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Abstract On 7 February 2008, the SOLAR payload was placed onboard the International
Space Station. It is composed of three instruments, two spectrometers and a radiometer. The
two spectrometers allow us to cover the 16 —2900 nm spectral range. In this article, we first
briefly present the instrumentation, its calibration and its performance in orbit. Second, the
solar spectrum measured during the transition between Solar Cycles 23 to 24 at the time
of the minimum is shown and compared with other data sets. Its accuracy is estimated as a
function of wavelength and the solar atmosphere brightness-temperature is calculated and
compared with those derived from two theoretical models.
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1. Introduction
1.1. The Birth of the SOLAR Payload

In the 1990s, the interest to know the solar spectral irradiance (SSI) in a large spectral
domain led the community to consider missions that could obtain measurements from the
extreme-ultraviolet (EUV) to the infrared (IR). This scientific interest was based on solar,
atmospheric, and climate physics. For the latter, it has been suggested that the dynamical
coupling between troposphere and upper atmosphere is an amplifying mechanism of the
solar influence on the climate (see for example Meehl et al., 2009). Furthermore, these
measurements allowed us to resume EUV measurements after about 20 years. Moreover,
simultaneously measuring the SSI and the total solar irradiance (TSI) would enable one
to accurately study the role of the SSI variation with respect to the TSI variation, and to
extend the TSI time series of the Solar Heliospheric Observatory (SOHO) radiometers. An
announcement of opportunity was released by the European Space Agency (ESA), soliciting
proposals associated with the Columbus laboratory.

Three instruments were selected by the ESA Microgravity and Space Station Utilisation
Department following the evaluation of the ESA announcement of opportunity for Exter-
nally Mounted Payloads (SP-1201):

e the Solar Variability Irradiance Monitor (SOVIM),
e the Solar Auto-Calibrating EUV/IUV Spectrometers (SOlACES), and
e the Solar Spectrum (SOLSPEC).

These three instruments were developed under the responsibility of the Physikalisch-
Meteorologisches Observatorium Davos/World Radiation Center (Switzerland), the Fraun-
hofer Institute for Physical Measuring Technique (Germany), and the Laboratoire Atmo-
spheres, Milieux, Observations Spatiales-Centre National de la Recherche Scientifique
(France), respectively.

The three instruments were chosen because of the consistency of their measurements, and
the mission was named SOLAR. SOVIM and SOLSPEC were partially hardware reflights.
They were placed on the Coarse Pointing Device (CPD), ensuring a solar viewing indepen-
dently of the International Space Station (ISS) movements. The original date for launch
was planned for 2002, allowing measurements of the solar spectral irradiance during the
descending phase of Solar Cycle 23. Because the mission development was slow for various
reasons, the project was further delayed after the Space Shuttle Columbia disaster, which
occurred on 1 February 2003. Finally, the three instruments on the CPD were launched with
the Columbus module on 7 February 2008 and installed on the External Payload Facility. At
the time of launch, the Sun was close to minimum activity. Finally, instead of measuring the
SSI during the descending phase of Cycle 23, SOLAR measured during the solar minimum
between Cycles 23 and 24 and during the ascending phase of Cycle 24.

Other solar missions in space are the following:

— The Solar Radiation and Climate Experiment (SORCE: Rottman, 2005) mission was
launched in January 2003. The instrumentation consists of three spectrometers: the So-
lar Stellar Irradiance Comparison Experiment (SOLSTICE, working in the range 115—
320 nm), the Solar Irradiance Monitor (SIM, 200-2400 nm) domain with a separate
channel from 200—-310 nm to overlap with SOLSTICE, the XUV Photometer System
(XPS, 0.1 -34 nm and Ly o). SORCE also carries an absolute radiometer to measure the
total solar irradiance.
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Figure 1 The different missions currently in space as a function of wavelength.

— In the EUV range, the Thermosphere lonosphere Mesosphere Energetics and Dynam-
ics satellite (TIMED: Woods et al., 2005), launched on 7 December 2001, operates in
the range 0.1 — 194 nm. Onboard the Solar Dynamic Observatory (SDO), the solar EUV
Experiment (EVE: Crotser et al., 2007; Woods et al., 2010) measures the EUV spectral ir-
radiance, while the Atmosphere Imager Assembly (AIA) provides images in that domain.
Before the SDO mission, NASA launched a rocket on 14 April 2008 that carried the EVE
instrument prototype to ensure the accuracy of the EUV absolute spectral irradiance to be
measured by EVE onboard SDO. Onboard Picard, launched on 15 June 2010, the TSI,
the UV, and the visible spectral irradiance are measured in some domains (Schmutz et al.,
2009). Missions in space are shown in Figure 1 as a function of wavelength.

— The Scanning Imaging Absorption Spectrometer for Atmospheric Chartography (SCIA-
MACHY: Bovensmann et al., 1999) is a spectrometer that observes from 200 to 2400 nm.
It is in operation since 2002 onboard the Environment Satellite (ENVISAT) platform. We
briefly discuss the limitations of SCTAMANCHY data. This instrument is equipped with a
White Light Source (WLS) for photometric corrections, but can also be used for onboard
ageing control. Pagaran et al. (2011) indicated, however, that the ageing of the lamps pre-
vented its use after 2004. This is why we preferred using a spectrum from 2 August 2002,
shortly after its launch, which is still reliable, for corrections. However, one should be
aware that the SCIAMACHY UV spectrum taken near solar maximum will differ from
the solar minimum UV spectra because of the solar-activity variability. However, in the
visible and IR range, where the solar-cycle variability effect is likely well below 1 %,
comparisons with SCTAMACHY are appropriate. Owing to the fairly low signal-to-noise
ratio in the near-IR, SCIAMACHY channels (1900 nm, and 2400 nm) have an estimated
accuracy of about 10 %. SCIAMACHY does not observe from 1761.7 to 1936.4 nm and
from 2042.3 to 2260.7 nm because of the saturation effect of atmospheric water vapour
when SCIAMACHY is taking Earth atmosphere measurements.

The SOLAR mission instruments onboard the ISS were initially developed for a period
of operation of 18 months. When the manufacturing was almost completed, the SOLAR
mission was extended to three years. After three years in space, the mission was again ex-
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tended until the end of 2013, and finally to February 2017. This will allow us to study the
decreasing phase of Solar Cycle 24.

1.2. Scientific Objectives

The SOLAR missions have different scientific objectives, from solar to atmospheric and
climate physics. They have been described in detail by Schmidtke, Frohlich, and Thuillier
(2006) and Schmidtke et al. (2006):

— Solar physics: The solar spectrum characterizes the outer layers (photosphere, chromo-
sphere, transition region, corona) of the Sun, and provides information about the compo-
sition and temperature of these regions. Furthermore, by comparison with theoretical re-
constructions, an accurately measured spectrum allows us to validate the solar atmosphere
properties and in particular the predictions, either theoretically or empirically, made for
solar activity changes on TSI and SSI. Because the Sun is a variable star, TSI and SSI
vary. Consequently, it is necessary to observe the effects of the appearance and disappear-
ance of the active regions, as well as the long-term time variations, and have overlapping
missions to ensure continuity. Accurate SSI measurements are also important for the SSI
reconstructions based on theoretical approaches and proxies. These reconstructions can
be validated by comparing them with measurements. The better the measurements, the
better the model validation by pointing out possible defects. We employed the Code for
Spectral Irradiance (COSI) modelling (Haberreiter, Schmutz, and Hubeny, 2008; Shapiro
et al., 2010) and the Solar Radiation Physical Modelling (SRPM: Fontenla et al., 2011)
to compare a theoretical approach with measurements.

