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Abstract: Uvsg-Sat NG is a French 6U CubeSat (10 x 20 x 30 cm) of the International Satellite
Program in Research and Education (INSPIRE) designed primarily for observing greenhouse gases
(GHG,) such as CO; and CHy4, measuring the Earth’s radiation budget (ERB), and monitoring solar
spectral irradiance (SSI) at the top-of-atmosphere (TOA). It epitomizes an advancement in CubeSat
technology, showcasing its enhanced capabilities for comprehensive Earth observation. Scheduled
for launch in 2025, the satellite carries a compact and miniaturized near-infrared (NIR) spectrometer
capable of performing observations in both nadir and solar directions within the wavelength range of
1100 to 2000 nm, with a spectral resolution of 7 nm and a 0.15° field of view. This study outlines the
preflight calibration process of the Uvsq-Sat NG NIR spectrometer (UNIS), with a focus on the spectral
response function and the absolute calibration of the instrument. The absolute scale of the UNIS
spectrometer was accurately calibrated with a quartz-halogen lamp featuring a coiled-coil tungsten
filament, certified by the National Institute of Standards and Technology (NIST) as a standard of
spectral irradiance. Furthermore, this study details the ground-based measurements of direct SSI
through atmospheric NIR windows conducted with the UNIS spectrometer. The measurements were
obtained at the Pommier site (45.54°N, 0.83°W) in Charentes—Maritimes (France) on 9 May 2024. The
objective of these measurements was to verify the absolute calibration of the UNIS spectrometer
conducted in the laboratory and to provide an extraterrestrial solar spectrum using the Langley-plot
technique. By extrapolating the data to AirMass Zero (AMO0), we obtained high-precision results that
show excellent agreement with SOLAR-HRS and TSIS-1 HSRS solar spectra. At 1.6 um, the SSI was
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determined to be 238.59 + 3.39 mW.m 2.nm ! (k = 2). These results demonstrate the accuracy and
reliability of the UNIS spectrometer for both SSI observations and GHG measurements, providing a
solid foundation for future orbital data collection and analysis.

Keywords: research mission; CubeSats; spectrographs; miniaturization; Sun; Earth observation

1. Introduction

CubeSats have emerged as a revolutionary tool in space exploration and research,
democratizing access to space by providing a cost-effective and scalable platform for a broad
range of scientific, educational, and commercial applications. These miniature satellites,
typically built to standard dimensions of multiples of 10 cm cubes (1U, 2U, 3U, 6U, etc.),
have proven to be invaluable in advancing our understanding of Earth and beyond. These
nimble satellites offer a cost-effective solution for detailed Earth observation, capable of
deploying large constellations in Low Earth Orbit to achieve continuous and comprehensive
global coverage. This approach marks a significant shift in how we monitor climate
change, moving away from reliance on larger, singular satellites. CubeSats, with their
short development cycles and low operational costs, enhance our ability to observe Earth’s
climate dynamically and with greater spatial resolution. By leveraging the coordinated
deployment of multiple satellites, each equipped with specialized instruments and capable
of agile maneuvering, this new satellite paradigm enhances real-time monitoring and
significantly improves the frequency and quality of data collection. However, before
deploying such constellations, it is essential to implement a pathfinder CubeSat mission to
validate the approach.

We are, therefore, in the process of developing the Uvsq-Sat NG in-orbit demonstrator
satellite, which carries a NIR spectrometer (Figure A1) [1] designed for observing green-
house gases (GHG) such as CO; and CH,, measuring the ERB, and monitoring SSI at the
TOA. Thanks to the Uvsg-Sat NG NIR spectrometer (UNIS), we aim to conduct ground-
based measurements of solar radiation at sea level in the range of 1100-2000 nm. One of the
goals of these measurements is to verify the quality of the UNIS spectrometer calibration
performed in the laboratory to ensure optimal preflight calibration. Additionally, we aim
to determine the SSI at TOA using the Langley-plot technique and based on UNIS ground-
based observations, with a particular focus at 1600 nm. Another of our goals is to repeat
the SSI observations with the UNIS spectrometer in orbit in 2025 to obtain a direct solar
spectrum at TOA and compare it with the values obtained on the ground in May 2024 (SSI
at TOA using the Langley-plot technique). This will also involve verifying any changes
between the preflight calibration and the operational conditions in space.

This manuscript, therefore, presents the preflight calibration process of the UNIS spec-
trometer and offers a new assessment of SSI based on ground-based observations. Section 2
provides the scientific objectives associated with ground-based solar measurements con-
ducted using the UNIS spectrometer. Section 3 details the calibration conducted on the
UNIS spectrometer. Section 4 outlines the methodology for obtaining the Uvsg-Sat NG
extraterrestrial spectrum based on the Langley-plot technique. The results are presented
and discussed in Section 5, followed by a concluding summary.

2. Scientific Objectives of the UNIS NIR Spectrometer Ground-Based Measurements

The solar spectrum [2—4] represents the distribution of electromagnetic radiation emit-
ted by the Sun across various wavelengths, from gamma rays to radio waves, including
ultraviolet (10-380 nm), visible (380-780 nm) and infrared (780 nm to 1 mm). It char-
acterizes the activity of the Sun’s outer layers, such as the photosphere, chromosphere,
transition region, and corona. Accurately measuring the extraterrestrial solar spectrum and
understanding the long-term evolution of solar spectral irradiance (SSI) provides insights
into magnetic field processes, therefore enhancing our understanding of variability in
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the Sun’s outer regions. These measurements facilitate the determination of temperature,
composition, and density in these regions and, more broadly, contribute to the validation
of solar atmosphere models.

