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Abstract: The solar spectrum at the top of the atmosphere contains crucial data for solar physics,
astronomy, and geophysics. Accurately determining high-resolution solar reference spectra, whether
they are disk-integrated, disk-center, or intermediate cases, represents a new challenge and is of
primary importance for all applications where spectral solar radiation needs to be evaluated. These
spectra are also essential for interpreting remote sensing measurements that rely on sunlight, such
as those obtained by Earth observation satellites or spacecraft exploring other planets. This paper
lays a foundation for the implementation of multiple new solar irradiance reference spectra that have
high resolution and are representative of solar minimum conditions. We developed the SOLAR high-
resolution extraterrestrial reference spectra (SOLAR-HRS disk-integrated spectra) by normalizing
high-spectral-resolution solar line data to the absolute irradiance scale of the SOLAR-ISS reference
spectrum. The resulting one-of-a-kind SOLAR-HRS disk-integrated spectrum has a spectral resolution
varying between 0.001 and 1 nm in the 0.5–4400 nm wavelength range. We also implemented a new
high-resolution solar spectrum at the disk-center, covering a range of 650–4400 nm with a spectral
resolution of 0.001 to 0.02 nm. We further expanded our analysis by producing several solar spectra
for ten different solar view angles ranging from µ = 0.9 to µ = 0.05 (SOLAR-HRS intermediate cases).
Finally, we developed new Merged Parallelised Simplified ATLAS spectra (MPS-ATLAS) based on
solar modeling with Kurucz and Vald3 solar linelists for both the disk-integrated and disk-center
spectra. One of the objectives of implementing all these new solar spectra is to fulfill the requirements
of the MicroCarb space mission, which focuses on measuring greenhouse gas emissions. The solar
data of this study are openly available.

Keywords: solar radiation; solar spectrum; Fraunhofer lines; satellites; MicroCarb; Uvsq-Sat NG

1. Introduction

The solar spectrum is the distribution of electromagnetic radiation emitted by the
Sun as a function of wavelength [1], ranging from gamma rays to radio waves. It can be
categorized into several bands, namely, gamma-ray (10 fm to 1 pm), X-ray (1 pm to 10 nm),
ultraviolet (10–380 nm), visible (380–780 nm), infrared (780 nm to 1 mm), microwave
(1–15 mm), and radio wavelengths (0.1 mm to 100 m). An accurate knowledge of the solar
spectrum [2–10] represents an important input for various disciplines and areas, including
astronomy and astrophysics, solar physics, atmospheric science, remote sensing and its
application, solar energy [11], materials science, and medical science.

The solar spectrum provides essential data for studying the physical processes that
occur in the Sun, such as nuclear fusion, energy transfer, and magnetic field generation.
By analyzing the solar spectrum in detail, we can obtain valuable information about the
chemical composition, temperature, and density of various layers in the solar atmosphere,
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as well as the presence of magnetic fields and other phenomena. This knowledge is
crucial for advancing our understanding of the Sun. Three main kinds of solar spectra are
of interest:

• The disk-integrated solar spectrum (Figure 1) and its variations over time, which are
important for understanding the solar variability and its underlying mechanisms.

• The disk-center solar spectrum (with the deepest and warmest layers at the center)
and limb darkening, which are important for the construction and verification of solar
model atmospheres and therefore for a better understanding of the solar atmosphere.

• Solar spectra for different solar view angles, which are crucial for our understanding
of both spatially resolved solar spectral radiance and full-disk spectral irradiance.
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Figure 1. Disk-integrated solar spectra at one astronomical unit (SOLAR-HRS extraterrestrial spec-
trum, SOLAR-HRS at air mass 1.5) from a few nm to 4.4 µm wavelengths, and absorption bands of
atmospheric gases.

The three kinds of solar spectra also have broad utility in atmospheric science and
climate applications. They are often used for sensor radiometric calibration and for con-
verting satellite radiance measurements to reflectance values, which represent a key step in
many remote sensing applications. As a result, the Sun frequently serves as a reference for
instrument calibration to ensure the reliability of quantitative studies in remote sensing [12].
It is also used as a stable and well-characterized source of light for precision space-based
instruments that measure the absorption of greenhouse gases in the Earth’s atmosphere
(carbon dioxide, methane, dioxygen, water vapor, etc.). Therefore, the absolute accuracy of
the solar spectra (disk-integrated, disk-center, and different solar view angles) plays a vital
role in the Global Space-based Inter-Calibration System (GSICS) as part of international
efforts dedicated to climate monitoring, weather forecasting, and environmental applica-
tions. There are various solar reference spectra available for these important applications.
Some are derived from direct solar irradiance observations made by one or more satellite
instruments. These spectra are known for their relatively high reported accuracy but have
lower spectral resolution (a few tenths of a nm) compared to ground-based observations.
Other solar reference spectra are created by normalizing high-spectral-resolution solar lines
to a spectrum with higher accuracy but lower resolution. Models are also developed to
provide very high spectral resolution solar spectra.

Discrepancies have been observed between the available solar reference spectra and
independent measurements, exceeding the quoted accuracies [10,13,14]. Therefore, it is
important to implement new accurate solar reference spectra at one astronomical unit with
very high spectral resolution and over a wide range of wavelengths.
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This innovative work provides a new high-resolution extraterrestrial solar reference
spectrum (SOLAR-HRS disk-integrated spectrum), which represents an important new
constraint for scientific analyses in a broad array of fields. SOLAR-HRS has a spectral
resolution varying between ∼0.001 and 1 nm in the 0.5–4400.0 nm wavelength range. This
study also provides a new solar SOLAR-HRS disk-center spectrum in the 650.0–4400.0 nm
wavelength range and several solar spectra (SOLAR-HRS intermediate cases) for ten
different solar view angles from µ = 0.9 to µ = 0.05, where µ is the cosine of the emission
angle θ (direction from a point on the surface of the limb-darkened body of the Sun toward
the observer with respect to the local vertical direction (0◦ at center of disk, 90◦ at edge
of disk)). These different spectra are obtained by normalizing high-spectral-resolution
solar line data to the absolute irradiance scale of the SOLAR-ISS reference spectrum [9].
We have additionally developed new solar spectra based on models (MPS-ATLAS) to
enable comparisons. To address other needs (solar cell testing and photovoltaic devices),
we developed two high-resolution spectra at air mass 1.5 (AM1.5 in vacuum and air) in
the 650.0–4400.0 nm wavelength range. The AM1.5 solar spectrum refers to the standard
spectral distribution of solar radiation that has been filtered by the Earth’s atmosphere at
sea level (1.5 atmosphere thickness corresponds to a solar zenith angle of 48.2◦).

