We also used the TSI composites by Montillet et al. (2022),
ACRIM (Willson 1997; Willson & Mordvinov 2003), ROB (De-
witte & Nevens 2016), Dudok de Wit et al. (2017), and C3S. We
note, however, that while all composites used here receive reg-
ular updates, ACRIM has not received any official update since
2013. For the Dudok de Wit et al. (2017) TSI composite we use
the version from 31/10/2016. Finally, we also compared our re-
sults to the earlier SATIRE-S TSI reconstruction by Yeo et al.
(2014), which we extended to the present.

3.4. Activity indices

Even when using partly overlapping magnetograms from all the
available archives, there are still some gaps in daily data, espe-
cially during the earlier period. To fill those gaps, we follow Yeo
et al. (2014) and use additional solar magnetic activity indices:

1. The projected sunspot area composite by Mandal et al.
(2020)8;

2. The Ca ii K plage projected area composite by Chatzistergos
et al. (2020b, 2024)8;
8Available at: https://www2.mps.mpg.de/projects/

sun-climate/data.html
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Table 3. Contrast threshold for umbra and penumbra identification.

Cp Cu
SDO/HMI 0.87 0.59
SoHO/MDI 0.89 0.64
KP/SPM 0.92 0.70
Rome/PSPT 0.93 0.65

3. The Lyman-α composite by Machol et al. (2019)9;
4. The Ottawa and Penticton adjusted 10.7 cm radio flux (Tap-

ping 2013)10;
5. The Institute of Environmental Physics (IUP), University of

Bremen Mg II index (Viereck et al. 2001)11.

4. Irradiance reconstruction

In this section we describe the overall reconstruction procedure,
using all the various sources of magnetograms. Due to some in-
tricacies with the Mt Wilson archive, its employment for the re-
construction is discussed separately in Sect. 4.4. The final com-
posite series is then described in Sect. 4.5.

4.1. Filling factor derivation

As discussed in Sect. 2, the filling factors of faculae are derived
from the magnetic flux density measured in the magnetograms,
see Eq. 1. We compute the filling factors as the fractional areas
of faculae within 101 µ positions (the choice of the optimum Bsat
is described in the next section, Sect. 4.2).

The identification of umbra and penumbra in Kitt Peak,
SoHO/MDI, SDO/HMI, and Rome/PSPT datasets is done from
near-co-temporal continuum observations from the same sites.
Umbra and penumbra were identified with constant contrast
thresholds in the limb-darkening-corrected images (here the
mean level of the quiet Sun is set to 1) listed in Table 3.

Different approaches were used for the KP/512, Mt Wilson,
Meudon, and SFO data. The KP/512 continuum images have
a limited dynamic range, making it difficult to accurately cor-
rect for the limb-darkening and thus also identify umbrae and
penumbrae. For this reason, Wenzler et al. (2006) used a differ-
ent and more complex segmentation approach than a constant
threshold to identify the locations of whole spots. A constant ra-
tio of 0.2 between umbra and whole spot area was used to derive
the KP/512 umbra and penumbra filling factors.

The sunspot filling factors for Meudon, SFO, and Mt Wilson,
for which we do not have continuum observations, were derived
with the composite of foreshortening-corrected areas and loca-
tions of individual sunspot groups compiled by Mandal et al.
(2020) following Chatzistergos et al. (2021). Chatzistergos et al.
(2021) used SATIRE to compute the TSI variations employ-
ing unsigned magnetic field maps restored from Rome/PSPT
Ca ii K observations in combination with either continuum ob-
servations or the database by Mandal et al. (2020) to determine
the sunspot filling factors. Their results showed only a minute
deterioration of the quality of the reconstruction when using the

9Available at: https://lasp.colorado.edu/lisird/data/
composite_lyman_alpha

10Available at: https://lasp.colorado.edu/lisird/data/
penticton_radio_flux

11Available at: https://lasp.colorado.edu/lisird/data/
bremen_composite_mgii

database by Mandal et al. (2020) instead of co-temporal contin-
uum observations.