The direct measurements and accurate determinations of SSI offer numerous benefits
beyond solar physics. For example, it provides essential data for understanding how
the Earth system responds to solar spectral variability. Notably, SSI is a crucial input for
understanding the Earth’s radiation budget (ERB), as it helps to balance the incoming
energy from the Sun and the outgoing thermal (longwave) and reflected (shortwave)
energy from the Earth, which is essential for accurate climate modeling and energy transfer
studies. In another context, precise knowledge of SSI, particularly in the near-infrared
(NIR) range (780-3000 nm), is vital for calibrating and validating satellite instruments such
as MicroCarb [4,5] and other observational platforms, ensuring reliable and consistent
data across various missions. This is particularly true for the Uvsq-Sat NG mission, which
requires an accurate knowledge of the NIR solar spectrum to process the data and retrieve
atmospheric gas columns (CO,, CHy, O, HyO) from its NIR spectrometer observations [1].

The Global Climate Observing System (GCOS) designates the top-of-atmosphere
(TOA) incoming SSI as an essential climate variable (ECV). ECV data records are designed
to offer reliable, traceable, observation-based evidence for a variety of applications, in-
cluding monitoring and mitigating climate changes, adapting to new conditions, and
attributing specific climate events [6]. Therefore, as the primary driver of meteorological
processes through the absorption and scattering of radiation [7], it is essential to accurately
constrain measurements of incoming SSI. However, determining its absolute level remains
challenging [2], regardless of whether ground-based instruments, research aircraft (e.g., the
pioneering SSI observations of Arvesen et al. [8]), or satellite-based instruments are used.

Before the advent of the space age, solar irradiance measurements were conducted
from the Earth’s surface using zero AirMass extrapolation techniques, also known as
the Langley-plot technique, to derive the solar irradiance at TOA within selected atmo-
spheric windows [9,10]. Over the past 23 years, SSI measurements have primarily utilized
spectro-radiometers [11-17] to determine the solar spectrum in wavelength regions that are
minimally affected by atmospheric absorption features. These ground-based measurements
have been employed for atmospheric research and to validate existing solar extraterrestrial
spectra obtained from space-based measurements or solar models. While ground-based
measurements of solar irradiance must account for changing atmospheric conditions, they
offer a significant advantage over space-based instruments by allowing recalibration and
validation of traceability to International System of Units (SI) standards. To obtain excellent
results, it is preferable to conduct SSI ground-based observations at high-altitude sites such
as the Mauna Loa Observatory in Hawaii (3400 m above sea level), the Jungfraujoch Obser-
vatory in the Swiss Alps (3600 m), and the Izafia Atmospheric Observatory on the island
of Tenerife (2373 m). However, such sites may not always be accessible for conducting
instrument calibrations quickly and frequently. The SSI ground-based measurements have
several other disadvantages, such as a limitation in the range of observed wavelengths
(atmospheric window). Over long periods, the stability of radiometers may not be reliable,
potentially causing errors in TOA irradiance values. Additionally, environmental factors
such as cloud cover and aerosol variability can introduce further uncertainties. This can
result in observing different SSI values. Nevertheless, these ground-based measurements
have proven to be relevant. They have shown that the ATLAS-3 spectrum [18] is inaccurate,
particularly in certain wavelength bands [14,16,17], notably in the NIR and around 1600 nm.
This has been confirmed by SSI observations made by the SOLar SPECtrometer (SOLSPEC)
instrument on board the International Space Station (ISS) and by the implementation of the
SOLAR-ISS reference solar spectrum [2].

Space-based instruments have the advantage of being able to observe the solar spec-
trum continuously and consistently. Over the past 30 years, numerous satellite experiments
have been conducted to measure the solar spectrum from space, therefore avoiding the
effects of atmospheric absorption and scattering. While prelaunch calibrations and char-
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acterization procedures achieve very low uncertainties, verifying or recalibrating such
instruments once in space becomes highly challenging. Studies have shown that solar
spectra measured from satellites can differ significantly from each other due to instrument
degradation caused by the harsh space environment [19,20] and the difficulties in account-
ing for changes between preflight calibration and operational conditions in space [21].

3. Calibration of the UNIS NIR Spectrometer

Preflight calibrations of the UNIS NIR spectrometer of the Uvsg-Sat NG satellite

(Figure 1) are crucial for ensuring the accuracy and reliability of the SSI measurements both
on the ground and in orbit. Several key spectrometer characteristics must be measured:

Pixel characterization: Each pixel of the InGaAs linear image sensor in the UNIS NIR
spectrometer has unique characteristics such as dark current, dark offset, and gain.
This characterization is essential to accurately determine the incident irradiance from
the digital signal output, as pixels may respond non-linearly to changes in irradiance.
Photosensitivity and quantum efficiency: This characterization is important for accu-
rately converting the digital signals from the UNIS linear sensor into irradiance for
all wavelengths.

Wavelength calibration: It represents a procedure that assigns a specific wavelength to
each pixel of the UNIS linear sensor.

Linearity: A calibration to verify the linearity of the signal with respect to the
source intensity.

Spectrometer bandwidth: Accurate measurement of the bandwidth, determined by
the slit width and the grating’s dispersion, is vital. This ensures the spectrometer’s
capability to resolve closely spaced spectral lines, therefore delivering the required
spectral resolution data.

Absolute response: It represents an essential characterization for ensuring the spec-
trometer’s accuracy, reliability, and consistency of future UNIS SSI observations.
Inverse Square Law Verification: Confirm that the intensity of light received by the
spectrometer decreases inversely with the square of the distance from the light source.
Bidirectional Reflectance Distribution Function (BRDF) and angular responses: Mea-
surements to predict how light will be reflected or transmitted at varying angles.
Straylight: Characterization of the stray light to ensure that the spectrometer maintains
its sensitivity, dynamic range, and spectral resolution.

Temperature response: This characterization is important to ensure accurate, stable,
and reliable SSI observations of the UNIS NIR spectrometer under different ther-
mal conditions.

Below, we present the main calibrations we have performed and the associated results.