— Atmospheric physics: The physical properties of the planetary atmospheres are primarily
controlled by the solar radiation that induces the following main processes: photodissocia-
tion of molecules; recombination, which creates new species; ionization of molecules and
atoms; excitation of these species; excitation of molecules and atoms by collisions with
photoelectrons and suprathermal electrons; photon absorption, which leads to warming
of the medium though fluorescence; and Rayleigh and resonant scattering while escaping
radiation is re-distributing the solar energy. All these processes are wavelength dependent.
Therefore, atmospheric modelling requires solar spectral irradiance from EUV to IR with
an absolute accuracy compatible with the accuracy of the modelling capability. In other
terms, the highest possible accuracy of the measurements is needed given the improve-
ments made in atmospheric modelling. Furthermore, because solar cycles are not identical
in their development, it is necessary to know the SSI for the time at which atmospheric
physics data were collected.

— Climate physics: Processes involving changes driven by the Sun on atmospheric param-
eters are accepted today as possible actors in rapid climate changes. Climate models re-
quire solar spectra corresponding to different solar-activity regimes extending from UV
to IR. This information is used to reconstruct the past SSI and TSI as a reference to which
some spectral variability is applied based on chosen proxies. Currently, reconstructions
do not have the required accuracy to reproduce the different SSI levels of solar activity.
For example, to simulate the SSI at the Dalton minimum, the solar-activity minimum that
occurred in 2008 and the corresponding data provide useful information for determining
the SSI prediction accuracy. That is why the very low SSI observed in 2008 has received
significant interest from several fields.
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Section 2 briefly describes the SOLAR mission instruments and their performance in or-
bit. Section 3 is dedicated to the activity minimum that occurred in 2008 and to the construc-
tion of the SOLAR spectrum using SolACES and SOLSPEC data, including their photomet-
ric properties by comparing them with other spectra that were either measured or derived
theoretically.

2. Brief Description of the Instrument Characteristics and Observations
2.1. The SolACES Spectrometer

SolACES (Schmidtke, Frohlich, and Thuillier, 2006; Schmidtke et al., 2006; 2013) records
the solar EUV irradiance from 16 nm to 150 nm with a spectral resolution that is wavelength
dependent, namely 0.3 nm below 65 nm, 0.4 nm between 65 and 100 nm, and 0.6 nm above.
On top of the three grazing-incidence planar-grating spectrometers (SP) and on the two
three-signal double-ionization chambers (IC), a filter wheel places a series of band-pass
filters onto the SP and IC entrances, respectively. The actual transmission of the filters is
measured by the following method:

The currents generated by the absorption of the transmitted EUV photons in the ioniza-
tion chambers provide the data sets from which the corresponding absolute photon fluxes
are derived. For each of these calibration measurements the ICs are refilled with gas. The
calibration of the spectrometers is achieved by modelling the IC currents and bringing them
into agreement with the measurements using several spectral subrange domains. The EUV
wavelength range is covered by using different filters. For example, by selecting four dif-
ferent filters for the same spectral domain, two gases (neon and xenon) with different wave-
length absorption range, and generating three currents in each of the ICs, 24 possibilities
exist to cross-check the spectral irradiance in this spectral domain.

For the repeated in-flight calibration, a dependence on wavelength was measured. An
uncertainty of 10 % was found for the wavelength range between 16 nm to around 50 nm.
For the spectral region 90— 150 nm, the mean uncertainty is 15 %. Howeyver, there is some
uncertainty that reaches 20 % in some narrow spectral ranges. The details of this analysis
are given in Schmidtke et al. (2013).

By operating the ionization chambers several times per day, a high degree of reliability is
achieved for determining the temporal efficiency changes inherent to the EUV spectrometric
instrumentation.

2.2. The SOLSPEC Spectrometer

The instrument has been described by Thuillier et al. (2009). SOLSPEC is made of three
double-grating spectrometers named ultraviolet, visible, and infrared (UV, VIS, and IR),
allowing measurements from 170 to 2900 nm. The spectral resolution is a weak function of
the wavelength, which varies as shown in Table 1.

The wavelength sampling of the UV, VIS, and IR spectrometers is 0.4, 1, and 4 nm,
respectively. SOLSPEC is also equipped by a set of quartz plates, which protect the spec-
trometers’ optical diffuser from solar radiation below 160 nm and contaminant deposition.
These plates are placed in front of the pre-slits, on two wheels with a hole, which permits
measuring their transmission in space. Most of the time, the same quartz plate is used (# 1).
About every two months, its transmission is measured by comparing two consecutive spec-
tra with and without the quartz plate as well as the transmission of the second quartz plate,
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Table 1 Spectral resolution (AX) of the UV, VIS, and IR spectrometers as a function of wavelength. Wave-
lengths and resolution are in um and nm, respectively.

uv VIS IR

A 0.18-0.24 026 030 034 030 045 060 075 08 070 12 1.7 23 29
Ar 1.6 1.5 1.15 085 215 2 1.7 1.7 19 97 95 89 75 7

which is only measured by the same method every two months. This allows us to monitor
the instrument ageing. The results are discussed in Section 2.4.

The instrument contains several light sources for use in space. One is a hollow cathode
lamp, whose lines allow us to measure the relationship between wavelength and grating
position. Furthermore, deuterium lamps and tungsten ribbon lamps provide information for
the photometric scale of the three spectrometers. On 26 April 2009, the deuterium lamp
power supply failed. Since then, we rely only on the tungsten ribbon and the hollow cathode
lamp.

The optical entrance of each spectrometer consists of a pre-slit, a diffuser, and a slit.
The diffuser allows us to reduce the effect of the CPD off-axis pointing. This effect consists
in a change of recorded intensity of a source that has different positions in the instrument
field-of-view. This effect can reach up to 5 %. Consequently, as the absolute calibration was
performed for the centre of the field of view, it is necessary to know the Sun’s position in the
instrument field-of-view and the flat-field angular dependence. To achieve this, the optical
axes of the three spectrometers are coaligned and a unique sun-sensor allows us to measure
the Sun’s position in the field of view. The flat-field dependence is measured in orbit by a
special operation called criss-cross, which we describe in Section 2.3.

Absolute calibration measurements and calibration data processing are explained in
Thuillier et al. (2009). The accuracy is a function of wavelength, but remains below 2 %,
except at 3000 nm.

However, this uncertainty budget may increase because of the possible de-adjustment of
some optical parts at launch, and the harsh space environment with particle precipitation
on electronics, detectors, optics, and contamination by the outgassing from different equip-
ments. The latter cause of ageing has been considered during the instrument design, and
there is a very tight shutter that is closed when the instrument is turned off, in particular,
during shuttle docking. In addition, the spectrometers’ entrance diffusers remain warm to
avoid contamination deposition.

Nevertheless, ageing does occur in space. Therefore two lamps with frequent and infre-
quent regimes are used. The amplitude of the infrequent lamp signal leads to a supplemen-
tary uncertainty of 1.4 %, which results in a total uncertainty of 3.4 %, i.e. below 3.5 %.