Section 2 presents MicroCarb’s scientific requirements regarding the expected accuracy
of solar spectra. Section 3 discusses the various methods used to determine the solar spectra.
Section 4 describes the methodology used to develop the SOLAR-HRS and MPS-ATLAS
spectra, while Section 5 provides a description of the new solar spectra and a comparison to
independent datasets. Finally, Section 6 contains a discussion and concluding statements.

2. MicroCarb’s Scientific Needs Regarding the Disk-Integrated Solar Spectrum

An increasing number of space missions need to use accurate solar reference spectra
for the calibration requirements of their instruments. This is the case for the MicroCarb
mission [15], which requires a high-resolution and high-precision solar spectrum to infer the
concentration of carbon dioxide (CO2). It aims to measure integrated CO2 concentrations in
the column using a high-spectral-resolution infrared grating spectrometer (resolving power
of ∼25,000, spatial resolution of ∼250× 400 km) aboard a microsatellite. The MicroCarb
data consist of measurements in four narrow spectral bands (Table 1) of the solar spectral
irradiance (SSI) reflected by the Earth’s surface and partially scattered by aerosols and
absorbed by atmospheric gases.

Table 1. Main characteristics of the four narrow MicroCarb bands (B1, B2, B3, and B4). The MicroCarb
satellite acquires spectra in lines characteristic of CO2 (at 1.6 and 2.0 µm) and O2 (at 0.76 and 1.27 µm).
The absorption of specific wavelengths of sunlight in the Earth’s atmosphere is used to identify and
quantify the concentrations of selected greenhouse gases (GHGs).

Parameter B1 B2 B3 B4

λmin (nm) 758.281 1596.772 2023.018 1264.630
λ (nm) 763.500 1607.900 2037.100 1273.400

λmax (nm) 768.817 1618.946 2051.116 1282.191
FWHM (nm) 0.02966200 0.06226379 0.07900023 0.04932027

Sampling (nm) 0.01033519 0.02169470 0.02752621 0.01724485
Atmospheric gas O2 CO2 CO2 O2

The MicroCarb mission focuses on two wavelength bands (central lines at ∼1.6 and
∼2.0 µm), where the radiation emitted by the Sun and reflected by the Earth toward
the instrument satellite thus carries the signature of the CO2 molecule [16]. It is the
depth of the absorption lines that contains information about the CO2 concentration.
In addition to the two CO2 absorption bands, MicroCarb also acquires spectra in narrow
bands characteristic of O2 at 0.76 and 1.27 µm [17]. These wavelength bands enable the
normalization of CO2 concentration measurements accounting for atmospheric pressure,
as well as the consideration of the effects of scattering elements, such as clouds and aerosols.
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The high precision required for the estimated CO2 product (uncertainty <1 ppm and
regional bias <0.2 ppm) [18] underscores the need for precise calibration and spectral
inversion tools, for which MicroCarb requires a high-resolution (less than 0.004 nm) and
high-precision absolute solar spectrum (1%). A high-resolution solar spectrum allows
a better discrimination of the spectral features and a more accurate identification of the
absorption lines. Meanwhile, the high-precision level of the solar spectrum (Table 2) ensures
that any variations or uncertainties in the solar spectrum do not affect the accuracy of the
MicroCarb measurements. To have a negligible impact on the MicroCarb CO2 estimate,
the position of the dark absorption lines in the solar spectrum (Fraunhofer lines) must be
known with excellent precision (central line position less than 10−5 nm—offset). In addition,
the knowledge of these expected solar Fraunhofer line shapes (equivalent widths and
central line depths) must be determined with an accuracy close to 0.1%. The scientific
requirements of the MicroCarb space-based mission show the importance of having an
excellent knowledge of the solar spectrum. This solar input represents an important
component of atmospheric missions, as it provides crucial information about the interaction
of solar radiation with the Earth’s atmosphere.

Table 2. Scientific requirements for SOLAR-HRS disk-integrated spectrum and MicroCarb bands.

Parameter SOLAR-HRS B1, B2, B3, and B4

Wavelength range (nm) 0.5–4400 763.5, 1607.9, 2037.1, and 1273.4
Sampling resolution (nm) <0.1 <0.004
Spectral resolution (nm) <0.1 0.004
Absolute uncertainty (%) <2 1
Central line position (nm) <10−4 10−5

Fraunhofer line shape (%) <1 0.1

3. Importance of Solar Spectra and Their Determination Methods

The disk-integrated solar spectrum has very important implications for atmospheric
science. Its distribution of energy is crucial for the atmospheric photochemistry and
photochemical processes that act in the Earth’s atmosphere, such as photo-absorption,
photo-dissociation, and photo-ionization. For example, the balance between the radiation
in the Herzberg continuum (200–242 nm) and the Hartley band (260–320 nm) defines
the concentration of ozone in the atmosphere. Also of particular importance are high-
resolution measurements of the solar spectrum that aim at resolving individual Fraunhofer
lines. Indeed, these lines lead to a very sophisticated spectral profile of the solar irradiance
variability [19], and accurately accounting for this profile is crucial for calculating photolysis
rates in the solar atmosphere [20,21]. Furthermore, the Sun is a prototype for solar-like
stars, so accurate measurements of its spectrum are important for solar–stellar connection
studies [22].