Uvsqg-Sat NG NIR
Spectrometer

Uvsg-Sat NG NIR
Spectrometer aperture

Figure 1. (left) Location of the Uvsg-Sat NG NIR spectrometer (UNIS) inside the satellite. (right) Lo-
cation of the UNIS NIR spectrometer aperture on the Uvsqg-Sat NG satellite.
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3.1. Wavelength Calibration

Wavelength calibration of the UNIS NIR spectrometer is based on exploiting the
relationship between wavelength and pixel position across the spectrometer sensor using
wavelength reference standards. Typically, this involves fitting a low-order polynomial to
pixel position and wavelength coordinates for a series of known peaks from a reference
light source. To achieve this, we set up a test bench where a typical reference lamp with
known atomic lines faces the UNIS NIR spectrometer. Figure 2 displays the various lamps
utilized for this calibration. Additionally, we used a cylindrical Helium-Neon (He-Ne)
Laser (Melles Griot 25-LIR-151-131). Table 1 presents the prominent lines for Hg, Xe, and
Kr, as referenced in the National Institute of Standards and Technology (NIST) strong lines
database (https:/ /physics.nist.gov/PhysRefData/ASD/lines_form.html, accessed on 25
September 2024), which are relevant for the calibration of the UNIS NIR spectrometer.
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Figure 2. Spectra of the various lamps (Hg, Xe, Kr) and laser (He-Ne) used for wavelength calibration
of the UNIS NIR spectrometer of the Uvsg-Sat NG space-based mission.

When observing a source of atomic emission lines with known wavelengths from Hg,
Xe, or Kr lamps or a He-Ne laser, we can identify the pattern of lines and match each one
to its measured pixel position. Figure 3 shows an example of a Hg lamp used as a source
to identify the pixel position of the UNIS NIR spectrometer. The relationship between
line wavelength and pixel position is influenced by factors such as grating geometry,
groove density, focal length, pixel size, but also bandwidth. However, instead of fitting a
physical model, it is practical and standard to empirically capture this relationship using a
polynomial fit.
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Table 1. Hg, Xe, Kr, and He-Ne strong lines with relative intensities (Rel. Int.).
Ion A=Air [nm] Unc. [nm] Rel. Int.
1128.710 0.0400 1000
1357.021 0.0200 200
1367.351 0.0200 300
Hgl 1395.055 0.0200 200
1529.582 0.0200 600
1692.016 0.0200 1600
1707.279 0.0200 80
1108.524 0.0004 1900
1174.224 0.0004 1750
1295.644 - 2.3 x 10*
1314.671 - 1.5 x 10*
Xel 1473.238 0.0100 200
1665.763 - 2.8 x 10*
1672.816 0.0008 5000
1732.580 0.0009 1650
1878.815 0.0011 860
1286.189 0.0004 76,000
Krl 1373.886 0.0004 310,000
1404.566 0.0004 106,000
He-Ne 1523.071 - -
L i 1‘ ! ! ! ! T ! ! ! ! T 4
1000 2 Uvsg-Sat NG NIR Spectrometer |
D 800" 5% ;
< :
© 600 3
3 i
; 400 [
) :
T 200}
50 100 150 200 250
Pixel
T T AL A L R
150 - 2 4 —— Hg Reference Lamp i
r — Hg Reference Lamp (7 nm) |
>100 1
‘@ [
c
2 I
E 50 j _
1 1

O P R T Lo -
1100 1200 1300 1400

PSR TS S T S SO S AU
1500 1600 1700
A [nm]

signal and signal convolved with a spectral resolution of 7 nm).

1800

1900 2000

Figure 3. (top) Signal measured by the Uvsqg-Sat NG NIR spectrometer (UNIS) when facing the Hg
reference lamp. (bottom) The spectrum of the Hg lamp with the location of strong lines (nominal
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The relationship between pixel position and wavelength (Figure 4) is obtained from
the calibration spectrum of various lamps and the laser. A dark spectrum was taken
immediately following the Hg/Xe/Kr/He-Ne spectrum with the same exposure time, and
a line list for Hg I, Xe I, and Kr I was developed for this specific spectrum, associating
observed line positions with known NIST wavelengths. Some lines could not be used
because, at the UNIS spectrometer’s spectral resolution, they are insufficiently intense to be
detected with a significant signal-to-noise ratio (SNR).

2200 w w w

r| @ HgLamp - Lines with the highest intensity
% Helium Neon Laser
m  Xe Lamp - Lines with the highest intensity
2000 Light Source and Bentham monochromators

" |—™ Quadratic Fit - R% = 1.00

1800

1600

A [nm]

1400

1200

1 000 Il Il Il Il Il
50 100 150 200 250

Pixel

Figure 4. Pixel-wavelength relationship of the spectrometer obtained from various calibrations
(lamps, laser, light source, and monochromators).

To enhance the relationship between pixel position and wavelength, we used an-
other test bench (light source and monochromators), which also serves to determine the
spectrometer’s bandwidth (Section 3.3). This setup allows for identifying the positions of
8 additional wavelengths, as shown in Figure 4.

The relationship between pixel position and wavelength depends on several parame-
ters, resulting in uncertainties. The uncertainty in determining the pixel position for the
reference lamps and laser is approximately 0.5 nm. For the test bench with a light source
and monochromators (uncertainty of about £0.15 nm), which uses a Gaussian fit for beams
at 100 nm steps, the uncertainty is around £0.2 nm. For wavelengths obtained from NIST,
the uncertainty is approximately £0.001 nm. Due to these uncertainties in pixel position
determination and inherent calibration function errors, the average propagated error in the
wavelength measurement is approximately 1.5 nm. Observing the Sun directly with the
spectrometer offers an opportunity to refine this calibration.

3.2. Absolute Response

The bench test for absolute calibration involves precise geometric alignment of the
1000 W quartz-halogen lamp and the UNIS NIR spectrometer. The lamp must be aligned on
the optical axis, which is the line perpendicular to and centered on the spectrometer. A laser
is used to locate this optical axis, and the lamp is then aligned with the laser beam. The
laser and lamp are mounted on an optical setup that provides several degrees of freedom,
facilitating accurate alignment.