2.3. Operations in Orbit

The three instruments placed on the CPD observe the Sun up to 20 minutes per orbit. How-
ever, observations on an average of ten days per solar rotation are available, given the po-
sition of the ISS solar panels that power its equipment. The CPD also has the capability
to scan the Sun in two orthogonal directions to measure the instruments’ flat-field and the
position of each instrument’s optical axis with respect to the CPD axis of reference. Each
solar measurement is followed by calibration measurements. When the Sun is not visible,
the calibration data are recorded weekly.

@ Springer



The Solar Irradiance Spectrum at Solar Activity Minimum 1937

2.3.1. SolACES

SolACES uses channel electron multipliers (CEMs) (http://Xw.sjuts.com/CEMModels_
Standard.html), which are detectors working in the EUV. Because of the ageing of these
detectors with respect to the accumulated count rates and managing the limited supply of
the gases for the operation of the ionization chambers, the number of spectrometric record-
ings was steadily decreased with time. At the same time, the IC operations were increased
to a degree so that for every day of operation, there is one recording either by the spectrom-
eters or by the ionization chambers. Since the modelling of the IC currents allows derivating
the EUV spectra, EUV spectral irradiance data are available for every day of the SOLAR
mission operation. The very low leakage rates of the gas valves has allowed us to extend the
SOLAR mission.

Although daily calibration of SolACES is not required, the ionization chambers are op-
erated very frequently, even daily.

A special operation in space is the criss-cross manoeuver: to check the alignment of the
optical axis toward the Sun, the CPD is moved step-wise from + 5 to — 5 arcdegrees along
the X and ¥ CPD axis. The strongest signals in the spectrometers and in the ionization
chambers in each direction are used for the science measurements. Repeated criss-cross
operations have allowed the verification of the alignment stability.

There are some other special characteristics of SOlACES:

e The filters are used to determine the contribution of higher optical orders to correct the
irradiance measurements. This is of particular interest for different levels of solar activity.

e The background caused by stray light can be quantified using the filters. Because it is be-
low the statistical uncertainty of the count rates, a correction for the stray light background
can be neglected.

o At the beginning of the mission the average count rates exceeded 10, resulting in a sta-
tistical uncertainty better than 1073,

2.3.2. SOLSPEC

In orbit, the nominal operations depend on the periods when the Sun is visible or not (Sun
or no-Sun visibility) of the SOLAR CPD. First light occurred on 5 April 2008. In the Sun-
visibility window, SOLSPEC performs solar-irradiance measurements and internal intensity
and wavelength calibrations. Since the beginning of Cycle 24, the Mg 11 (280 nm range) and
Ca 11 (393 nm range) indices have been measured at high spectral sampling to monitor the
development of the solar activity. In the no-Sun visibility window, only internal calibrations
are run. During the solar minimum period, the solar spectrum was measured every two days.
This sampling rate was increased as a function of the solar activity development.

To know in detail the behaviour and the ageing of SOLSPEC, special operations are
scheduled to gather the following measurements:

detector dark-current,

— instrument scattered light, transmission,

flat-field of the three spectrometers by criss-cross manoeuvres,

— improvement of the signal-to-noise ratio in the spectral domain of weak instrument count-
ing.
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2.4. Calibration Results in Orbit
2.4.1. SolACES

The calibration is performed with a set of EUV filters that transmit spectral subranges such
that the total EUV range of interest is covered. Because the efficiencies of the EUV compo-
nents are changing with time, the transmission of each filter has to be determined repeatedly
by direct measurements.

Figure 2 presents two typical cases: 1) The transmission shown in Figure 2 (upper panel)
is typical of the thin-film Al-C filters of different thicknesses, hence with different trans-
missions. The onboard calibration means allow us to determine the filter transmissions on
18 August 2009 and on 6 June 2010. The derived transmissions are still the same, with a
smooth decrease from 17 nm to 50 nm as expected from the properties of the material used
for the filters. A change of transmission is noticeable between 35 nm and 40 nm for the 6
June 2010 measurements when compared with the data from 18 August 2009. The expla-
nation is the following: the transmission is measured by increasing the wavelength from 16
nm. The intense He 11 line at 30.4 nm generates a high count rate, but this is lower than 10°
counts s~ for the first date, because the solar activity is lower than during the second date.
Consequently, the measured transmission for the first date presents the expected smooth de-
crease with wavelength. For the second date, the signal generated by the strong He 1I line
induces a non-linearity and a perturbation of the channeltron, which is a property of this
detector. Calibrating this effect allows correcting the data. In the upper panel of Figure 2,
the raw data are shown (i.e. without correction).

Figure 2 Transmission of | | | |

0.35 —
SolACES filters:
aluminum-carbon (AI-C) filter 5§ 030 18-08-2009
(17-52 nm, upper panel) and the @
interference filter (115—145nm, € 0257 06-06-2010| [
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orbit. We show with different s
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measured on different dates, =
which are indicated in the insets. g 0107 B
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ii) To determine the photon fluxes in the spectral range from 110 nm to 150 nm (see
Figure 2, lower panel), two sets of interference filters are used. These filters exhibit an unex-
pected individual behaviour by changing the transmission with wavelength. The transmis-
sion may decrease as well increase, as has been experienced for instance in the San Marco
Airglow-Solar Spectrometer Instrument (Worden et al., 1996). One filter set covers the range
close to the Ly o emission, while the other set is centred around 135 nm including Ly o.
The transmission change of one filter set out of the latter set is shown in Figure 2 (lower
panel). The different spectral distributions of the two transmitted spectral intervals are evi-
dent and caused by the changing solar activity. For all filters in operation the transmissions
are a smooth function of wavelength, except at the absorption boundaries of elements used
in the filter manufacture.

2.4.2. SOLSPEC

All instruments have an angular photometric instrument dependence (flat-field) that consists
of the following: when the source is placed at the instrument optical axis, it generates a
signal with a given intensity, for example, 1. When the source is not at the optical axis, the
same source generates a different signal that is generally lower, reaching 5 %, for example.
This may affect the accuracy of the measurement:

e on the ground the absolute calibration is achieved with the source aligned on the optical
axis,

e in space this condition may not always be met (problem of pointing or post-launch mis-
alignment),

o the flat-field is measured in the laboratory, but this is a difficult measurement especially in
UV because of the scattered light and the geometry of the source beam and its intensity,
which is much lower than that of the Sun. Therefore this is frequently performed in space
using the Sun as source.

Consequently, we measured the instrument flat-field in space. Using the SOLSPEC sun-
sensor and an appropriate motion of the CPD (criss-cross), the three spectrometers’ fields-of-
view (8 arcdegrees) were scanned at different wavelengths along two orthogonal directions.
Figure 3 presents some examples. Figure 3 (upper panel) displays the SOLSPEC flat-field in
UV measured orthogonally to the entrance slit. Figure 3 (middle panel) shows the SOLSPEC
flat-field of the visible spectrometer measured along the entrance slit. For these spectrome-
ters, the dependence on wavelength is within the accuracy of the measurements. For the IR
spectrometer, however, a significant dependence on wavelength of the Sun’s position within
the field of view was measured, depending on whether the scan direction is along or orthog-
onal to the rectangular IR slit. Figure 3 (lower panel) shows the IR spectrometer flat-field
measurements (dots) and their polynomial fit as a function of wavelength. The determination
of the flat-field dependence on wavelength required a long sequence of measurements.

In orbit, an offset of about 1.5 arcdegree was initially found between the CPD axis and
the SOLSPEC optical axis. The reason is a misalignment during the integration of SOL-
SPEC in the CPD. After adopting the offset pointing, which was compatible with the three
instruments, the instrument flat-field was measured as a function of wavelength (Figure 3),
showing the importance of the correction to be taken into account, especially in the IR do-
main (Figure 3, lower panel). Finally, thanks to the Sun sensor and because we know the
flat-field, the effect of any residual off-axis pointing during the solar measurements can be
corrected for.