The accurate measurement of the solar-disk-integrated spectrum at the top of the
atmosphere and its variability over time (e.g., a few solar cycles) obviously represents an
important parameter for solar physics. This solar spectrum characterizes the activity of
the outer layers of the Sun (photosphere, chromosphere, and corona). By comparison with
theoretical reconstructions, an accurately measured solar spectrum allows the temperature,
composition, and density of the solar atmosphere to be assessed. In addition, the precise
knowledge of the long-term evolution of spectral solar illumination makes it possible
to access processes (magnetic field), leading to a better understanding of the variability
in the outer regions of our star. These measurements also make it possible to trace the
temperature and composition of these regions. More generally, they make it possible
to validate models of the solar atmosphere. Two types of variability must be observed
with precision: (1) undecadal variability (11-year solar cycle) and (2) variability due to
the emergence of sunspots, the effect of which is modulated by the 27-day solar rotation.
In addition to the solar-disk-integrated spectrum, measurements at several disk positions
allow for probing various layers of the solar atmosphere and, thus, better constraining its
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structure. Interestingly, the modeling of center-to-limb variations obtained a new lease of
life after the advent of transit photometry missions, e.g., Kepler [23] and the Transiting
Exoplanet Survey Satellite (TESS) [24]. The knowledge of the center-to-limb variations
in stellar brightness is needed for the determination of planetary radii from transit light
curves. As a result, significant effort is currently being invested in the modeling of stellar
center-to-limb variations [25–28]. Accurate measurements of solar center-to-limb variations
are needed to test and validate stellar models for the exemplary case of the Sun. So,
observations of the solar limb-darkening function (LDF) are important, since they describe
the brightness of the solar disk from its center to its limb.

The determination of a highly resolved, top-of-atmosphere disk-integrated solar spec-
trum is extremely important, as well as the disk-center solar spectrum and the solar spectra
for different solar view angles. Four approaches exist to obtain all these spectra.

3.1. The Theoretical Approach

The theoretical determination of the solar spectrum involves the application of complex
methods that rely on the knowledge of the atomic/molecular energy levels and several
parameters of the Sun, such as the pressure, temperature, and composition.

Radiative transfer codes are used to calculate the solar spectrum at a given period.
The resulting spectrum contains millions of spectral lines that correspond to various
chemical elements present in the solar atmosphere.

Improving these methods is of great interest, as they can be applied to study the
atmospheres of other stars as well.

The disk-integrated solar spectrum, the disk-center solar spectrum, and the solar
spectra for different solar view angles can be determined from radiative codes, such as:

• The radiative transfer code developed by R.-L. Kurucz (http://kurucz.harvard.edu/
sun/irradiance2008/, accessed on 13 April 2011), which calculated radiative transfer
under the assumption of local thermodynamic equilibrium (LTE).

• The Solar Radiation Physical Modeling (SRPM) radiative transfer code developed by
J.-M. Fontenla [29,30], which is a computing system for the quantitative evaluation of
physical process modeling in the context of high-spectral-resolution solar observations.
As with all other radiative codes, SRPM takes into account various physical processes,
such as the absorption, scattering, and emission of radiation. SRPM (200 nm to
100 µm) is extensively used in the study of the solar atmosphere and its effects on the
Earth’s climate.

• The COSI spherical radiative transfer code [31], which stands for COde for Solar
Irradiance. It solves both the radiative transfer equation and the equations of statistical
equilibrium simultaneously. This is essential for accurately determining the solar
spectral irradiance in the ultraviolet region (partially formed in the chromosphere),
where the LTE assumption is not valid.

• The NESSY radiative transfer code [32], which stands for Non-Local Thermodynamic
Equilibrium (NLTE) Spectrum SYnthesis. It represents an improvement of the COSI
code, where the entire solar spectrum (ultraviolet, visible, infrared) can be obtained.
The computation time of NESSY is significantly faster than that of COSI, making it a
more efficient tool for analyzing star spectra.

• The MPS-ATLAS code [33], which was developed by the Max Planck Institute for Solar
System Research (Germany). It is based on the ATLAS 9 code [34] and combines the
efficient generation of opacity distribution functions (ODFs), atmosphere modeling,
and spectral synthesis in local thermodynamic equilibrium into a single efficient
package. MPS-ATLAS has been validated against previous ATLAS 9 calculations,
the PHOENIX code calculations [35], and high-quality observations. It provides more
numerical functionality and is substantially faster compared to other available codes.

The Sun is the only star that can be observed with very high resolution. Thus, direct
measurements of the solar spectrum are of high interest for improving radiative transfer
codes and stellar spectra.

http://kurucz.harvard.edu/sun/irradiance2008/
http://kurucz.harvard.edu/sun/irradiance2008/
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3.2. Ground-Based Measurements and the Bouguer–Langley Method Extrapolation

Ground-based instruments [13,36] are used to measure the disk-integrated solar spec-
trum with good accuracy and high resolution. Measurements made by these instruments
can be affected by the Earth’s atmosphere. To remove the effects of the atmosphere (ozone,
Rayleigh scattering, aerosols, etc.), the Bouguer–Langley method is used. It is based on
repeated measurements with an instrument [37] operated at a given location for a cloudless
day as the Sun moves across the sky. The Langley plot technique allows the measurement
of the evolution of the solar spectral irradiance at the ground for several values of the
air mass coefficient. Then, through linear extrapolation at AM = 0, the value of the solar
spectral irradiance at the top of the atmosphere is obtained. With an extremely resolved
instrument, this method is excellent and provides a direct measurement of the extraterres-
trial disk-integrated solar spectrum. A solar spectrum in specific wavelength bands (within
atmospheric windows) with very high resolution can be obtained using this technique.
However, as previously mentioned, this method requires stable atmospheric conditions
during measurements (pressure, temperature, aerosols, etc.). Moreover, under-resolved
atmospheric absorptions are not completely removed if they are not linear. Therefore, other
methods are necessary to improve these measurements.