The main component of this test bench is a 1000 W quartz-halogen lamp (F-546) with
a coiled-coil tungsten filament calibrated by NIST. It serves as a standard for spectral
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irradiance from 1100 nm to 2000 nm. The lamp was calibrated in the NIST Facility for
Automated Spectroradiometric Calibrations (FASCAL) using equipment and procedures
described in [22]. The test lamp was spectrally compared to the working standards F-350,
F-351, and F-355 to determine its spectral irradiance. The spectral irradiance values for
this standard lamp were assigned relative to the International Temperature Scale of 1990
(ITS-90) [23]. The results of the F-546 calibration are provided in Table 2, showing the
spectral irradiance (Figure 5, bottom) of the lamp and calibration uncertainties [22,24].

Table 2. Spectral irradiance (¢) of the F-546 lamp at a distance of 50 cm and overall uncertainty of
calibration (¢).

A [nm] ¢ [MW.m2.nm~1] & (k=2)[%]
1100 207.45 1.11
1200 189.90 1.12
1300 170.40 1.13
1540 126.10 1.36
1600 116.40 1.42
1700 101.60 1.65
2000 67.72 2.33

The UNIS NIR spectrometer was positioned 50 cm from the F-546 reference lamp,
allowing for the measurement of the signal observed by the spectrometer (Figure 5, top)
and the determination of its absolute response (Figure 6) and transfer function (TF) from
the precise knowledge of the F-546 calibrated flux.

6
151

"o |

o B
< |

<

5 !

T 5 i
; L

E Uvsg-Sat NG NIR Spectrometer

| |—— Smoothed Data

o 1 1 1
1100 1200 1300 1400 1500 1600 1700 1800 1900 2000
A [nm]

50 - ]
\— FEL 546 Absolute Reference Lamp\ ]
oo b e b e b e b 1

0 P BRI R SR
1100 1200 1300 1400 1500 1600 1700 1800 1900 2000
A [nm]

Figure 5. (top) Signal observed by the Uvsqg-Sat NG NIR spectrometer (UNIS), with data corrected
for dark current. (bottom) SSI of the F-546 (FEL 546) reference lamp used under standard conditions
(8.2 A, distance of the device under test at 50 cm).
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Figure 6. Absolute response (TF) of the Uvsg-Sat NG NIR spectrometer (UNIS) from 1100 to 2000 nm.

3.3. Bandwidth and Slit Functions

The bandwidth of the spectrometer was initially evaluated using a laser at a wave-
length of 1523 nm. Figure 7 shows the full width at half maximum (FWHM) of the slit
function of the UNIS NIR spectrometer for this particular wavelength.

12— —— ——— T
r Uvsqg-Sat NG NIR Spectrometer | ]
Gaussian Fit - RZ = 0.97

o
o
—r

Normalized intensity
o
()]

o
~
——

2.83 pixels

0.2

e

114 116 118

112
Pixel

0 L 1 L L 1 L
104 106 108 110

Figure 7. FWHM of the slit function of the Ug-Sat NG NIR spectrometer (UNIS) at 1523 nm,
determined using a laser.
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To determine the slit functions of the UNIS spectrometer and its FWHM across the
entire range of wavelengths, we set up a new test bench (TB1). At the top of the setup,
a stable light source, typically a 1000 W Quartz Tungsten-Halogen (QTH) lamp (LSB127
from L.O.T Oriel), is mounted in a lamp housing (LSH601 from L.O.T Oriel) and fitted with
a condenser (LSN610 from L.O.T Oriel) to focus the light onto the first monochromator
(Bentham TM300). The lamp provides excellent radiance stability (0.1%), surpassing the
0.5% stability reported in previous studies [25]. The focused light then enters the system
through an entrance slit, which controls the amount of light entering the monochromator.
Inside the first monochromator, mirrors direct the light beam toward a gratings turret.
The gratings turret contains diffraction gratings that disperse the light into its component
wavelengths. The dispersed light passes through an intermediate slit, which further refines
the light beam. A filter wheel on the first monochromator ensures constant operation at
the first order of diffraction. The light then enters the second monochromator (Bentham
TM300), where it undergoes a similar process of reflection by mirrors and dispersion by a
second gratings turret. This double monochromator setup enhances the spectral purity of
the output light by significantly reducing stray light and unwanted higher-order diffraction
effects. After passing through the second monochromator, the refined light exits through an
exit slit, providing a stable and tunable monochromatic light beam from 1100 to 2000 nm.
This exit slit ensures that only the desired wavelength band reaches the next stage of the
setup. The light exiting the second monochromator is captured by an optical fiber (FOP-
NUVIR from Bentham). The UNIS spectrometer receives the transmitted light through
this optical fiber for accurate calibration. It measures the light intensity and wavelength,
providing data for the calibration and determination of the spectrometer’s bandwidth.

A beam splitter placed after the optical fiber can also be used to divide the signal
between the UNIS NIR spectrometer and a Ge NIR detector (Newport Inc. 71653) calibrated
at Physikalisch-Technische Bundesanstalt (PTB). In this setup, the calibrated NIR detector
is not used for absolute calibration but rather to quantify the monochromatic optical
power illuminating the UNIS NIR spectrometer across all tested wavelengths, therefore
enabling normalization.

The use of two monochromators (double monochromators) in series significantly im-
proves the spectral resolution and stray light rejection compared to a single monochromator.
This results in a tunable monochromatic flux with high spectral purity. Additionally, the
setup allows for the use of neutral density (ND) filters to adjust the radiance and achieve var-
ious levels of attenuation. This capability ensures that the spectrometer can be tested under
different illumination conditions. The double monochromator setup, combined with precise
optical alignment using lenses, slits, and optical fibers, ensures highly accurate calibration
of the spectrometer’s wavelength scale and bandwidth determination. By employing this
detailed setup, the UNIS NIR spectrometer can be precisely calibrated, ensuring reliable
and accurate spectral measurements essential for the Uvsq-Sat NG space-based mission.