To account for differences in magnetograms from the vari-
ous sources and to bring the filling factors to the same level, we
followed the approach by Yeo et al. (2014). We used SDO/HMI
as the main dataset and brought the filling factors of the other
archives to the level of SDO/HMI using a daisy chain process.
The corresponding daisy-chaining sequence is given in Table 2.

4.2. Fixing the free parameter

To set the free parameter, Bsat, we compared our reconstructions
to reference TSI measurements. As has been shown in previous
studies (Krivova et al. 2009; Yeo et al. 2014; Chatzistergos et al.
2021, 2024), the resulting reconstruction depends only weakly
on the choice of the reference TSI record. Nevertheless, to ac-
count for the potential uncertainty or bias related to the choice
of the reference data set, we used all available single-instrument
measurements (see Sect. 3.3) with a direct overlap to SDO/HMI
data to set Bsat, see Fig. 2, and thus to estimate its uncertainty
range. As optimum Bsat, we consider the value that minimises
the sum of the RMS differences between our reconstruction and
the reference TSI series for daily and 180-day smoothed values.
We found Bsat values to lie between 255 G and 284 G for dif-
ferent TSI measurement records. For our final reconstruction we
adopt the value of Bsat=270 G, which is roughly in the middle
of the determined Bsat range. This value lies closest to the one
returned by a comparison to the TCTE/TIM instrument. We use
the extreme Bsat values to derive the uncertainty range of our re-
construction due to the choice of the reference data set, shown
as yellow shaded surface in Fig. 2.

4.3. UV correction

The intensity spectra we use to compute irradiance (Eq. 3), were
synthesized assuming local thermodynamic equilibrium, which
breaks down in the upper layers of the solar atmosphere, where
the UV radiation forms. This leads to a progressive divergence
of our reconstruction from measurements below about 300 nm
(see Krivova et al. 2006, for details). From 180 to 300 nm, this is
essentially an offset in the absolute levels of SSI, while between
115 nm and 180 nm, also the amplitude of the SSI variations
is weaker. Following the previous versions of SATIRE (Krivova
et al. 2006; Yeo et al. 2014), we applied an empirical correc-
tion in this range. From 180 to 300 nm we offset the SSI recon-
struction to match the level of the Whole Heliospheric Interval
(WHI) reference solar spectra (Woods et al. 2009). From 115
to 180 nm we linearly scaled the computed SSI to observations
by SORCE/SOLSTICE (Snow et al. 2022). This correction is
time-independent and does not affect the long-term change, see
Yeo et al. (2014) for further details. This correction was inde-
pendently validated by Tagirov et al. (2019), who used SATIRE
with non-LTE intensity spectra and filling factors derived from
SDO/HMI observations to compute the UV variability over the
rising phase of cycle 24.

4.4. Reconstructing irradiance with Mt Wilson magnetograms

As mentioned in Sect. 3.1.4, there were several instrumental
changes affecting the Mt Wilson dataset. To address the archive’s
consistency we first performed an initial and preliminary recon-
struction by considering all Mt Wilson magnetograms since 12
December 1981. Only for this preliminary reconstruction do we
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Fig. 2. Panel a): TSI reconstructions with SATIRE-S using SDO/HMI magnetograms. Our adopted reconstruction is shown as 81-day running
means in black, while the shaded yellow surface denotes the uncertainty due to the choice of the reference TSI dataset used to set Bsat. Panels
b)–e): Difference between the TSI reconstructed with the SATIRE-S model using SDO/HMI magnetograms and various TSI series as denoted by
the legends. Daily values are represented by red circles, 180-day running means by the ciel curves. All series have been offset to match the value
of SORCE/TIM over 2019. The horizontal dotted black line marks residuals of 0 Wm−2. The dashed blue lines are linear fits to the residuals. Also
given within each panel are the RMS differences and linear correlation coefficient, R. The right panel shows the histogram of the residuals in bins
of 0.02 Wm−2.

use the filling factors without bringing them to the SDO/HMI
level (see Sect. 4.1), thus we also used a different value for
Bsat=205 G. This reconstruction is shown in Fig. 3 and it is com-
pared to direct TSI measurements and our TSI reconstruction
with Meudon Ca ii K data (listed as SATIRE-ca Meudon).