An important aspect of the instrument performance is the ageing. Figure 4 shows the
results for the UV, visible, and IR spectrometers. In the UV, Figure 4 (upper-left panel)
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Figure 3 SOLSPEC
spectrometer flat-field
dependence in the UV (left
panel) in the visible (middle
panel) and in the IR (lower panel)
(Bolsée, 2012). These data were
obtained in May and June 2008.
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shows the decrease measured by the Sun- and deuterium-lamp signals. This indicates how
corrections can be made. About May 2009, a change of the ageing rate was observed (Fig-
ure 4, upper-left panel) and no explanation was found. This rate of change significantly
decreased (Figure 4, upper-right panel plotted since 2010 to show the changed ageing rate).
Figure 4 (upper-right panel) shows the ageing decreasing with wavelength. Figure 4 (middle-
left panel) shows the near-UV part of the visible spectrometer signal generated by the Sun.
An ageing is observed, while in the visible spectral domain, no ageing is detected (middle-
right panel). Figure 4 (lower panel) shows the stability of the IR solar signal spectrometer,
which stabilized by the end of 2008.
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Figure4 Ageing of the SOLSPEC UV spectrometer (upper panels). The upper-left panel shows a significant
change in the instrument responsivity that appeared after the deuterium lamp power-supply failure (April
2009). The rate of change significantly decreased, as shown in the upper-right panel, which is plotted since
2010. Results for the visible spectrometer are shown in the middle-left and -right panels, the red line in the
middle-left panel shows the ageing of the quartz mobile window. Results for the IR spectrometer are presented
in the lower panel (Bolsée, 2012).

3. The Sun at Its Minimum Activity
3.1. The Composite Spectrum at Solar Minimum Activity

Very likely, the Sun was at its minimum activity around 2008 —2009, as shown by, for ex-
ample, with the F10.7 cm solar radio flux and sunspot number. Information from different
sources allows us to specify the timing. A composite spectrum using the minimum SSI from
SolACES and SOLSPEC will be built.

The SolACES data as displayed in Figure 5 (upper panel) show a minimum of the EUV
irradiance on 21 August 2009. In Figure 5 (middle panel), the SORCE/SIM SSI at 215 nm
shows a minimum around 26 June 2008. Furthermore, Figure 5 (lower panel) presents the
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Figure 5 (Upper panel) SolACES photon flux (Wm~2) integrated from 16 to 29 nm and sunspot number
during the solar-minimum period between Solar Cycles 23 and 24 (Nikutowski et al., 2011); the arrow shows
the minimum EUV SSI that occurred on 21 August 2009. (Middle panel) SORCE-SIM data at 210 nm show
a minimum located around 26 June 2008. (Lower panel) Mg II index variation as a function of time. The
arrows point to the values on 14 April 2008, 26 June 2008, 27 February 2009, and 21 August 2009.

Mg 11 index as a function of time calculated by Viereck et al. (2004) based on the method
developed by DeLand and Cebula (1998). A minimum occurs on 27 February 2009. The Mg
11 indices are 0.26411 on 26 June 2008, 0.16359 on 27 February 2009, and 0.26375 on 21
August 2009.

The Mg 11 indices are affected by an uncertainty that was found by Snow e# al. (2005a) to
be between 0.1 to 0.2 %, depending on the data set used to calculate it. Using a mean value of
0.15 %, the values mentioned above remain within their uncertainty limits. However, if the
Mg 11 index is suitable to represent the UV SSI change, its variability is not precisely related
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Figure 6 EUYV SSI measured by SolACES for three dates: 26 July 2008 (black), 27 February 2009 (red),
and 21 August 2009 (blue).

to the EUV domain variability. Therefore the EUV SSI for these three dates is compared in
Figure 6. Taking into account that for these three dates the solar activity is close to minimum
and that the effect of activity is stronger in the short-wavelength domain, the search of the
minimum-activity SSI has to be made at short EUV wavelengths. For this, we calculated
the ratio of the SSI on 26 June to that on 21 August and of that on 27 February to that on
21 August. Below 60 nm, these two ratios are 1.20, that is, 20 % above one, which is not
explained by the combined uncertainty of each data set (10 %).

Consequently, this suggests that the SSI minimum in a given wavelength range depends
on the date; the minimum occurs later in an emission which originates in the upper chromo-
sphere than when it comes from a lower altitude.

In line with this question, White et al. (2011) have determined the date of the solar
minimum using the TSI, the F10.7 cm radio flux, and the Mg 11 index. Three distinct minima
were found on 15 October 2008, 11 November 2008, and 2 December 2008, respectively.
These dates were obtained after a polynomial smoothing of the corresponding data over
eight solar rotations. Consequently, they are approximate, and not in phase. The smoothing
over eight months and the nature of the data (TSI, F10.7) make a detailed comparison with
our work difficult because we used a different method and data to determine the dates of the
minimum.

To build the SSI at solar minimum from the available ISS measurements, the most rep-
resentative data have to be selected. For SOLSPEC and SolACES, various constraints led
us to choose the date of solar minimum-activity taking into account the different technical
operations onboard the ISS, the flat-field measurements, the pointing toward the Sun, and to
be as close as possible to the whole heliospheric interval (WHI: Woods et al., 2009) time-
frame to perform a simple comparison between the two datasets. This condition associated
with first light, which occurred on 5 April 2008, has allowed us to avoid correcting for age-
ing, which in any case would be possible by using of the onboard set of lamps. We selected
the following days: 8 April and 2, 4, and 6 May 2008 for SOLSPEC UV to IR data, which
allow for an appropriate signal-to-noise ratio and are close to first light, and 21 August for
SolACES in the EUV.
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Table 2 Dates, sunspot number (SSN), F10.7 cm radio flux, and Mg 11 index for the interwals used in this
article. For data covering several days, the mean values of the SSN, Mg 11 index, and F10.7 solar radio flux
are shown.

ATLAS3  WHI SOLSPEC SOLSTICE SOLACES  EVE
Date 10 Nov. 1994 10, 16 Apr. 2008 5,8 Apr., 2,4, 5 Apr. 2008 21 Aug. 2009 14 Apr. 2008
5 May 2008
SSN 18 @) 3) 0.0 0.0 7
F10.7 80. (68.9) (68) 713 67.0 68.9
Mg 1T index 0.26747 (0.26416) (0.26433) 026465  0.26375 0.26416

The spectral domains covered by the ISS spectrometers are 16 nm to 149.5 nm by
SolACES and 170 nm to 2900 nm by SOLSPEC. To fill the gap, we used data obtained
with SORCE/SOLSTICE from 149.5 to 170 nm on 5 April as follows: between 139.5 and
149.5 nm, we used SolACES and SOLSTICE with a linear transition between the two
datasets (100 % of SolACES data and 0 % of SOLSTICE data at 139.5 nm; and 0 % of
SolACES and 100 % of SOLSTICE at 149.5 nm). We proceeded similarly between 166.5
and 176 nm.

With the data obtained from the ISS instruments and the ATLAS 3 spectrum, we built
two composite spectra:

— SOLAR 1 uses measurements from SolACES, SOLSTICE and SOLSPEC as explained
above, except between 1100 to 2400 nm where the ATLAS 3 IR part was used.
— SOLAR 2 used only measurements from SolACES, SOLSTICE and SOLSPEC.