Using this test bench, we determined the slit functions of the spectrometer and the
FWHM between 1100 and 2000 nm. The initial setup, which involved the use of an
optical fiber, was not successful because there was insufficient signal at the fiber’s output
to accurately characterize the spectrometer’s bandwidth. Therefore, we positioned the
spectrometer directly at the exit slit of the double monochromator. Figure 8 shows the
results obtained. The determination of the UNIS bandwidth is challenging because, even
in this configuration, the flux at the exit of the double monochromator is occasionally
insufficient to accurately resolve the spectrometer’s bandwidth across all wavelengths.

To improve this test and increase the accuracy of the Bandwidth Calibration, a second
spectral test bench (TB2) was developed. TB2 is designed to measure the slit functions
of the UNIS NIR spectrometer over the 1100 to 2000 nm range, with an accuracy better
than 1 nm. To achieve this, the second bench test primarily consists of a Xenon lamp and
a monochromator (Horiba iHR320) equipped with a grating blazed at 600 grooves/mm.
The Xenon lamp’s flux is focused on the monochromator’s entrance slit to minimize flux
losses between the lamp and the spectrometer. At the monochromator slit exit, the flux
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is collimated towards a beam splitter, which divides the optical path into two separate
paths: one directed towards a reference InGaAs detector, and the other towards the UNIS
spectrometer. The collimated flux at the monochromator slit exit minimizes flux losses,
given the instrument’s 0.15° field of view. This setup maximizes the signal received by the
UNIS NIR spectrometer. However, without the use of an optical fiber, it requires greater
alignment precision. These efforts are ongoing.
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Figure 8. (top) Distribution of relative spectral responses (slit functions) of the Uvsqg-Sat NG NIR
spectrometer (UNIS). (bottom) FWHM values of the slit functions of the spectrometer.

3.4. Temperature

The temperature characterization of the UNIS NIR spectrometer is important to en-
sure accurate, stable, and reliable SSI observations across various thermal conditions.
Understanding how temperature affects the spectrometer’s readings allows for the imple-
mentation of appropriate corrections, ensuring the integrity of the data collected during
the mission. Figure 9 shows an example of the temperature response of the UNIS NIR
spectrometer at a wavelength of 1600 nm. It clearly demonstrates that the lower the temper-
ature of the spectrometer, the lower the noise level. This test highlights the importance of
operating the spectrometer at a lower temperature, with an optimal operating point below
5 °C, to minimize dark current.
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Figure 9. Temperature response (dark current) of the Uvsq-Sat NG NIR spectrometer (UNIS) during
a test in a climatic chamber (26 April 2024). The raw data (ADU) is plotted against temperature (°C)
for various exposure times.

4. Determining Extraterrestrial Solar Spectrum Using the Langley-Plot Technique

The Langley-plot technique [26] is a method used for determining the extraterrestrial
solar spectral irradiance (Iy ) by measuring the direct SSI (I, 1) at the Earth’s surface
under various air masses. This method involves extrapolating surface measurements to
AirMass 0 (AMO), which represents SSI at TOA. Below is the methodology applied in our
observations, focusing on the spectral range from 1100 nm to 2000 nm and conducted under
clear sky conditions to minimize atmospheric interference.

To assess the uncertainties in the UNIS NIR spectrometer’s on-site SSI observations
using the Langley-plot method, we used the approach implemented during the PYR-ILIOS
campaign at Mauna Loa Observatory [17].

4.1. Methodology

Direct solar spectral irradiance (I,ps 1) is measured at the Earth’s surface over a range
of air masses, typically during sunrise or sunset when the solar zenith angle changes
significantly. Measurements are taken under clear sky conditions to minimize the effects
of clouds.

The AirMass (AM) is calculated using the adopted model proposed by Kasten and
Young [27], which is given by Equation (1), i.e.,

1

AM ~ 1
cos(z) + 0.50572 x (96.07995 — z)—1.6364 M

where z is the solar zenith angle, which can also be obtained using the National Oceanic
and Atmospheric Administration (NOAA) Solar Geometry Calculator (https://gml.noaa.
gov/grad/antuv/SolarCalc.jsp?mu=oné&sza=on&el=on&az=on, accessed on 25 Septem-
ber 2024).
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According to the Beer-Lambert law, I 5 is related to Iy, by Equation (2), i.e.,
lau)?
hvoa = Ioa X exp(=AM x 7(1)) x ) @
V4

where 7(A) is the total optical depth, and d is the distance between Earth and the Sun. The
astronomical unit (1 au) is equal to 149,597,870.7 km.
Taking the natural logarithm on both sides of Equation (2), we obtain:

2
In(Ipps,1) = In (LM x (1;“) ) ~AM x 7(}) 3)

By plotting In(I,ps 1) or log10 against AM, a Langley-plot is created. A linear regression
is performed on this plot to find the best-fit line. The slope of this line gives the total optical
depth 7(A), and the y-intercept gives In(Iy ). Extrapolating the best-fit line to AM = 0
allows the determination of the extraterrestrial SSI (I ).

Using the UNIS NIR spectrometer, we can acquire a large volume of data with an
acquisition time of a few hundred microseconds to observe the center of the solar disk
(u = 1). Consequently, we have developed two methods to process these data.