In Fig. 3, we marked three dates when instrumental changes
occurred: January 1983, August 1988, and January 1996. On all
of these occasions, we observe similar trends when comparing
to all TSI measurements, which suggests a link to the instru-

mental changes. If unaccounted, this would affect the long-term
consistency of the reconstruction. In particular, we observe dis-
tinct offsets in the reconstruction as compared to all TSI records
considered here. These are more pronounced during the first two
periods, but a synchronous change in the residuals is also evi-
dent after the third change in 1996 in all panels. Potentially, there
could be another inconsistency in Mt Wilson data over 2010 fol-
lowing a long data gap. However, this is not important for our
analysis considering that over that period there are high-quality

Article number, page 7 of 17



A&A proofs: manuscript no. main

Fig. 3. panel a): TSI reconstruction with the SATIRE-S model using Mt Wilson magnetograms (black circles for daily and ciel line for 180-day
running means) along with the Montillet et al. (2022) TSI composite (red triangles for daily and yellow line for 180-day running means). Panels
b)–f): Difference between TSI reconstructed with the SATIRE-S model using Mt Wilson magnetograms and various TSI series as denoted by the
legends. Daily values are shown as black circles and 180-day running means by yellow curve. All series have been offset to match the value of
Montillet et al. (2022) TSI composite over 2008. The horizontal dashed ciel line marks residuals of 0 Wm−2. The vertical dashed red lines mark
periods of relevant instrumental changes in the Mt Wilson data. The right panel shows the histogram of the residuals in bins of 0.02 Wm−2.

SDO/HMI magnetograms and thus the Mt Wilson data over that
period will not enter our final series.

We also noticed a sharp and short-lived change between our
reconstruction with Mt Wilson data and the various TSI com-
posites over 1984. However, it is absent in the comparison to our
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Fig. 4. Same as Fig. 3 but now the Mt Wilson filling factors within the three distinct periods marked with the vertical dashed red lines have been
separately calibrated to those from Meudon (until 1996) and SoHO/MDI (since 1996).

reconstruction with Meudon Ca ii K data. This suggests that the
likely cause of this discrepancy is inconsistencies in the direct
TSI measurements used by the composites and not issues with
the Mt Wilson data.

The above analysis suggests that the Mt Wilson magne-
tograms cannot, unfortunately, be used as an autonomous homo-
geneous dataset over the entire period due the various instrumen-
tal issues and updates. However, our analysis also demonstrates
that these data can be used to accurately recover irradiance vari-
ations over individual periods when the instrument was running
stably, i.e. between times when the instrument had issues or was
changed. Thus, after accounting for the inhomogeneities, the

Mt Wilson data can be employed for filling gaps in the recon-
structions with SATIRE-S from other sources of magnetograms.
To accurately account for the inhomogeneities, we consider the
Mt Wilson data as three separate sets of data for which we
cross-calibrate the filling factors individually (see Sect. 4.1). The
corresponding periods are January 1983 to July 1988, August
1988 to December 1995, and January 1996 to January 2013. Al-
though the first relevant instrumental change occurred in May
1982 we do not consider Mt Wilson data before 1983 to be
on the conservative side. The Mt Wilson filling factors over the
first two intervals were cross-calibrated to Meudon Ca ii K ones,
while the third interval was cross-calibrated to SoHO/MDI (we
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Fig. 5. panel a): TSI reconstruction with the SATIRE-S model using Mt Wilson magnetograms (black circles for daily and ciel line for 180-day
running means) along with the Nimbus-7/ERB direct TSI measurements (red triangles for daily and yellow line for 180-day running means).
Panels b)–c): Comparison between TSI reconstruction with the SATIRE-S model using Mt Wilson magnetograms and direct TSI measurements
over the ACRIM-gap (see legends in each panel). Shown are residuals (SATIRE-S with Mt Wilson minus the respective series in each panel) in
daily values (black circles) and 180-day running means (yellow lines). The horizontal dashed ciel line marks residuals of 0 Wm−2. The vertical
dashed red line marks the change in Mt Wilson instrumentation over August 1988. The grey shaded surface marks the ACRIM-gap period between
July 1989 and October 1991. The right panels show the histogram of the residuals in bins of 0.02 Wm−2.