This is justified in Section 3.3.3. It is important to remember that the only difference
between SOLAR 1 and SOLAR 2 is in the IR.

Dates, Mg 11 index, sunspot number (SSN), and F10.7 cm radio flux are given in Table 2,
which shows that the three data sets are selected in very quiet solar conditions with a sunspot
number not larger than 3 and an F10.7 cm radio flux ranging between 67 to 71 units.

3.2. Photometric Properties of the SOLAR 1 and 2 Composite Spectra

The different photometric properties of SOLAR 1 and 2 spectra were compared with other
measured and theoretical spectra.

3.2.1. Measured Spectra

We compared the following spectra:

— the WHI spectrum (Woods et al., 2009) with an accuracy wavelength-dependence of 10
to 15 % in the EUV and 2 to 5 % in the UV

— data from the SDO/EVE prototype, obtained during a rocket flight on 14 April 2008, in
preparation for the SDO mission

— the spectrum obtained during the mission Atmospheric Laboratory for Applications and
Science (ATLAS) 3 (Thuillier et al., 2004) available from 0.5 to 2400 nm, which corre-
sponds to a low-activity period, and

— the SCIAMACHY data (see Section 1.1).
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3.2.2. Theoretical Spectra

Different physical processes contribute to the UV, visible, and infrared parts of the solar
spectrum. The main source of the continuum opacity in the far UV (below approximately
160 nm) is photoionization of heavy elements, which means that most of the photons are
generated by recombination processes in the photosphere. On top of the continuum there
are several strong emission lines (the most prominent line is Ly o), which are formed in
the chromosphere. Starting from approximately 160 nm, the opacity is dominated by the
immense number of unresolved weak spectral lines, which are absent from the existing line
lists (see e.g. Busa et al., 2001; Short and Hauschildt, 2009). To take this into account,
Shapiro et al. (2010) introduced additional UV opacity in COSI. Starting from approxi-
mately 320 nm, the main sources of the opacity are bound-free (up to approximately 1650
nm, which corresponds to the negative hydrogen ion H™ ionization energy) and free-free
transitions in H™. The visible spectrum is superposed with a large amount of absorption
spectral lines (e.g. Ca 11 or neutral hydrogen lines) and molecular system (e.g. CH, NH, and
OH bands at 310-340 nm, the CN violet system at 375—-390 nm, and the CH G band at
410-450 nm). The H™ opacity has a local maximum at about 850 nm, then it decreases up
to approximately 1650 nm, and then increases again (cf: Mihalas, 1978).

In this section we present two synthetic solar spectra calculated with COSI (Haberre-
iter, Schmutz, and Hubeny, 2008; Shapiro et al., 2010), and the Solar Irradiance Physical
Modelling (SRPM) system (Fontenla et al., 2011).

COSI simultaneously solves the equations of the statistical equilibrium and radiative
transfer, assuming a one-dimension (1D) spherically symmetric geometry. The spectra pre-
sented in this article were compared with the spectrum of the quiet Sun calculated with
COSI. The temperature and density profiles were taken from Model C of Fontenla et al.
(1999). In principle, COSI can be potentially used to calculate the spectrum from the EUV
to radio waves. The most recent paper with a COSI description (Shapiro et al., 2010) pre-
sented calculations that only started from 125 nm. In the 125-160 nm spectral domain,
COSI misses several important emission lines (see Shapiro et al., 2010), therefore we began
the comparison at 160 nm.

An agreement between SRPM and ATLAS 3 was found previously (Fontenla et al.,
2006). Therefore we extended this comparison between the new version of the SRPM code
(Fontenla ez al., 2011) and the new dataset provided by SOLAR 1 and 2.

Version 11 of SPRM calculates the solar irradiance by weighting the spectra of seven
atmospheric components that correspond to the main features at the solar disc observed
with ~ 2 arcsec resolution (Fontenla et al., 2009, 2011). These spectra are calculated em-
ploying semi-empirical atmospheric models and a non-local thermodynamic equilibrium
(NLTE) radiative transfer code, the development of which started almost two decades ago
(see Fontenla et al., 1999, and references therein). Because the spectra depend on the
heliocentric angle, they are calculated for ten disc positions. The weighting coefficients
are computed employing images obtained with the Precision Solar Photometric Telescope
(PSPT). For the comparison presented here, we used the spectrum that was downloaded from
http://www.digidyna.com/Results2010/spectra/irradiance/daysloresFitsfmt/index_spectra_
irradiance_daysloresFitsfmt.html. Fontenla et al. (2011) calculated it by mixing the spec-
tra of A 4+ B (quiet-Sun inter-network), D (quiet-Sun network lane), F (enhanced network),
and H (plage) components in different percentages (80 % (A+B)+ 189 %D+ 1.1 % F+
0.0064 % H). This spectrum is calculated for low solar activity conditions (15 September
2008).
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3.3. Comparison with Measured and Theoretical Spectra

To determine the photometric differences between a set of spectra, we integrated the SSI
in several wavelength domains and calculated their ratio, which provided differences in per-
cent. The optical instruments have no constant wavelength signal-to-noise ratios because the
components they use have properties (transmission, grating efficiency, detector efficiency)
that all depend differently on the wavelength. Another contribution originates from the cal-
ibration source (blackbody, Synchrotron Ultraviolet Radiation Facility (SURF) radiation,
lamps). A final concern is the SSI, which presents significant changes with wavelength.
Consequently, the signal-to-noise ratio varies with wavelength, and this variation is instru-
ment dependent. Therefore we used several spectra selected under nearly the same condition
of solar activity for the comparison. Consequently, the ratio of two spectra calculated in dif-
ferent spectral domains oscillates around unity. However, if the domain of integration is
large, the ratio generally comes closer to unity.

Furthermore, to show the photometric difference between two spectra, we calculated
the SSI in some wavelength intervals and their ratio. The noise and the wavelength scale
difference contain different spectrometer point-spread functions (psf) in certain spectra, and
spectral sampling may generate a spurious irradiance ratio.

3.3.1. Comparison in the Spectral Domain below 200 nm

Figure 7 displays all datasets listed in Section 3.2 that are below 110 nm. There is an overall
agreement; but there are differences varying with wavelength. The upper and lower panels
show that SolACES presents a lower SSI than all other spectra. ATLAS 3 presents the high-
est SSI for the strong lines, as expected because it was obtained at higher solar activity. We
also note that the WHI continuum remains lower than all other spectra.

The lower panel of Figure 7 shows that the SOIACES SSI appears very close to the WHI
above 35 nm, and is lower than WHI at 18 nm.

To estimate the percentages of the photometric differences between these spectra, in each
spectral domain, the integrated SSI was calculated for each spectrum, then ratios were com-
puted, which are shown in Table 3. The percentage of the photometric difference was com-
pared with the combined uncertainty of the two spectra involved in this comparison. Given
that SOlIACES and the other spectra have an accuracy of about 10 and 25 %, respectively, the
combined uncertainty is 27 % at one ¢ . Two spectra are different when their ratio is beyond
the range £+ 27 % at one o.

For wavelength ranges below Ly o, we can see from Table 3 that:

— The closest agreement is achieved between WHI and SOLAR 1 in the range 16 to 120
nm. Nevertheless, within that domain there are variations that we show below.