Method M1 (Langley-plot Extrapolation with Interval Refinement) involves calculating
the SSI for each wavelength within the 1100-2000 nm range. The process begins with
initializing an array to store the extrapolated irradiance values. For each wavelength, the
measured spectral data are selected and corrected for dark current, temperature, filter
transmission, and other factors. Next, the corresponding AM values are calculated using
interpolation. The logarithm of the filtered irradiance values is computed to linearize the
data. The AirMass range is divided into a specified number of intervals (20 in this case), and
arrays are initialized to store the maximum logarithmic irradiance and average AirMass for
each interval. For each AirMass interval, the maximum logarithmic irradiance is identified,
and the average AirMass for that interval is calculated. An initial linear regression is
performed on the maximum logarithmic irradiance values against the average AirMass
values to find the initial fit line. Data points below the initial regression line are eliminated,
and new maximum values for each interval are determined from the refined data. A second
linear regression is performed on the refined set of maximum values and average AirMass
values. The fit line is then extrapolated to an AirMass of zero to determine the extrapolated
irradiance, representing the SSI at TOA. Finally, the extrapolated irradiance value for
each wavelength is stored in the output array. This method leverages the Langley-plot
technique, which involves plotting the logarithm of observed irradiance against AM to
determine the extraterrestrial solar irradiance (Ip,). The linear regression on this plot
provides the SSI by extrapolating to AMO0, assuming a consistent optical depth throughout
the measurement period.

Method M2 (Iterative Langley-plot Refinement) involves calculating the SSI using
an iterative approach to refine the linear regression and improve the accuracy of the
extrapolation to AMO. For each wavelength, the measured spectral data are selected and
corrected for dark current, temperature, filter transmission, and other factors. Next, the
corresponding AM and temperature values are interpolated for the selected data points.
The logarithm of the filtered irradiance values is computed to linearize the data. An initial
linear regression is performed on the logarithmic irradiance values against AM values
to find the slope and intercept. The fit line is then extrapolated to AMO to determine the
initial SSI. To refine the data, an iterative process is used. Variables for the iterative process,
including the R-squared value, tolerance, maximum iterations, and a sigma threshold for
residuals, are initialized. The iteration begins by performing linear regression, calculating
predicted values and residuals, and computing the R-squared value to assess the fit quality.
If the R-squared value meets the tolerance, the iteration stops. Otherwise, data points
within a specified sigma threshold are filtered. The AM and logarithmic irradiance data
are updated with the refined set of points, and the iteration counter is incremented. This
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process repeats until the tolerance is met or the maximum number of iterations is reached.
Finally, the extrapolated irradiance at AMO is determined using the final intercept from
the refined regression, representing the SSI. The extrapolated irradiance value for each
wavelength is stored in the output array. This iterative refinement ensures a more robust
determination of the SSI by improving the linear regression fit, therefore providing a more
accurate extrapolation to AMO.

4.2. Consideration of Atmospheric Effects

Several atmospheric components affect the measured solar spectral irradiance. Deter-
mining them would provide a good understanding of the impact of the different compo-
nents of the total optical depth.

4.2.1. Rayleigh Scattering

Rayleigh scattering, caused by the scattering of light by air molecules, is significant in
the ultraviolet and visible regions but decreases with increasing wavelength. For wave-
lengths between 1100 nm and 2000 nm, the Rayleigh scattering optical depth (7g) can be
calculated using the formula provided by [28], as in Equations (4)—(6), i.e.,

0r(A) X Ny x Py

~ 0.002152 - 1028 x 0, (A) x (1+ 6 4
Moy X r(A) x ( ) (4)

R(A) =

with
oy (A) ~ 10728 x (1.0455996 — 341.290611 2 — 0.9023085A2)

1 )
x (1 +0.00270598891 2 — 85.968563/\2)
and § = 0.54 x &—1 (6)
385ppm

where A is the wavelength in um, 0; (1) is the molecular scattering cross-section (cm? per
molecule), Ny is Avogadro’s number, Py is the atmospheric pressure at sea level, M,;; is
the molar mass of air, and g is the acceleration due to gravity. 6 represents the correction
factor for the current CO, concentration (~425 ppm).

4.2.2. Ozone Absorption

Ozone (O3) absorbs light primarily in the ultraviolet and visible regions. For the
infrared region (1100 nm to 2000 nm), ozone absorption is less significant but still accounted
for using known ozone absorption cross-sections and local ozone concentration profiles to
calculate the O3 optical depth (7p,).

4.2.3. Mie Scattering and Aerosols

When the size of particles ranges between 0.1 and 10 times the wavelength of solar
radiation, Rayleigh scattering no longer occurs, giving way to Mie scattering, also known
as non-molecular or aerosol particle scattering. Mie scattering is much less selective
than Rayleigh scattering. Common causes of Mie scattering include dust, pollen, smoke,
microscopic water droplets that form clouds, and volcanic ash. These aerosols contribute
to the attenuation of light through both scattering and absorption processes. The aerosol
optical depth, 7; (Equation (7)), quantifies the extent of light attenuation due to aerosols.
It can be determined using measurements from the UNIS NIR spectrometer or estimated
through empirical models.

w() = w00 () @)

where 1,(Ag) is the aerosol optical depth at a reference wavelength (1), and « is the
Angstrom exponent. For clean maritime air, 7,(500 nm) is close to 0.10 and « ~ 1.0. For
high pollution, 7,(500 nm) is close to 0.35 and & ~ 1.5.
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4.2.4. Other Gases

Other gases such as water vapor (H,O), carbon dioxide (CO;), and methane (CHy)
absorb light in the infrared region. Their contributions can be estimated using known
concentration profiles and absorption cross-sections.

4.3. Comprehensive Calculation of Optical Depth
The total optical depth () at each wavelength is obtained as in Equation (8), i.e.,

T(A) = TR(A) + 10, (A) + T(A) + 1(A) (8)

where T, (A) represents the optical depth due to other gases.
The Langley-plot, derived from UNIS NIR observations, provides the total optical
depth as the slope of the linear regression, allowing for an estimation of aerosols.
Different quantities observed with the UNIS NIR spectrometer, including aerosols, can
also be obtained by inverting NIR spectra to determine Xco,, XcH,, Xo,, XH,0, XRayl/ and
Xaer using the Levenberg-Marquardt method [1]. This approach, which will be discussed
in another manuscript, aims to quantify each parameter to estimate I ,.