Table 4. TSI differences between solar cycle minima.

TSI series 2019–1976 2019–1986 1986–1976 1996–1986 2008–1996 2019–2008
SC 25–21 SC 25–22 SC 22–21 SC 23–22 SC 24–23 SC 25–24

This work -2.19 (1.72) -0.58 (1.31) -1.61 (2.11) 0.19 (2.00) -0.33 (1.58) -0.43 (0.48)
Yeo et al. (2014) -4.62 (0.91) -4.59 (0.97) -0.03 (1.26) -2.19 (1.54) -2.21 (1.27) -0.20 (0.45)
Montillet et al. (2022) - -2.35 (1.16) - 0.09 (1.68) -1.87 (1.34) -0.57 (0.57)
ACRIM - - - 4.77 (2.09) -3.08 (1.85) -
ROB - - - - -0.48 (1.25) 0.88 (0.50)
C3S - -0.11 (1.25) - 0.13 (1.85) -1.05 (1.47) 0.81 (0.56)
Dudok de Wit et al. (2017) - - - 1.76 (1.88) -1.56 (1.47) -

Notes. The values are given as the absolute differences (outside parentheses) and uncertainty (inside parentheses) between the end and start years
expressed in dW m−2. Underneath the periods we also list the corresponding cycle numbers (where the years refer to the cycle start).

note that both Meudon and SoHO/MDI were first brought to
the SDO/HMI level). We then used these cross-calibrated fill-
ing factors to reconstruct irradiance with Bsat=270 G as derived
for SDO/HMI magnetograms and subsequently also used for all
other magnetogram datasets considered here.

Figure 4 shows TSI reconstructed with Mt Wilson data after
cross-calibrating the filling factors over the three intervals sepa-
rately. This reconstruction is in a good agreement with the Mon-
tillet et al. (2022), C3S, Dudok de Wit et al. (2017), and ROB

TSI composites as well as the TSI SATIRE reconstruction us-
ing Meudon Ca ii K data. The agreement with ACRIM TSI com-
posite has improved for the period after 1991 compared to the
original uncorrected version (Fig. 3), however there is a clearly
different trend over 1989–1991. This hints at residual issues
in the data from Nimbus-7/ERB affecting this composite. Fig-
ure 5 shows a comparison of our reconstruction with Mt Wilson
data (after cross-calibrating the filling factors) to Nimbus-7/ERB
data. We notice a clear discrepancy between our reconstruction
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Fig. 6. SATIRE-S TSI reconstruction using different sources of magnetograms (shown in different colours according to the legends). Shown are
daily values. The data that were included in the Yeo et al. (2014) version of the SATIRE-S TSI composite are shown in panel a), while the new
data considered in this work are shown in panel b). Panel c) shows the final new SATIRE-S TSI composite.