3.3. Ground-Based and Airplane Measurements and the Telluric Subtraction Method

The objective of this approach is to measure the solar spectrum for low air mass coeffi-
cients and under different conditions (integrated solar disk, at the center of the solar disk,
etc.). As these measurements are made from the ground or by airplane, the presence of
telluric lines (spectral lines originating in the Earth’s atmosphere) can disturb the measure-
ments. The main telluric lines come from water, dioxygen, ozone, and other atmospheric
constituents. Therefore, it is necessary to subtract these lines from the measurements
to obtain a high-resolution solar spectrum. A good model of spectroscopic and atmo-
spheric lines, such as the high-resolution transmission molecular absorption (HITRAN)
database, and excellent fitting software are necessary to perform this telluric subtraction.
The exact and precise quantities of atmospheric constituents (CO2, CH4, N2O, HF, CO,
H2O, HDO, O3, etc.) are extracted from the column. As the precision requirements for
atmospheric composition measurements become stricter, better representations of the solar
spectrum are necessary. Based on the telluric subtraction approach and using data from
the Atmospheric Trace Molecule Spectroscopy (ATMOS) Fourier Transform Spectrometer,
the Mark IV Balloon Interferometer (MkIV), the Kitt Peak solar telescopes, University
of Denver atlases (https://mysite.du.edu/~agoldman/atlas.html, accessed on 15 June
2010), and the Total Carbon Column Observing Network (TCCON), empirical lists of solar
lines were established by Geoffrey Toon (Jet Propulsion Laboratory, California Institute
of Technology). In combination with basic line-shape functions, these linelists allow the
computation of solar pseudo-transmittance spectra [38]. Pseudo-transmittance spectra of
solar absorption lines were obtained for an integrated solar disk and at the center of the
solar disk (https://mark4sun.jpl.nasa.gov/toon/solar/solar_spectrum.html, accessed on
2020 (TCCON release). These solar pseudo-transmittance spectra (SPTS) contain more than
40,000 narrow and discrete lines (Fraunhofer lines) and cover a region between ∼380 and
16,660 nm (26,316–600 cm−1). They can be used to develop solar spectra at high resolution.

In summary, obtaining high-resolution solar spectra from this method involves several
steps, including:

• Measuring solar spectra: The first step is to measure the solar spectrum on the ground
or with an airplane. The presence of atmospheric absorption lines (e.g., from water
vapor, oxygen, and ozone) distorts the solar spectrum. Thus, these atmospheric lines
need to be removed before the solar spectrum can be analyzed.

• Removing atmospheric absorption lines: This can be carried out by comparing the
measured solar spectrum to a reference spectrum that has been corrected for atmo-
spheric absorption. The reference spectrum can be obtained from a solar atlas or a
model of the Earth’s atmosphere.

https://mysite.du.edu/~agoldman/atlas.html
https://mark4sun.jpl.nasa.gov/toon/solar/solar_spectrum.html
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• Modeling solar spectral lines: After removing atmospheric absorption lines, the re-
maining lines can be attributed to the Sun. However, some of these lines may also
be due to atmospheric pollution or instrumental effects. To ensure that only solar
spectral lines are analyzed, a detailed model of solar spectral lines must be used.
These models (Kurucz, SRPM, COSI, NESSY, MPS-ATLAS, etc.) take into account the
physical properties of the Sun, such as temperature, pressure, and composition.

• Analyzing solar spectral lines: Once the solar spectral lines have been isolated, they
can be analyzed to extract information about the Sun’s physical properties. The in-
tensity and width of the spectral lines can be used to determine the temperature
and pressure of the Sun’s atmosphere. The positions of the spectral lines allow the
composition of the Sun’s atmosphere to be determined, including the abundance of
elements, such as hydrogen, helium, oxygen, carbon, iron, neon, nitrogen, silicon,
magnesium, sulfur, calcium, and chromium.

3.4. Space-Based Measurements

Space-based instruments are used to measure the disk-integrated solar spectrum with
high accuracy and low resolution. These instruments have several advantages over ground-
based measurements, including the absence of atmospheric absorption and scattering
and the ability to measure the full disk of the Sun. However, the obtained solar spectra will
have limited spectral coverage and/or resolution. In addition, although the pre-launch
calibration and characterization procedures of space instruments achieve very low levels
of uncertainty, once in space, the verification and/or re-calibration of such instruments
quickly become very difficult, if not impossible. As previous studies have shown [39],
solar spectra measured from space-based instruments may differ considerably from each
other, partly due to instrument degradation in orbit and difficulties in accounting for
possible changes in the instruments between pre-flight calibration and operation in space.
Nevertheless, this is the only way to obtain a complete spectrum outside the atmosphere.
Therefore, it is necessary to develop new space-based instruments that are fully traceable
to the international system of units.

There are several methods to measure solar spectra in space:

• Solar irradiance measurement using a photometer, radiometer, or telescope: This
method involves the measurement of the total amount of solar radiation received by
a sensor in space (e.g., the PREcision Monitoring Sensor (PREMOS) photometer or
the SOlar Diameter Imager and Surface Mapper (SODISM) telescope [40,41] onboard
the French PICARD microsatellite). By analyzing the spectral content of the radiation,
the solar spectrum can be derived. This method has the advantage of being relatively
simple and robust, but it does not provide detailed spectral information.

• Spectroscopy using diffraction grating: This method involves the use of optical parts
to disperse the incoming solar radiation into its component wavelengths and then
measuring the intensity of each wavelength using a detector such as a photomultiplier
detector (SOLar SPECtrum (SOLSPEC) onboard the International Space Station). This
method can provide detailed spectral information, but it requires precise calibration
and is sensitive to instrument drift.

• Spectroscopy using a Fabry–Perot interferometer: This method involves the use of
an interferometer to selectively pass only certain wavelengths of the incoming solar
radiation while blocking out all others. By scanning the interferometer over a range of
wavelengths, the solar spectrum can be reconstructed. This method can provide very
high spectral resolution, but it requires very precise alignment and calibration.