4.4. Conditions for Accurate Measurements Using the Langley Technique

To perform accurate measurements using the Langley technique, several conditions
must be met to minimize errors and obtain reliable results. First, clear skies are essential.
Measurements should be conducted during clear weather, without clouds, haze, or fog,
to avoid additional absorption or scattering of light that could skew the results. Second,
atmospheric stability is crucial throughout the measurement period. Rapid changes in
atmospheric conditions, such as variations in aerosol or water vapor content, can intro-
duce errors. Third, a wide range of zenith angles is necessary. Measurements should
cover a broad range of zenith angles, ideally from sunrise to sunset, to ensure compre-
hensive coverage of AM. This allows for a precise linear regression for the Langley-plot
technique. Fourth, precise laboratory calibration of the spectrometer is required (Section 3).
Fifth, accurate calculation of AM is essential, which should be precisely calculated based
on the zenith angle and the altitude of the site. Sixth, aerosol homogeneity is important.
The aerosol distribution should be homogeneous during the measurement period to avoid
local variations in optical extinction that could affect the results. Seventh, the absence of
transient pollution is necessary. Measurements should be conducted away from local pollu-
tion sources (such as industrial areas or forest fires) that can cause transient variations in
optical extinction. Eighth, documentation of weather conditions is crucial. Meteorological
conditions should be well-documented to explain or correct any anomalies observed in
the data.

By adhering to these conditions, precise and reliable measurements of SSI can be
obtained, as well as an accurate determination of atmospheric parameters such as the
optical thickness of aerosols.

5. Experiment Results and Discussion

The UNIS NIR spectrometer underwent calibration in the laboratory during the first
quarter of 2024, adhering to the procedures detailed in Section 3. Following these cal-
ibrations, we conducted a test campaign to perform direct measurements of the Sun.
These measurements were aimed at verifying the absolute calibration of the spectrometer
conducted in the laboratory and providing an extraterrestrial solar spectrum using the
Langley-plot technique. The test campaign was conducted on 9 May 2024 at the Pommier
site in Charente-Maritime (45.54°N, 0.83°W), situated at an altitude of 50 m above sea level.
We chose this site because it is in a region of France that frequently enjoys sunny weather
and is relatively close to our laboratory. Additionally, the absence of industrial sites in this
location results in minimal pollution. These factors make it an optimal location for our
testing campaign, even though it is at a low altitude. Studies have shown that sites at low
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and medium altitudes, distant from natural or anthropogenic pollution sources, can achieve
sufficient atmospheric optical stability to obtain calibration coefficients [29,30]. Therefore,
given appropriate topographic conditions in lowlands, the Langley-plot technique can be
successfully used.

We simultaneously observed the Sun with the UNIS NIR spectrometer and an H-alpha
telescope (656.281 nm) to capture images of the Sun. Figure 10 shows an example of a solar
image obtained with our telescope during this test campaign. On 9 May 2024, more than
350,000 measurements were taken with the UNIS NIR spectrometer between 11:00 UTC
and 18:00 UTC. During these observations, the AirMass varied from approximately 1.1 to
4.5 (Figure 11, left). Meanwhile, the instrument’s temperature ranged from a minimum of
22.4 °C to a maximum of 27.4 °C (Figure 11, right).

9 May 2024 — 11H13 TU Parallactic angle: 16.9°
LO = 320.68° 1.0096 AU
B0 =-3.26° 31’ 41”
P =337.74°

Pommier (17), France

Figure 10. Image of the Sun taken in H-alpha (656.28 nm) with our telescope during the test campaign
of the spectrometer. This period of observations was marked by intense solar activity characterized
by powerful solar storms, extreme solar flares, and geomagnetic storm components.

Figure 12 (top) illustrates data acquired by the UNIS NIR spectrometer. Figure 12 (bottom)
displays the SSI measured at two different air masses (AM 1.17 in red and AM 1.63 in blue),
showing the variation in SSI across the wavelength range. These are calibrated data
(physical values) obtained from the characterizations presented in Section 3. For each
Frame Number, and there are more than 350,000, we have a solar spectrum observed at
ground level as a function of wavelength and a given AirMass. Around 1380 nm, we should
observe SSI (AM 1.17 and AM 1.63) close to zero because we are within a water vapor
absorption band. It appears that the absolute response (Figure 6) could not be optimal in
this wavelength range.
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Figure 11. (left) Evolution of AirMass from 11:00 UTC to 18:00 UTC on 9 May 2024, at the Pommier
site (Charente-Maritime). (right) Temperature variation during the observations.

Outside the absorption bands (notably those of water vapor), we can obtain the SSI
extrapolated to the TOA using the Langley-plot technique for all measurements. The
uncertainty in the extrapolation is accounted for in the error budget of the measurement.
As explained in Section 4, we used two methods for determining the extraterrestrial solar
spectrum within atmospheric windows.
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Figure 12. (top) Raw data intensities acquired by the Uvsqg-Sat NG NIR spectrometer (UNIS) over
time (Frame Number of the measurements). (bottom) SSI was measured by the spectrometer at air
masses of 1.17 (red line) and 1.63 (blue line).

Figure A2 shows the SSI results obtained using Method 1 (Langley-plot Extrapolation
with Interval Refinement), while Figure A3 shows the results obtained using Method 2
(Iterative Langley-plot Refinement). With Method 2, there is a more stringent selection of
data, and the extrapolation to AMO yields values that are slightly closer to the targeted
SSI at TOA. However, Method 1 relies on a larger number of points to estimate the SSI at
TOA. Nevertheless, the results between the two methods remain very close, as shown in
Figures A2 and A3 (for a given example with four selected wavelengths).

Figure 13 shows the solar spectrum (outside the absorption bands) obtained with
the UNIS NIR spectrometer using the two implemented methods. In the water vapor
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absorption bands, the modified Langley-plot technique [31] can be used to provide SSI
values in these bands.