and Nimbus-7/ERB TSI over 1990, with Nimbus-7/ERB TSI ex-
hibiting an abrupt increase (best visible as the drop in the yel-
low curve around 1990 in Fig. 5b). This increase is the same as
also seen when comparing to the ACRIM TSI composite. This
has important implications for the so-called ACRIM-gap (cov-
ering July 1989 to October 1991). That is because Mt Wilson
is a completely independent dataset that covers the entire pe-
riod of the ACRIM-gap and thus provides an important and in-
dependent check. We find the same abrupt change when compar-
ing Nimbus-7/ERB TSI data to our reconstruction with Meudon
data, which is also a consistent and independent dataset. Our re-
sults suggest that the increasing TSI in Nimbus-7/ERB data after
1990 is most likely due to an unaccounted instrumental issue of
Nimbus-7/ERB. Figure 5 also shows a comparison of our TSI re-
construction with Mt Wilson data to the Nimbus-7/ERB as they
were corrected by Fröhlich (2006). We find that our reconstruc-
tion is consistent with the corrections applied to Nimbus-7/ERB
data. Thus, our analysis favours the overall corrections applied
to Nimbus-7/ERB data by Fröhlich (2006). We note that these
corrections were not applied on the Nimbus-7/ERB data used
in the ACRIM TSI composite, which leads to an artefact in its
long-term behaviour, making this series less reliable.

4.5. Updated SATIRE-S TSI and SSI composite

Here we combine the irradiance reconstructions from the differ-
ent sources of the magnetograms presented in Sect. 3.1 to pro-
duce a revised and updated SATIRE-S TSI and SSI composite
record. Figure 6 shows our reconstructed TSI using the same
Bsat = 270 G value after cross-calibrating the filling factors from
each dataset in different colours. We show in separate panels the
reconstructions from the archives that were included in the pre-
vious version of the SATIRE-S TSI composite (Yeo et al. 2014,
panel a)) along with the new series we incorporated here (panel
b)). For each day we keep data from only one source, giving
highest priority to SDO/HMI and then progressively lower prior-
ity to the data from SoHO/MDI, KP/SPM, KP/512, Rome/PSPT,
Meudon, SFO, and Mt Wilson.

Our set of magnetograms leaves 1771 data gaps (∼9% of the
covered period), which we filled by regressing to our irradiance
reconstruction from magnetograms derived from the five proxy
indices (Sunspot areas, Ca ii K plage areas, Lyman-α, F10.7, and
Mg II index) introduced in Sect. 3.4. We use all five indices to-
gether in multi-linear regression. However, this still leaves gaps
(1252 days) in the reconstruction, which we address by using
three additional combinations of pairs of proxy series. These
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Fig. 7. a) The Montillet et al. (2022) TSI composite (black dots for daily values and thick yellow line for 180-day running means) overplotted on
the updated SATIRE-S TSI composite (red dots for daily values and thick blue line for 180-day running means). b)–f) Difference between various
composites of measured TSI (as denoted in the legend) and the the updated SATIRE-S reconstructed TSI composite. Daily values are represented
by red dots and 180-day running means by the thick blue line. The dashed yellow lines are linear fits to the residuals. The RMS differences, linear
correlation coefficients, and the trend of the residuals are given in each panel. The dotted black line marks residuals of 0 Wm−2. The right panel
shows the histogram of the residuals in bins of 0.05 Wm−2.
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Fig. 8. Top: Updated SATIRE-S TSI composite (red dots for daily values and thick blue line for 180-day running means) in comparison to the
earlier version by Yeo et al. (2014) (black dots for daily values and thick yellow line for 180-day running means). Bottom: Difference between the
Yeo et al. (2014) and updated versions. Daily values are given by the red dots and the 180-day running means by the blue line. The dashed yellow
line is a linear fit to the residuals. The RMS difference, linear correlation coefficient, and the trend of the residuals are listed in panel b). The dotted
black line marks residuals of 0 Wm−2. The right panel shows the histogram of the residuals in bins of 0.05 Wm−2.

combination pair Lyman-α with sunspot areas, F10.7, and plage
areas, respectively. With this we achieve a complete coverage
since the 1st of January 1974. Our final TSI composite is shown
in Fig. 6c) with various data sources marked in different colours.