— The WHI/ATLAS 3 ratio presents two extreme values at 1.33 and 0.69 in the EUV, which
decrease towards the UV, however. These ratios are compatible with the combined uncer-
tainty of each data set (see above). We also note that the solar activity for the WHI was
lower than during the ATLAS 3 period (Table 2).

— In the range 96— 100 nm, SolACES presents the largest difference with respect to the
three other spectra.

— As a general rule, above Ly o, the ATLAS 3, SOLAR 1, and WHI differences are smaller
than their values in the EUV range. In particular, the absolute calibration becomes more
precise when the solar variability is weaker, which provides a closer SSI.
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Figure 7 Comparison between the SSI measured by the ATLAS 3, WHI, SolACES, and the EVE rocket
flight on 14 April 2008. The resolution of the spectra is 0.1 nm for WHI and EVE and 0.2 nm for ATLAS 3.
For SolACES, it is 0.3 nm below 65 nm and 0.4 nm between 65 and 100 nm. Upper and lower panels show
the spectral ranges 0— 110 nm and 90— 110 nm, respectively. The colour of the curves is the same as the name
of the corresponding instrument or campaign in the insets.

— To compare COSI with ATLAS 3 and WHI, we used the ratios given in Table 3. The
WHI/SOL and COSI/SOL ratios are almost equal; this indicates that COSI and WHI
values differ within 2 %. Similarly, considering the ratio WHI/A3 shows that COSI is
closer to WHI than to ATLAS 3. This is expected, considering that the solar activity was
different.

In the ranges below 150 nm, it must be taken into account that the SORCE/SOLSTICE
data were calibrated at the SURF III of the National Institute of Standards and Technology
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Table 3 Ratio of SSI in specific wavelength domains as indicated in the first column between ATLAS 3 (A3),
WHI, COSI, and SOLAR 1 below 200 nm (see third, fourth, fifth, and sixth columns). The second column
indicates the main spectral features (lines or continuum) in the wavelength range. Empty lines indicate that
the data are not available for the calculation.

AX [nm] Lines/continuum A3/SOL  WHI/SOL  COSI/'SOL  WHI/A3
17-120 See below 1.06 0.95 0.90
15-25 Fexvi, O v, Cr xv, CaXl1v,... 1.05
28-35 He 11, Fe XVI 1.09 0.75 0.69
55-65 He 1, O VI 0.95 1.26 1.33
96-100 Cur, Ly y, N1 1.48 1.28 0.86
101-105 Ly B,0vL Cin 1.05 0.87 0.83
121-122 Ly« 1.42 1.38 0.96
166-180 continuum 1.06 0.97 0.97 0.92
120-200  continuum, O 11, C 11, Si 1V, C IV, Si Il 1.06 1.00 0.95 0.94
180-220 continuum, Si 11, Al edge 1.03 0.95 0.97 0.92
170-207  continuum, Si II, Al edge 1.04 0.98 1.00 0.94
207-300  deep Fraunhofer lines 1.04 0.97 0.98 0.94

(NIST) facility using quiet blue stars to track relative changes in the instrument (Snow et al.,
2005b), while SolACES measurements were calibrated in the absolute scale using ionization
chambers. These two techniques have different characteristics. This comparison shows that
they agree with a mean difference of 20 %. This represents a significant improvement with
respect to datasets gathered in the 1980s.

3.3.2. Comparison in the Spectral Domain 200—850 nm

Figure 8 displays six spectra. They each have a different sampling, psf, spectral resolu-
tion, and most likely small (0.1 nm) wavelength-scale differences. To point out photometric
differences instead of spectral differences, each spectrum was averaged over the five nm
running mean with one nm step. The consistency between the original spectra and the re-
sulting smoothing was carefully determined, in particular the SRPM dataset provided on its
website (Section 3.2), which is a very high resolution spectrum (0.02 nm below 1000.4 nm
and 0.1 nm above).

Figure 8 displays the measured spectra of ATLAS 3, SCIAMACHY, SOLAR 1, and
WHI and the theoretical spectra derived from COSI and SRPM data from 150 to 850 nm.
Figure 8 (upper panel) shows the agreement between the measured spectra and COSI, but a
difference between SCIAMACHY and ATLAS 3 with respect to COSI, SOLAR 1, and WHI
is noteworthy at 270 nm. The SRPM spectrum shows some differences with respect to the
others. Figure 8 (middle panel) displays the measured and theoretical spectra up to 400 nm.
ATLAS 3, COSI, SCIAMACHY, SOLAR 1 and WHI remain in close agreement, but there
is a discrepancy with COSI around 350 nm, which has previously been identified (Thuillier
et al., 2012). Finally, Figure 8 (lower panel) shows an overall agreement between ATLAS
3, COSI, SCIAMACHY, SOLAR 1, and WHY. Nevertheless, the WHY spectrum presents a
systematically lower irradiance measured above 600 nm than the other three. The SSI from
SRPM is higher than all other spectra between 460 and 600 nm, while above this it joins the
ATLAS 3, COSI, SCIAMACHY, and SOLAR 1 spectra.

To clarify the differences between these spectra, their SSIs were calculated (as in Sec-
tion 3.3.1) in several spectral ranges, and their ratios are shown in Table 4.
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Figure 8 Comparison between the solar spectral irradiance measured by ATLAS 3, SCIAMACHY, SO-
LAR 1, and WHI and the COSI and SRPM theoretical spectra. The upper, middle, and lower panels show
the spectral range 150 to 300 nm, 150 to 400 nm, and 350 to 850 nm, respectively. Differences are easily
detectable especially below 400 nm.
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Table 4 Ratio of power per spectral range (first column) for SRPM, ATLAS 3 (A3), WHI, and COSI, to
SOLAR 1 (SOL), WHI to ATLAS 3, and COSI, and SRPM to COSI in the range 200 — 800 nm.

Ai[nm] SRPM/SOL COSI/SOL A3/SOL WHI/SOL WHI/A3 WHI/COSI  SRPM/COSI

210-350 0.96 1.01 1.03 0.98 0.95 0.96 0.95
350-500 0.99 1.00 1.00 0.99 0.99 0.98 0.98
350-850 1.01 1.00 1.00 0.99 0.99 0.99 1.01
220-260 0.95 1.00 1.09 0.98 0.90 0.99 0.95
260-300 0.85 0.97 1.02 0.97 0.94 0.99 0.87
300-340 1.01 1.02 1.03 0.98 0.95 0.96 0.99
340-370 0.96 1.02 1.00 0.99 0.98 0.97 0.95
350-425 097 1.00 0.99 0.99 0.99 0.98 0.96
425-500 1.00 1.00 1.00 0.99 0.99 0.99 1.00
500-575 1.05 1.02 1.01 1.02 1.01 1.00 1.02
575-650 1.01 0.99 0.99 0.99 0.99 0.99 1.01
650-725 1.00 0.98 0.99 0.97 0.98 0.99 1.02
725-800 1.02 0.99 1.00 0.98 0.98 0.99 1.02

The ratios WHI/SOL and WHI/COSI are within an interval of 0.97 to 1.02. Given that
the measured spectra have an accuracy of 3 %, these three spectra agree considering their
specific uncertainties. A3/SOL also presents a ratio close to unity, except in the domain
220-260 nm. This difference is consequently also found in the ratio WHI/A3. For large
spectral intervals such as 350 — 850 nm, the five spectra have differences of the order of 1 %.