• Spectroscopy using a Fourier transform interferometer: This method involves the
use of a special interferometer to measure the interference pattern of the incoming
solar radiation as a function of wavelength. By applying a Fourier transform to the
interference pattern, the solar spectrum can be reconstructed. This method can provide
very high spectral resolution and is relatively simple to implement, but it is sensitive
to instrument vibrations and requires careful calibration.
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4. Methodology for Determining the SOLAR-HRS and MPS-ATLAS Spectra
4.1. Methodology for Obtaining the SOLAR-HRS Spectra Based on Ground and
Space Observations

The SOLAR-HRS disk-integrated spectrum is developed by applying a spectral ratio
method to normalize very high spectral resolution solar line data to the absolute irradiance
scale of the SOLAR-ISS [9] lower-resolution reference spectrum. The very high spectral reso-
lution solar line data are based on Quality Assurance of Spectral Ultraviolet Measurements
in Europe Fourier Transform Spectrometer (QASUMEFTS) solar irradiance observations
from 300 to 380 nm [36] and SPTS solar pseudo-transmittance from 380 to ∼4400 nm [38].
The SOLAR-ISS reference spectrum [9] serves as a reference for the lower-resolution but
higher-accuracy spectrum from 0.5 to 3000 nm.

The same method is used to obtain the SOLAR-HRS disk-center spectrum (Figure 2),
which is based on the SPTS solar pseudo-transmittance spectrum for disk-
center [38], solar limb-darkening function (models and observations), and SOLAR-ISS
lower-resolution reference spectra.
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ratio method is therefore used. It consists of a wavelength-dependent scaling factor, which
adjusts high-spectral-resolution datasets to match a lower-resolution but higher-accuracy
spectrum (SOLAR-ISS). Five steps are necessary to obtain the SOLAR-HRS high-resolution
extraterrestrial reference spectra. They are described below.

1. Convolve a high-resolution spectrum (SSIHiRes) with lower radiometric calibration
accuracy and the best slit function (SfLoRes) that is available for the lower-resolution
solar measure or reference spectrum

(
SSIMeas

LoRes = SOLAR-ISS
)

:

SSIHiRes ⊗ SfLoRes =
∫

SSIHiRes(λ
′)× SfLoRes(λ− λ′) dλ′ =⇒ SSIHiSamp

LoRes (1)
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The high-resolution solar spectrum (SSIHiRes) based on very high spectral resolution
solar line data is degraded to SOLAR-SOLSPEC instrument resolution using the
chosen slit function settings (SfLoRes). The convolution of the SSIHiRes spectrum by
the SfLoRes instrument slit function is given by the integral described in Equation (1).
The integration interval (∆λ′) is defined by the width of the slit function.

2. Interpolate the obtained high-sampling low-resolution spectrum
(

SSIHiSamp
LoRes

)
on the

wavelength grid of the low-resolution reference spectrum:

SSIHiSamp
LoRes =⇒ SSILoSamp

LoRes (2)

The SSIHiSamp
LoRes solar spectrum obtained in step 1 has low spectral resolution, but it

has preserved the sampling of the initial spectrum at very high spectral resolution
(SSIHiRes). Therefore, it is necessary to resample the SSIHiSamp

LoRes spectrum to make it

compatible with the absolute reference solar spectrum
(

SSIMeas
LoRes = SOLAR-ISS

)
for

obtaining the scaling factor.
3. Divide that spectrum by the low-resolution spectrum to obtain the fraction by which

to multiply the original high-resolution spectrum, used in the first step to obtain the
scaling factor (Q):

SSILoSamp
LoRes ×

(
SSIMeas

LoRes

)−1
=⇒ QLoSamp (3)

4. Interpolate the low-sampling scaling factor
(
QLoSamp) to the high-resolution wave-

length grid:
QLoSamp =⇒ QHiSamp (4)

5. The new high-resolution solar reference spectrum is defined by:

SOLAR-HRS = SSIREF
HiRes = QHiSamp × SSIHiRes (5)

The spectral ratio method is a powerful technique used to adjust solar irradiance
datasets. When using the spectral ratio method to derive the new radiometrically and
spectrally calibrated high-resolution solar reference spectrum, several points need to be
considered carefully. They include:

• The choice of the best ground-based solar high-resolution spectra (e.g., QASUMEFTS)
and/or pseudo-transmittance spectra (e.g., SPTS) that have a radiometric calibration
with lower accuracy.

• The choice of a lower-resolution reference spectrum that is considered the most realistic
for radiometric calibration accuracy and based on space measurements (e.g., SOLAR-ISS).

• An accurate knowledge of the spectral response function of the instrument (e.g.,
slit function of SOLAR-SOLSPEC) providing the low-resolution reference spectrum,
as well as careful attention to the details of the interpolation process.

• An accurate knowledge of the sources of uncertainty (reference spectrum’s radiometric
calibration, original high-resolution spectrum’s radiometric calibration, etc.).

4.2. Methodology for Obtaining the MPS-ATLAS Solar Spectra Based on Kurucz and Vald3
Solar Linelists

The 1D MPS-ATLAS solar spectra (with Kurucz or Vald3 linelists) are based on
the Merged Parallelised Simplified ATLAS code [42]. MPS-ATLAS implements the new
setup of opacity distribution functions (ODFs) [43] into an updated version of the well-
established, widely used ATLAS 9 and DFSYNTHE codes for ODFs (http://kurucz.harvard.
edu/programs/NEWDF/, accessed on 13 April 2011) [44]. The code has been recently
used to produce an extensive grid of 1D stellar atmospheres and spectra [28], as well as
to calculate emergent 3D atmospheric irradiance models [45,46]. Here, we present only
calculations based on 1D modeling when the atmospheric structure and emergent spectrum

http://kurucz.harvard.edu/programs/NEWDF/
http://kurucz.harvard.edu/programs/NEWDF/
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are calculated with the MPS-ATLAS code. A detailed description of the 1D modeling is
given in [33]. We also studied an approach with 3D modeling when the 3D atmosphere is
calculated with the MURaM code [47] (study of the structure and dynamics of the solar
atmosphere based on equations of magnetohydrodynamics (MHD) to simulate the behav-
ior of a plasma in a three-dimensional domain), and subsequent spectral synthesis was
conducted with MPS-ATLAS. The setup of the MURaM approach for obtaining 3D solar
spectra is described in detail in [42] and will be the subject of further analysis. One of the
biggest problems in solar spectra modeling is uncertainties in the atomic and molecular
linelists. The current linelists used in solar modeling contain more than 100 million lines,
but most of the lines are blended and cannot be resolved in laboratories, so the line param-
eters for these must be taken from models rather than from measurements. As a result,
many weak lines can be still missing from the linelists [48].