5. Comparison to measurements

Figure 7 compares our final SATIRE-S TSI composite to di-
rect measurements of TSI. Overall, we find a very good agree-
ment between our reconstruction and the various composites of
TSI measurements, with linear correlation coefficients between
0.85 and 0.96 for daily values for all datasets except ACRIM.
The poorest agreement is with the ACRIM TSI composite, with
a linear correlation coefficient of 0.74 and RMS difference of
0.44Wm−2 for daily values. A major contributor to that is the
ACRIM-gap increase in TSI observed in the ACRIM composite,
which appears to result from uncorrected issues in the Nimbus-
7/ERB data as was used by ACRIM. Our TSI reconstructions
using Mt Wilson and Meudon data, both consistent and of high
quality during the ACRIM-gap period (see Sect. 4.4), disfavour
the TSI increase suggested by ACRIM. Also, the long-term trend
of TSI in the updated SATIRE-S composite agrees fairly well
with most series. The residuals between our reconstruction and
the Montillet et al. (2022) TSI composite exhibit a flat trend of
-0.91 mW m−2 y−1. For other TSI composites, the trends of the
residuals range from 4.46 to 8.95 mW m−2 y−1, suggesting that
these records exhibit trends that are either less steeply decreasing
or even increasing compared to our reconstruction.

Figure 8 compares the revised SATIRE-S TSI composite to
the previous version by Yeo et al. (2014). Both versions ex-
hibit rather similar characteristics, with minuscule residuals af-
ter 1999 and somewhat greater differences before that. The RMS

difference between the two series over the whole period is 0.24
Wm−2 with a linear correlation coefficient of 0.89 for daily val-
ues. Overall, the values at solar cycle maxima are comparable
in the two versions, however, due to the changes in how we use
SDO/HMI data (update of noise surface and revision of Bsat, see
Sects. 3.2 and 4.2), the amplitude of solar cycle 24 is slightly in-
creased in the new version compared to the previous one, while
the amplitude of cycle 22 is reduced in the new version (due to
the increased value of Bsat compared to the previous version).
The most noticeable difference between the two series, however,
is a slightly different overall long-term change. That is, the pre-
vious version returned higher TSI values during the activity min-
ima preceding solar cycles 22 and 23 compared to the new ver-
sion, which translates into a minimum to minimum difference
between 2019 and 1976 of −0.22 and −0.46 Wm−2 for the re-
vised and the Yeo et al. (2014) versions, respectively (see Table
4). This is because of the significantly higher uncertainties over
this period in the earlier version due to the very short overlap of
the two KP magnetogram sets (see Fig. 6).

Overall the trend in the updated SATIRE-S TSI composite is
independent of measured TSI and relies on SDO/HMI, the con-
nection between SoHO/MDI to SDO/HMI, and on the Meudon
Ca ii K archive for the period before 1996. Although Meudon has
consistent and high quality data over that period, there is a po-
tential uncertainty in the calibration of their filling factors due
to the instrumental changes over 2002, when they switched from
using photographic plates to a CCD camera, as well as over 1989
when the spectroheliograph was upgraded (Malherbe 2023). The
very good agreement between the reconstructions using Meudon
and SFO data (Figure 9b) verifies that the instrumental change
over 2002 in Meudon does not bias the long-term trend of our
reconstruction.
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Fig. 9. TSI reconstruction with SATIRE-S using different sets of magnetograms (shown in different colours according to the legends). The three
panels focus on the minima of 2008 vs. 2019, 1996 vs. 2008, and 1986 vs. 1996, respectively.

Based on the comparison between our reconstructions from
Meudon and Mt Wilson data and the Nimbus-7/ERB TSI we
argue that the instrumental change in Meudon over 1989 also
does not affect its long-term trend. Both reconstructions, based
on Meudon and Mt Wilson data, align well with Nimbus-7/ERB
after a -0.5 Wm−2 offset is applied on Nimbus-7/ERB TSI data
from 1990 onward (or if the Nimbus-7/ERB data corrected by
Fröhlich 2006 are used). This suggests that the instrumental
change in Meudon in January 1989 does not significantly impact
our results.