The agreement between COSI and SOLAR 1 remains at around 3 % or better, keeping in
mind that the experimental spectra have an absolute uncertainty of about 3 % (wavelength
dependent), while the uncertainties of the theoretical spectra (COSI and SRPM) are more
difficult to estimate. In the range 300 —340 nm (see Figure 8, middle panel), the COSI SSI
is higher by 2 % than the three other spectra in the domain 300 — 340 nm. The main reason
for this difference is the inaccuracy in the molecular line lists, that is, the solar spectrum at
these wavelengths contains a few molecular bands (CH, NH, and OH), whose positions and
oscillator strengths are not yet accurately known and taken into account in COSI.

The COSI calculations agree better with the WHI spectrum than with ATLAS 3 in the
domain 240-340 nm (Table 4 and Figure 8, upper panel) where the COSI calculations
basically coincide with the WHI spectrum. However, this cannot be considered as an in-
dependent proof, because Shapiro et al. (2010) adjusted the additional UV opacity in the
160 —320 nm spectral region, using SORCE/SOLSTICE spectrum averaged over one week
(21 April 2008 —28 April 2008). Furthermore, the solar activity corresponding to the AT-
LAS 3 period is higher than the solar activity for the SOLAR 1 spectrum (Table 3). Shapiro
et al. (2013) showed that the centre-to-limb variations of the solar brightness deduced from
the Large Yield RAdiometer (LYRA) placed onboard the PRoject for OnBoard Autonomy 2
(PROBA?2) satellite measurements provide an independent test of the additional UV opacity
and agree well with the SORCE/SOLSTICE measurements. The difference between SRPM
and the other spectra can be seen with its ratio to COSI. This ratio is 0.87 between 260 and
300 nm, as also shown in Figure 8 (upper panel). We are not able to explain the origin of
these differences.
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Figure 9 Comparison in the IR domain between the SSI measured by ATLAS 3, SOLAR 1, SOLAR 2,
SCIAMACHY, and WHI and the prediction by the COSI and SRPM models. We recall that the SOLAR 1
and WHI spectra (both using SORCE/SIM) were adjusted to match ATLAS 3 in the IR.

3.3.3. Comparison in the Spectral Domain above 850 nm

Figure 9 compares the IR solar spectra above 1000 nm provided by ATLAS 3 and SOLAR 2.
SOLAR 2 appears just below ATLAS 3 by 10 % at 1700 nm, which is incompatible with the
accuracy of these two spectra as well as with a possible solar activity effect. An exhaustive
investigation of possible causes was carried out to explain this discrepancy

— non-linearity of the IR electronics,

diaphragm diameter,

— flat-field,

— dark current,

— IR detection linearity,

— during ground calibration using the blackbody source,
e absorption by water vapour,
e distance between source to the entrance pupil,
e blackbody-source temperature drift,

— linearity in the signal digitization.

No explanation has been found yet. Therefore we built the two composites SOLAR 1 and
SOLAR 2 (see Section 3.1), whose difference is between 1100 to 2400 nm where the ATLAS
3 IR part is used in SOLAR 1.

This choice was based on the agreement between the solar-atmosphere model (Fontenla
et al., 2006) and ATLAS 3, which shows a brightness-temperature difference between the
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Figure 10 Ratio to ATLAS 3 of the SOLAR 1 and 2 composites, COSI, SRPM, SCIAMACHY, and WHI
from 150 to 2400 nm. The main differences are in the IR. We recall that the SOLAR 1 and WHI spectra
(using SORCE/SIM) were adjusted to match ATLAS 3 in the IR.

derived temperature and the modelled one of 150 K at 1600 nm that is lower at other wave-
lengths.

Because we were unable to determine the origin of the difference between SOLAR 2 and
ATLAS 3 (see above), we used the SCTAMACHY spectrum to investigate this question. The
spectra used in Section 3.2.2, and employed in Figures 10, 11, and 12 were smoothed by a
running mean of five nm below 2400 nm and 20 nm above 2400 nm.

To emphasize the differences between the spectra, we calculated the ratio between each
one and the same spectrum, which is ATLAS 3. These ratios are shown in Figure 10. As
expected, WHI, ATLAS 3, and SOLAR 1 agree. The SRPM and COSI ratios to ATLAS 3
are close together (2 % at 1300 nm), and just around 3 to 4 % below unity in the IR domain.
SCIAMACHY and SOLAR 2 are close until 1700 nm, and their agreement is slightly poorer
in the two narrow spectral windows near 1.9 pm and 2.4 um. However, both reach a 10 %
difference at 1700 nm.

To be more precise in terms of agreement/disagreement between these spectra, the dif-
ferences between spectra are shown by calculating the power (Wm™2) in some specific do-
mains and their ratio (e.g. WHI/ATLAS 3). The SCIAMACHY spectrum has many small
data gaps, which prevent determining its photometric properties with respect to the other
spectra because of the inaccuracy of the integration induced by the gaps. Therefore we did
not calculate the corresponding ratios. Table 5 displays the ratios between spectra.

We note the following:

— ATLAS 3 and SOLAR 1 agree per construction. WHI also agrees with ATLAS 3 because
its IR data were used in WHI (Harder et al., 2010).

— SOLAR 2 presents its largest difference with respect to ATLAS 3 at around 2000 nm.
However, when integrating from 1000 to 2400 nm, the difference decreases to 5 %, as
expected.
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Figure 11 Calculated brightness-temperatures as a function of wavelength for all experimental spectra and
the COSI and SRPM theoretical models from 200 to 2400 nm. We recall that the SOLAR 1 and WHI spectra
(using SORCE/SIM) were adjusted to match ATLAS 3 in the IR. Because SOLAR 1 and ATLAS 3 are
identical in the IR, the black curve (SOLAR 1) is not visible.
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Figure 12 Difference in calculated temperatures as a function of wavelength for all experimental spectra
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the IR, the black curve (SOLAR 1) is not visible.
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Table 5 Ratio per spectral range for SRPM, COSI, WHI, SOLAR 1 (SOL1), and SOLAR 2 (SOL2) to
ATLAS 3 (A3) in the range 210 to 2400 nm, and COSI and SRPM to SOLAR 2 in the range 210-2900.
Empty lines indicate that the data are not available for the calculation. SOLAR 1 and ATLAS 3 are identical
between 1100 and 2400 nm.

A(X) SRPM/A3 COSI/A3 WHI/A3 SOLI/A3 SOL2/A3 COSI/SOL2 SRPM/SOL2
210-2400 1.00 0.99 0.99 0.99 0.98 1.01 1.02
1000-2000 0.99 0.98 1.00 1.00 0.95 1.03 1.04
1000-1761 0.99 0.98 1.00 1.00 0.96 1.02 1.03
1000-2400 0.99 0.98 1.00 1.00 0.95 1.03 1.04
2100-2200 0.96 0.95 1.00 1.00 0.90 1.06 1.06
2400-2900 1.05 1.04

— In the domain 210-2400 nm COSI, WHI, and SOLAR 1 have nearly the same irradiance;
this is also true in the domain 1000 —2000 nm.

— The COSI to ATLAS 3 ratio remains close to unity (around 2 %) up to about 1800 nm,
then it decreases to 5 %. In the interval 2400 —2900 nm, COSI and SOLAR 2 agree to
within 5 %.

— The SRPM to ATLAS 3 and COSI to ATLAS 3 ratios remain close to unity (around 1 to
2 %), except in the interval 2100 —2200 nm.

— SRPM and COSI behave similarly when comparing their predictions with SOLAR 2 be-
cause these two models agree.