In this study, we focused only on two frequently used solar linelists: Kurucz’s original
linelist (DFSYNTHE) and the Vald3 linelist [49].

The Kurucz solar linelists comprise a comprehensive set of atomic and molecular
data utilized to model and study the solar spectrum. These linelists provide extensive
information about the energy levels and transitions of atoms and molecules in the Sun,
including their spectroscopic properties, wavelengths, and line strengths.

The Vald3 solar linelists use atomic and molecular data to predict the solar spectrum
and take into account various physical processes occurring in the solar atmosphere, such as
radiation, convection, and turbulence. These comprehensive linelists are based on the most
accurate and updated data on atomic and molecular transitions, as well as the effects of
pressure and Doppler broadening.

From solar parameters (Teff, log g, Fe/H+ abundances, etc.), MPS-ATLAS (with
Kurucz or Vald3 linelists) calculates solar spectra together with their LDFs. Then, we can
obtain MPS-ATLAS disk-center (Figure 2) and MPS-ATLAS disk-integrated spectra (for
Kurucz and Vald3 linelists). From these solar models, we also obtained several solar spectra
for eleven different solar view angles from µ = 1.0 to µ = 0.05.

5. Results

The accurate determination of unprecedented high-resolution solar spectra is chal-
lenging. Table 3 displays the new SOLAR-HRS and MPS-ATLAS spectra obtained [50]
based on the methods described in Section 4. The data type, wavelength coverage, spectral
resolution, and sampling are given for each new solar spectrum implemented (SOLAR-HRS
and MPS-ATLAS). The different new high-resolution solar reference spectra derived in this
work and listed in Table 3 can be downloaded from the Sun-Climate Observation Virtual
Earth-Atmosphere portal (http://bdap.ipsl.fr/voscat_en/solarspectra.html, accessed on
13 March 2023).

The SOLAR-HRS disk-integrated spectrum is shown in Figure 1. This spectrum
is representative of a solar minimum. It was obtained from SOLAR-ISS, QASUMEFTS
(datasets were converted from air to vacuum scale), and SPTS data. The SOLAR-HRS
radiometric uncertainty (k = 1) mainly depends on the uncertainty of the SOLAR-ISS
spectrum [9]. In the 165–500 nm wavelength range, the absolute radiometric uncertainty
varies from 5 to 1%, with higher values around few wavelengths (168.9, 200.2, 209.2, 217.3,
263.7, 275.6, 279.2, 280.8, 284.7, 286.0, and between 338.5 and 356.3 nm). Between 500
and 2000 nm, the radiometric uncertainty is less than 1%, with upper peaks for a few
wavelengths (660.6, 720.2, 972.7, 1348.2, 1599.0, and 1619.0 nm). Between 2000 and 2922 nm,
the radiometric uncertainty ranges from 1 to 10%, with an upper peak at 2010.0 nm. Beyond
2922 nm, the uncertainty becomes too great since the solar spectral irradiance becomes too
low to measure with high accuracy.

http://bdap.ipsl.fr/voscat_en/solarspectra.html
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Table 3. List of SOLAR-HRS and MPS-ATLAS spectra. All solar spectra are given at one astronomical unit.

Dataset Name Data Type Wavelength Coverage Spectral Resolution Sampling

SOLAR-HRS Composite 0.5–4399.1 nm
SOLAR-ISS (<300 nm): <1.0 nm

<0.02 nmDisk-integrated spectrum Solar spectral irradiance QASUMEFTS (300–380 nm): <0.025 nm
SPTS (>380 nm): <0.01 nm

SOLAR-HRS Composite 650.0–4399.1 nm SPTS: <0.01 nm <0.02 nmDisk-center (µ = 1.0) Solar spectral irradiance

SOLAR-HRS
Composite 650.0–4399.1 nm SPTS: <0.01 nm <0.02 nmIntermediate cases

Solar spectral irradianceSolar positions
µ = 1.0, 0.9, 0.8, 0.7, 0.6, 0.5, 0.4, 0.3, 0.2, 0.1, 0.05

SOLAR-HRS AM1.5 Composite 0.5–4399.1 nm
SOLAR-ISS (<300 nm): <0.1 nm

<0.02 nmDisk-integrated spectrum Solar spectral irradiance QASUMEFTS (300–380 nm): <0.025 nm
SPTS (>380 nm): <0.01 nm

SOLAR-HRS AM1.5 (air) Composite 0.5–4399.1 nm
SOLAR-ISS (<300 nm): <0.1 nm

<0.02 nmDisk-integrated spectrum Solar spectral irradiance QASUMEFTS (300–380 nm): <0.025 nm
SPTS (>380 nm): <0.01 nm

MPS-ATLAS-Kurucz Solar model 250.0–5000.0 nm <0.01 nm <0.01 nmDisk-integrated spectrum

MPS-ATLAS-Kurucz Solar model 250.0–5000.0 nm <0.01 nm <0.01 nmDisk-center (µ = 1.0)

MPS-ATLAS-Vald3 Solar model 250.0–5000.0 nm <0.01 nm <0.01 nmDisk-integrated spectrum

MPS-ATLAS-Vald3 Solar model 250.0–5000.0 nm <0.01 nm <0.01 nmDisk-center (µ = 1.0)
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Figure 3 shows the evolution of SOLAR-HRS and SOLAR-ISS disk-integrated spectral
irradiance as a function of wavelength between 300 and 3000 nm. In the 300–380 nm range,
the SOLAR-HRS spectral resolution is better than 0.025 nm. Between 380 and 3000 nm,
the SOLAR-HRS spectral resolution is between ∼0.0005 and 0.01 nm. The multitude of
Fraunhofer lines, as a set of solar spectral absorption lines, are clearly visible on the plot.
In Figure 4 (right), a comparison between the SOLAR-HRS disk-integrated spectrum and
the Total and Spectral Solar Irradiance Sensor-1 Hybrid Solar Reference Spectrum (TSIS-
1 HSRS) [10] is made. In the 500–1500 nm range, the difference between SOLAR-HRS and
TSIS-1 HSRS is close to 3%. Above 1500 nm, the agreement is excellent and within 2%,
which confirms the quality of the SOLAR-HRS spectrum regarding its absolute uncertainty.