We also note that the connection between SDO/HMI and
SoHO/MDI is also further supported by the agreement to the
reconstruction with Rome/PSPT data (Figure 9a). Thus, with
this reconstruction we are providing a more accurate estimate
on the long-term trend in irradiance variations, which is derived
entirely independently of the instrumental irradiance measure-

ments. The cycle minimum-to-minimum trends of our SATIRE-
S TSI composite is given in Table 4 for the various cycles and
compared to those from composites of direct measurements. We
find a very small difference between the 1976 and 2019 minima
of -0.22 ±0.17 Wm−2, which is roughly half of the difference in
the previous version (Yeo et al. 2014). The difference between
the minima in 1986 and 2019 in our reconstruction is in very
good agreement with that in the C3S composite (−0.06 ± 0.13
and −0.011± 0.12 Wm−2 in our reconstruction and C3S, respec-
tively), while Montillet et al. (2022) find a somewhat stronger
downward trend of −0.24 ± 0.12 Wm−2.

We have updated both the SATIRE-S TSI and SSI recon-
struction. However, we focused the discussion above on TSI.
This is because our revision aimed at the improvement of the
estimate of the long-term trend, while the spectral distribution
of the variability has not been affected by the current changes
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Fig. 10. Top: Comparison between the reconstructed Lyman-α irradiance from SATIRE-S (orange) and the Machol et al. (2019) composite
(black). Shown are 81-day running means. The series are shown without any adjustment. Bottom: Comparison between the reconstructed Mg
II irradiance from SATIRE-S (orange) and the IUP MgII core-to-wing composite (Viereck et al. 2001, black for version 20250204 and ciel for
version 20240603). Our Mg II irradiance has been linearly scaled to match the IUP Mg II index (see Sect. 5). The numbers in the lower part of the
figures denote the conventional solar cycle numbering.

and remains as discussed by Yeo et al. (2015a) and Tagirov et al.
(2019). For completeness, however, we briefly compare our re-
construction with two long-term series of UV irradiance varia-
tions, which are not affected by instrumental effects to the ex-
tent other SSI measurements are (see Yeo et al. 2015b). Figure
10 compares our Lyman-α (1Å spectral width) irradiance recon-
struction to the Machol et al. (2019) composite series. We find an
excellent agreement between the two series, reaching RMS dif-
ferences of 3.2 ×10−4 Wm−2 and a linear correlation coefficient
of 0.96. Our reconstruction is a bit higher prior to 1978 than the
Machol et al. (2019) composite and slightly lower after 2022.
The agreement between our reonstruction and the Machol et al.
(2019) Lyman-α composite series is slightly better than for the
previous version of SATIRE-S, for which the RMS difference is
3.7 ×10−4 Wm−2, while the linear correlation coefficient is also
0.96.

In Figure 10 we also compare our Mg II irradiance recon-
struction (with 1Å spectral width) to the IUP Mg II composite
index (Viereck et al. 2001). Since the IUP index considers the
core-to-wing ratio of the line, we linearly scaled our reconstruc-
tion to the IUP index so as to bring them to the same scale. We
find an excellent agreement between the two series, with a linear
correlation coefficient of 0.97.

6. Summary and conclusions

Accurate knowledge of long-term variations in solar irradiance
is essential for understanding the solar influence on Earth’s cli-
mate. While direct regular measurements of total solar irradi-
ance (TSI) have been available since 1978, they come from a
series of relatively short-lived experiments, each with its own
challenges, which do not allow a reliable estimate of the long-
term changes. Since solar surface magnetism drives irradiance
fluctuations over periods longer than a day, models that use mea-
surements of the solar photospheric magnetic field provide an
alternative approach for assessing these variations.