The absolute values of the irradiance in each domain allow us to clearly see the contribu-
tion of particular spectral bands to the TSI. While the main contribution to the TSI (> 97 %
according to all measured and COSI spectra) originates from the range 210—-2400 nm, the
far-infrared contribution (2400 — 2900 nm) cannot be dismissed, because it is responsible for
approximately 1.5 % of the TSI

3.4. Derived Brightness Temperature from the Solar Spectra

Using a logarithmic scale above 800 nm to represent the solar spectra used in this article,
the variations of the SSIs are quasi-linear as a function of wavelength. Thus, each spec-
trum allows us to calculate the solar brightness-temperature as a function of wavelength
(Figure 11). However, this calculation emphasizes the presence of noise.

The brightness-temperature has a prominent maximum around 1650 nm (Figure 11). It
corresponds to the minimum of the H™ opacity (see above). The photons at this wavelength
come from the deepest layers of the photosphere and, as the temperature increases inward,
they correspond to the highest effective temperature. Above 1650 nm, the H™ opacity starts
to increase and the formation height of the photons shifts to higher and cooler regions so
that the brightness temperature decreases.

In the infrared, the solar irradiance depends on the brightness-temperature in an approxi-
mately linear way (as the Planck function can be approximated by the Rayleigh—Jeans law).
Thus, even small deviations between different spectra result in large brightness-temperature
differences. By studying them, one can very carefully compare the spectra (e.g. the devia-
tions are hardly visible in Figure 11, but are very prominent in Figure 12 with respect to
COSI). Figures 11 and 12 show the brightness temperature derived from all spectra, in par-
ticular from the SCIAMACHY spectrum. Up to 1100 nm, its derived temperature remains
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Table 6 Power (Wm™2) in the spectral domain 1000— 1761 nm for each spectrum. Dataset names are ab-
breviated as in Table 5.

SRPM COSI A3 WHI SOL1 SOL2 SCI

299.4 294.9 300.9 302.7 299.8 288.6 286.6

consistent with the others. Above this, the temperature remains between the SOLAR 2 and
SOLAR 1 derived brightness-temperature despite the noise.

We note the agreement of the retrieved brightness-temperatures from the ATLAS 3, WHI,
SOLAR 1 (per construction), and COSI and SRPM temperatures. In particular, we note the
agreement of the predicted maximum temperature also obtained with ATLAS 3 spectrum
at the same wavelength (~ 1650 nm). However, these two groups present a difference of
about 50 K up to 1100 nm. This difference reaches 150 K at 2000 nm. The SCTAMACHY
and SOLAR 2 brightness temperatures agree up to 1500 nm; above 1500 nm the noise does
not permit a precise estimate of the agreement. However, between 1500 and 2400 nm, the
brightness-temperature derived from SOLAR 2 presents a difference that reaches 300 K with
the temperature brightness derived from the theoretical models and 450 K with the derived
temperature from the ATLAS 3 spectrum.

This difference is not compatible with the TSI value. Therefore we integrated the spectra
between 1000 and 1761 nm (the highest wavelength of SCTAMACHY). The brightness-
temperature differences induce a change in the power contained in this spectral domain
(Table 6).

SOLAR 2 and SCIAMACHY present a deficit close to 10 Wm™2 compared with the
measured spectra ATLAS 3 (or WHI and SOLAR 1 per construction) and the COSI and
SRPM modelled spectra. This difference is not compatible with the accuracy of the TSI
(=~ 1073) or the TSI difference (4.5 Wm™2) between the Variability of solar IRradiance and
Gravity Oscillations (VIRGO) onboard SOHO (Frohlich, 2012) and the Total Irradiance
Monitor (TIM) onboard SORCE (Kopp and Lean, 2011).

Similarly to the temperatures yielded by COSI (Figure 12), the brightness-temperatures
of the quiet Sun calculated with SRPM are up to 150 K lower than the measured temperature
(Fontenla et al., 2011). This 150 K difference might be an indication that the temperature
structure of the low photosphere used to calculate the spectra needs to be slightly readjusted.
However, the change of the temperature in the low photosphere will also affect the visible
part of the spectrum, which currently agrees very well with the measurements (see e.g. Fig-
ure 11) because the formation regions of the visible and infrared irradiance overlap, which
makes readjusting the temperature structure a challenge. While it can potentially solve the
problem, another reason for the difference between theoretical and observed spectra may
be the general limitations of the 1D models for the solar irradiance. The temperature bi-
furcations may reach up to 600 K in the low photosphere (Socas-Navarro, 2011). These
temperature bifurcations may potentially be responsible for the 5 % deviation in the infrared
spectrum. For example, Uitenbroek and Criscuoli (2011) showed that calculations with a
single 1D temperature structure cannot reproduce the irradiance over the entire solar spec-
trum with equal accuracy.

4. Conclusion

The ISS-SOLAR measurements are the first with an in-orbit recalibration capability for the
total spectral range of interest. To retain the accuracy determined on ground in space, on-
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board means are essential to monitor the inherent temporal efficiency changes of the space
instrumentation. In the EUV spectral range, SOlACES used ionization chambers that are con-
sidered a primary detector standard. Within SOLSPEC, several sources allowed us to check
the instrument stability. Furthermore, instrument characterization in space was discussed in
detail.

In August 2009, the EUV data showed a distinct minimum during the extended solar
minimum period between Solar Cycles 23 and 24, while at UV wavelengths this minimum
appeared before this time. These data were presented in this article.

Using SolACES, SOLSPEC, and SOLSTICE SSI to fill the spectral gap between the
two first instruments, we built two spectra, SOLAR 1 and SOLAR 2, which differ between
1100 and 2400 nm where we used ATLAS 3 in SOLAR 1. In this spectral range, SOLAR
2 showed a lower SSI, reaching 10 % at 1700 nm. An exhaustive investigation was carried
out with the aim to understand this difference. However, no explanation was found, and this
study is still in progress.

An important aspect of SSI measurements is the validation/comparison with the theoret-
ical models. We used the results from the COSI and SPRM models. Several comparisons
between ATLAS 3, SOLAR, WHI, and theoretical spectra showed an overall agreement,
taking into account the uncertainties of these spectra. However, in some small wavelength
domains, the differences (expressed in terms of percentages) were not compatible with the
combined uncertainties of each compared spectrum. These cases were explained either by
a low signal-to-noise ratio, instrument uncertainties, or by limitations in the lines list used
to simulate the solar spectrum. These spectra were used to derive the temperature of the
solar atmosphere. Up to 1100 nm, these temperatures agreed within 50 K. Above 1100 nm,
the measured spectra provided consistent temperatures; but these were higher than the the-
oretical derived temperatures by up to 150 K. In contrast, the SOLAR 2 spectrum provided
temperature lower by 450 K than the temperature derived from the other experimental spec-
tra. It is expected that the SCTAMACHY data processing will improve the SSI IR part, and
that the investigations of the IR SOLSPEC spectrometer will continue to study the SSI dif-
ference between SOLAR 1 and SOLAR 2.

The new calibration method of SolIACES was successfully achieved in space for the first
time. Applying this technique to future solar missions will offer an important opportunity to
significantly increase the radiometric accuracy of the EUV-SSI data. A common feature be-
tween SolACES and SOLSPEC is the existence of calibration means in space. Nevertheless,
we cannot exclude the occurrence of incidents (e.g. the loss of the deuterium lamp power
supply) and ageing in orbit. However, implementing redundant means would allow us to
devise solutions based on specific measurements and operation modes.
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