The difference between the SOLAR-HRS and MPS-ATLAS models (Figure 4, right) is
not significant, because the models have no clearance with respect to the absolute level of
the true solar spectrum. Generally, models use a reference to calibrate their absolute values
of solar spectral irradiance.

Figures 5–8 show the solar irradiance values in the MicroCarb bands (B1, B2, B3,
and B4) for the different disk-integrated spectra (SOLAR-HRS, TSIS-1 HSRS, and MPS-
ATLAS with Kurucz and Vald3 linelists). Between SOLAR-HRS and TSIS-1 HSRS, the rela-
tive difference is smaller than 0.5 % in all MicroCarb bands, demonstrating robust SOLAR-
HRS disk-integrated central line positions and shapes (equivalent widths and central
line depths).

The absolute levels between SOLAR-HRS and TSIS-1 HSRS spectra are excellent (∼2%).
This shows the robustness of the radiometric uncertainties (k = 1) of the SOLAR-HRS disk-
integrated spectrum for the different observation bands of the MicroCarb mission (B1:
0.92 %; B2: 1.94 %; B3: 1.25 %; and B4: 0.41 %). The B2 band is the least accurate. Around
1.6 µm (the wavelength band that corresponds to the maximum brightness temperature
of the Sun, where the minimum of the H− opacity occurs), the SOLAR-HRS radiometric
uncertainty is close to 2% and twice the expected value for MicroCarb’s scientific requirements.

Figure 3. SOLAR-HRS
(

high-resolution, SSIREF
HiRes

)
and SOLAR-ISS

(
low-resolution, SSIMeas

LoRes

)
disk-

integrated spectra from 300 to 3000 nm.
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Figure 4. (left) SOLAR-HRS disk-integrated spectra from 300 to 3000 nm (high resolution and 1 nm
spectral resolution using Gaussian convolution filters). (right) Comparisons between the SOLAR-HRS
and the TSIS-1 HSRS and MPS-ATLAS (Kurucz and Vald3 linelists) spectra.
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Figure 5. Disk-integrated SSI for SOLAR-HRS, TSIS-1 HSRS, and MPS-ATLAS—B1 band.
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Figure 6. Disk-integrated SSI for SOLAR-HRS, TSIS-1 HSRS, and MPS-ATLAS—B2 band.
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Figure 7. Disk-integrated SSI for SOLAR-HRS, TSIS-1 HSRS, and MPS-ATLAS—B3 band.
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Figure 8. Disk-integrated SSI for SOLAR-HRS, TSIS-1 HSRS, and MPS-ATLAS—B4 band.

A good knowledge of the absolute radiometric level of the SOLAR-HRS continuum
disk-integrated spectrum is essential for MicroCarb to not disturb the inversion by er-
roneous residues. The spectra inversion tool, 4ARTIC, is based on the 4AOP radiative
transfer code, one of whose inputs is the solar irradiance spectrum. 4ARTIC estimates
the geophysical state (profiles of CO2, H2O, aerosols, surface albedo, surface pressure)
by minimizing the difference between the theoretical spectrum and measured spectrum.
An additional research investigation shows that an error in the radiometric level of the
solar spectrum will result, during the inversion, in confusion between the levels of light
reflected by the surface and light diffused by the atmosphere, which will induce an error in
MicroCarb-estimated CO2. Low-frequency variations in the continuum can also disturb
the estimation of surface albedo or aerosols, with an impact on CO2. Moreover, a good
knowledge of the positions and shapes of the solar lines is also necessary to minimize the
residues, which can otherwise disturb the inversion. In particular, badly modeled solar
lines coinciding with atmospheric lines are particularly difficult to detect.

For Fraunhofer lines (existence, central line position, equivalent widths, and central
line depths), significant discrepancies exist between SOLAR-HRS (or TSIS-1 HSRS) and
the models (MPS-ATLAS). Some additional or missing Fraunhofer lines exist, and the
depths of several solar lines are much deeper. Further studies should be conducted to
remove ambiguities. The MPS-ATLAS models (for Kurucz and Vald3 linelists) seem
questionable since there is good agreement between SOLAR-HRS (or TSIS-1 HSRS) and
the high-resolution Thermal And Near-infrared Sensor for carbon Observation Fourier-
Transform Spectrometer (TANSO-FTS) observations obtained during solar calibration scans
of the Greenhouse Gases Observing Satellite (GOSAT) mission [51]. Between SOLAR-HRS
and TANSO-FTS, the relative difference is smaller than 0.5 % in several bands of TANSO-
FTS observations (757.58–775.19 nm, 1562.5–1724.1 nm, 1923.1–2083.3 nm), demonstrating
robust SOLAR-HRS disk-integrated central line positions and shapes (widths and central
line depths).

Figure 9 compares the solar irradiance values in the MicroCarb bands (B1, B2, B3,
and B4) for the different disk-center spectra (SOLAR-HRS and MPS-ATLAS with Kurucz
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and Vald3 linelists) in the 650–4400 nm wavelength range. The SOLAR-HRS disk-center
spectrum is representative of a solar minimum. It is obtained from SOLAR-ISS, LDF from
models, and SPTS data for the disk-center case (µ = 1.0).
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Figure 9. Disk-center (µ = 1.0) SSI for SOLAR-HRS and MPS-ATLAS—B1, B2, B3, and B4 bands.