700

— Uvsq-Sat NG Spectrometer - Method 1 112 —— Uvsg-Sat NG Spectrometer - Method 1 |
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Figure 13. (left) Solar spectrum obtained with the Uvsq-Sat NG NIR spectrometer (UNIS) for the two
methods implemented. SOLAR-HRS and TSIS-1 HSRS solar spectra are shown for comparison within
a wavelength range between 1100 and 2000 nm. (right) The ratio of the different spectra convolved to
7 nm compared to the spectrum obtained with the UNIS NIR spectrometer.

For comparison, the SOLAR-HRS and TSIS-1 HSRS solar spectra are also displayed
within the wavelength range of 1100 to 2000 nm. The spectra are consistent and highlight
the quality of the observations obtained with the UNIS NIR spectrometer of the Uvsq-Sat
NG mission. In particular, we focused on the SSI values recorded by the UNIS NIR spec-
trometer at 1600 nm. Our results are consistent with the SOLAR-HRS and TSIS-1 HSRS
solar spectra, providing further evidence that ATLAS-3 is not accurate in the NIR. This
aligns with the controversy that emerged in 2016, where discrepancies were noted between
the ATLAS-3 composite and more recent SSI measurements in the NIR spectral region. Data
from SCanning Imaging Absorption spectroMeter for Atmospheric CHartographY (SCIA-
MACHY) [32], Continuum Absorption in the Visible and Infrared and its Atmospheric
Relevance (CAVIAR) [13], IRSPERAD [14], PYR-ILIOS [17], SOLAR?2 spectrum from SOL-
SPEC/ISS [33], and the Spectral Irradiance Monitor (SIM) instrument [34] on board the Solar
Radiation and Climate Experiment (SORCE) indicate that above approximately 1600 nm,
SSI values are about 8% lower than those reported by ATLAS-3.

In 2018, two reference solar spectra [2,35] obtained from space-based instruments
confirmed that ATLAS-3 overestimated the values above approximately 1600 nm, while
ground-based observations could underestimate SSI at 1600 nm. Observations at 1600 nm
are particularly valuable as this wavelength probes the deeper layers of the photosphere,
where the solar atmosphere’s opacity is minimal [36]. The photosphere, which extends
from the visible surface to about 500 km above it, exhibits temperatures ranging from 6400 K
at the bottom to 4000 K at the top. Therefore, observations at 1600 nm also allow for the
measurement of the brightness temperature, reaching values close to 6400K (Figure A4).
Additionally, we are interested in observing the SSI at 1282 nm for an in-orbit calibration
of the UNIS NIR spectrometer. This wavelength corresponds to the Paschen Beta line,
which is produced when an electron transitions from the fourth energy level to the third
energy level of a hydrogen atom. It provides valuable information about the conditions
in the chromosphere, the outermost layer of the Sun, which extends from approximately
500 km above the solar surface (temperature of 4000 K) to about 2100 km (temperature up
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to 8000 K). However, it cannot normally be seen because it emits relatively little light in
comparison to the layer beneath it. It is only brighter than the underlying layers in a few
wavelengths, such as in the NIR spectrum), such as temperature and density.

6. Conclusions

In this study, we presented the comprehensive calibration process and ground-based
measurements conducted with the Uvsg-Sat NG NIR spectrometer (UNIS).

Our ground-based measurements at the Pommier site in May 2024 provided an oppor-
tunity to verify the absolute calibration of the UNIS NIR spectrometer under real conditions
and to determine the solar spectrum at TOA based on the Langley-plot technique. The
solar spectrum obtained with the UNIS NIR spectrometer was consistent with the SOLAR-
HRS and TSIS-1 HSRS solar spectra, further validating the accuracy of our measurements.
Notably, our observations at 1600 nm confirmed that the ATLAS-3 measurements were
overestimated above this wavelength, aligning with recent findings from space-based
instruments. The results obtained were excellent, demonstrating the reliability of our cali-
bration process. These findings underscore the significance of the UNIS NIR spectrometer
for both solar spectral observations and greenhouse gas measurements. The high precision
and reliability of the instrument establish a solid foundation for future orbital data collec-
tion and analysis. In orbit, we aim to replicate these observations to obtain a direct solar
spectrum at TOA and compare it with the results obtained during the May 2024 campaign.
We are also aiming to establish a geophysical station in Grasse (France) to simultaneously
measure the solar spectrum, greenhouse gases, and aerosols from the ground. This would
provide measurements of interest to compare with Uvsg-Sat NG satellite when it passes
over Grasse—also aiding in the Uvsq-Sat NG calibration efforts in orbit.
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Appendix A. Optical Design of the Uvsq-Sat NG Spectrometer
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Figure A1. Optical layout of the Uvsq-Sat NG NIR spectrometer (UNIS). UNIS is a miniaturized
spectrometer with an aperture of 15 mm, a spectral range from 1100 to 2000 nm, a spectral resolution

of 7 nm, and a field of view of 0.15°.

Appendix B. Observations Made with the Uvsq-Sat NG Spectrometer
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Figure A2. Measured irradiance and corresponding Langley-plot fits for four wavelengths (1179.0,
1271.2,1601.0, and 1749.5 nm) observed by the Uvsg-Sat NG NIR spectrometer (UNIS) on 9 May 2024,

based on the use of Method 1.
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Figure A3. Measured irradiance and corresponding Langley-plot fits for four wavelengths (1179.0,
1271.2,1601.0, and 1749.5 nm) observed by the Uvsq-Sat NG NIR spectrometer (UNIS) on 9 May 2024,
based on the use of Method 2.
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Figure A4. Brightness temperature of the Sun obtained from the Uvsq-Sat NG NIR spectrometer

(UNIS) in the wavelength bands where the Langley-plot technique is applicable. The brightness

temperatures from HRS and TSIS are also shown for comparison.
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