To enhance our understanding of the long-term irradiance
changes during the period covered by direct measurements, we
produced a new total and spectral irradiance (TSI and SSI) re-
construction with the SATIRE-S model. SATIRE is a physics-
based semi-empirical model which derives information on the
evolution of solar surface magnetism from full-disc magne-
tograms of the Sun. The previous version of SATIRE-S (Yeo
et al. 2014) used four datasets of magnetograms, SDO/HMI,
SoHO/MDI, KP/SPM, and KP/512. However, these archives
covered roughly one solar cycle each with rather short overlaps
between the various datasets which resulted in some uncertain-
ties in their cross-calibration. This meant that although TSI re-
constructed by SATIRE-S was clearly decreasing over the period
of satellite measurements, the exact magnitude of this decrease
was comparatively uncertain.
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In this work we incorporated four additional sources of mag-
netograms, namely the archive from Mt Wilson and the un-
signed magnetograms reconstructed from three Ca ii K archives
(Meudon, Rome/PSPT, and San Fernando; Chatzistergos et al.
2019b, 2021). This allowed a TSI and SSI reconstruction with
a significantly lower uncertainty in the long-term trend. The
latter is entirely independent of the direct measurements of
TSI and SSI. The new SATIRE-S TSI and SSI composites
will be available at https://www2.mps.mpg.de/projects/
sun-climate/data.html.

Our new SATIRE-S TSI reconstruction shows excellent
agreement with direct measurements of TSI. The linear correla-
tion coefficients between the reconstruction and TSIS1-TIM TSI
is 0.98. The correlation coefficients with the composites by Mon-
tillet et al. (2022) and ROB are 0.87 and 0.96, respectively. We
also found an excellent agreement of the reconstructed Lyman-
α and Mg II irradiance with the Lyman-α Machol et al. (2019)
and the IUP Mg II index (Viereck et al. 2001) composites (with
correlation coefficients of 0.96 and 0.97, respectively).

Our reconstruction exhibits a rather small change of TSI of
−0.22 ± 0.17 Wm−2 between the 1976 and 2019 minima, which
is roughly half of that in the previous version by Yeo et al.
(2014). The difference between the 1986 and 2019 minima for
our series, -0.06 W m−2, is in good agreement to that of the C3S
composite, but it is somewhat lower than the one from the Mon-
tillet et al. (2022) series, -0.24 W m−2.

Our analysis also provides an independent way of reconcil-
ing the ACRIM-gap (Krivova et al. 2009). That is because two
of the new sources of magnetograms, Mt Wilson and Meudon,
cover the ACRIM-gap completely. Both Meudon and Mt Wilson
reconstructions disfavour the increase in TSI between 1989 and
1991, while our composite reconstruction exhibits a minuscule,
and statistically insignificant, increase of 0.02 ± 0.2 Wm−2 be-
tween the 1986 and 1996 minima. This is in stark contrast to the
0.48 Wm−2 increase reported by the ACRIM TSI composite. By
comparing the Nimbus7-ERB TSI data to our reconstructions we
argue for residual issues in the Nimbus7-ERB series manifest-
ing as an abrupt increase of TSI of about 0.5 Wm−2 over 1990,
which would account completely for the ACRIM-gap. This in-
crease affects the ACRIM TSI composite since it relies on the
uncorrected Nimbus7-ERB data over that period.

In our reconstruction we filled gaps for about 9% of days
for which we do not have magnetograms by regressing prox-
ies, while we restricted the use of magnetograms to data starting
from 1974. Other sources of magnetograms such as those from
Global Oscillation Network Group (GONG; Leibacher 1999) or
the Vector Spectromagnetograph (VSM) on the Synoptic Opti-
cal Long-term Investigations of the Sun (SOLIS) system (Keller
et al. 2003) as well as reconstructed unsigned magnetograms
from other archives of Ca ii K observations can be incorporated
to fill further gaps in the reconstruction and reduce the usage of
the regressed proxies as well as extend our reconstruction back
to 1892. However, substantial effort is still required to address
various issues with the Ca ii K data and to evaluate their consis-
tency (Chatzistergos et al. 2024).
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