Figure 10 shows the spectral distributions around 656.46 nm of different solar spectra
(SOLAR-HRS, MPS-ATLAS, and normalized high-resolution solar spectrum of BAse de
données Solaire Sol (BASS2000, https://bass2000.obspm.fr/solar_spect.php)). These differ-
ent spectral distributions are provided for the disk-integrated and disk-center cases. The
Fraunhofer lines around the H-alpha wavelength (656.46 nm in vacuum) and associated
solar elements are displayed (Figure 10, left). SOLAR-HRS, MPS-ATLAS (for Kurucz and
Vald3 linelists), and BASS2000 are generally in good agreement. However, disparities
exist and deserve to be discussed. The comparison between SOLAR-HRS and BASS2000 is
not excellent for the disk-integrated spectral distribution, whereas it is for the disk-center
spectral distribution. This seems logical, as the BASS2000 solar spectrum is based on Del-
bouille et al. (1973) [3] solar spectral atlas, which is one of the most important collections of
reference spectra of the Sun at the disk-center and in the visible domain. The comparison
between SOLAR-HRS and BASS2000 at the center of the disk is excellent and highlights the
quality of SOLAR-HRS new solar spectra. As for the comparison between SOLAR-HRS and
the MPS-ATLAS models (for Kurucz and Vald3 linelists), there are significant differences
for both the solar disk-integrated and disk-center cases. The position and the depth of the
Fraunhofer solar lines are not always in good agreement. Differences between SOLAR-HRS
and the models (MPS-ATLAS) can be explained by the fact that MPS-ATLAS is not suitable
for the H-alpha line and should be calculated in NLTE. The use of another code (e.g., RH
code [52] or NESSY—both give nice hydrogen lines) would allow for improved results and
a good reproduction of the H-alpha solar line. For example, the RH radiative transfer code
enables the calculation of emergent intensities from various viewing angles across different
geometries. It supports the computation of multiple atomic and molecular transitions,
considering both LTE and non-LTE conditions with complete or partial redistribution. This
improvement would enable the determination of new spectra from models that can be
compared to SOLAR-HRS, specifically in the hydrogen lines.

https://bass2000.obspm.fr/solar_spect.php
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Figure 10. Disk-integrated (left) and disk-center (right) spectra for SOLAR-HRS, MPS-ATLAS,
and BASS2000 in the 655.4–657.2 nm wavelength range. The well-known H-alpha band (656.46 nm in
vacuum) used for observing surface detail, hot spots, and prominences is in this wavelength range.

6. Discussion and Conclusions

SOLAR-HRS (disk-integrated) is a new high-resolution solar reference spectrum devel-
oped by normalizing high-spectral-resolution solar line data to the absolute irradiance scale
of the SOLAR-ISS reference spectrum. In the 500–2000 nm wavelength range, the spectral
resolution is between ∼0.0004 and 0.004 nm, and the absolute radiometric uncertainty is
mainly less than 1%. The agreement with the TSIS-1 HSRS reference spectrum is excellent
since the difference between SOLAR-HRS and TSIS-1 HSRS is close to 3% between 500 and
2000 nm. In terms of the Fraunhofer central line positions and shapes (equivalent widths
and central line depths), the relative difference between SOLAR-HRS and TSIS-1 HSRS is
very weak in the 500–2000 nm wavelength range. For the MicroCarb observation bands (B1
to B4), the SOLAR-HRS disk-integrated spectrum partially meets MicroCarb’s scientific
requirements (Table 4).

SOLAR-HRS (disk-integrated) is a spectrum representative of a solar minimum. In the
case of the MicroCarb mission, it is necessary to have the evolution of the disk-integrated
SOLAR-HRS spectrum from 2024 to 2030. Then, one of the other aspects to be studied
in the near future is that related to the variability in the solar spectral irradiance during
a solar cycle, also known as the solar magnetic activity cycle, or Schwabe cycle, which is
a nearly periodic 11-year change in the Sun’s activity. Beyond 500 nm, the variability
in the solar spectral irradiance is less than 0.1% over an approximately 11-year cycle.
This modification of the absolute radiometric level of the solar spectrum obviously has
consequences regarding the inversion of MicroCarb data. Another effect to consider is the
one related to the evolution of the Fraunhofer line shape during a solar cycle, which is not
well known.

Table 4. Current status of the SOLAR-HRS disk-integrated spectrum in the MicroCarb bands.

Parameter B1, B2, B3 and B4 Current Status

Sampling resolution (nm) <0.004 OK
Spectral resolution (nm) 0.004 OK
Absolute uncertainty (%) 1 NOK =⇒ 1.94% for B2
Central line position (nm) 10−5 Difficult to assess
Fraunhofer line shape (%) 0.1 NOK =⇒ 0.5% for all bands

Furthermore, we implemented new high-resolution disk-integrated solar spectra based
on solar modeling (MPS-ATLAS) with Kurucz and Vald3 solar linelists. Agreement with the
1D (MPS-ATLAS) model is less conclusive. The main limitation is the input solar linelists
for Kurucz [44] and Vald3 [49]. We are impatiently awaiting the observations made by
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MicroCarb (launch scheduled in 2024–2025) in the four bands to contradict the different
spectra developed (SOLAR-HRS and MPS-ATLAS).

We also created a unique new solar SOLAR-HRS disk-center spectrum in the
650.0–4400.0 nm wavelength range and several solar spectra (SOLAR-HRS intermediate
cases) for ten different solar view angles from µ = 0.9 to µ = 0.05. We have additionally
developed new solar spectra based on models (MPS-ATLAS) to enable comparisons. All
these developments highlight the need to implement new European spacecraft instruments
(SOLSPEC NG, SOLSPEC VIS, SOLSPEC NIR) to observe the Sun with very high accuracy.
This study underlines the significance of accurately determining solar spectra to fulfill
the requirements of atmospheric missions and remote sensing applications. It will enable,
among other things, the provision of solar inputs necessary for the data analysis of our
next French 6U CubeSat (Uvsq-Sat NG: 10 kg, 15 W, 60× 24× 36 cm, launch scheduled in
2025), which is dedicated to greenhouse gas observations and measurements of the Earth’s
energy budget at the top of the atmosphere. Based on Inspire technology [53,54], Uvsq-
Sat NG will carry a near-infrared spectrometer (1240–2000 nm, spectral resolution of 6 nm,
spatial resolution of a few km). It requires multiple input parameters (SOLAR-HRS, albedo,
airglow, etc.) to successfully invert the Uvsq-Sat NG data (Levenberg–Marquardt method),
enabling the quantification of observed greenhouse gases (CO2, CH4, H2O).
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