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Abstract. The post-launch spectral and radiometric performances of MAIJIS, the VISNIR
imaging spectrometer of the ESA Jupiter Icy Moon Explorer (JUICE), have been evaluated
using observations performed during the Lunar-Earth Gravitational Assist (LEGA) of August
19-20 2024 and observations of the Internal Calibration Unit (ICU). Observations of the Earth
provided a comprehensive check of the spectral performances taking advantage of narrow
atmospheric absorption bands over the full wavelength range of MAIJIS (0.5 — 5.56 um). This
was of particular interest for wavelengths larger than 3.5 pm due to limitations of the ground
calibration setup in this wavelength range. The radiometric performance of MAJIS has been
reassessed considering the updated spectral calibration and the comparison of ICU observations
before and after launch. On this basis, the observations of the Earth and Moon by MAIJIS were
compared to that of other instruments. The very good agreement with atmospheric spectral
features observed by Earth observation instruments validate the updated spectral calibration of

MAIJIS. Comparing radiances for the Earth is not straightforward due to the very specific
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photometric angles for MAIJIS observations (phase ~ 90°, “glint spot”) and the high time
variability of cloud patterns. A good agreement has been obtained within these limitations and
the MAJIS radiance evaluations for the Moon are also consistent with that obtained by
instruments on lunar orbiters, which indicates that the post-launch absolute radiometric
calibration of MAJIS is close to the mark. These comparisons benefited from the high quality
of the MAJIS data obtained during the LEGA with a very high operability and a signal to noise
ratio (SNR) up to 400 (more with stacking). Extrapolating the operating conditions at 1 AU to
those at 5 AU confirm that MAJIS will obtain high quality data during the science operations

phase around Jupiter.
1 Introduction

The Jupiter Icy Moon Explorer mission of ESA (JUICE) will investigate the Jupiter system during a 3.3
years long tour before an orbital phase around Ganymede with a duration of nearly 1 year. MAIJIS is the
VIS-NIR imaging spectrometer of the JUICE mission. The science objectives, design and performances
of MAIJIS have been presented in Poulet et al., 2024. MAJIS covers a spectral range from 0.5 to 5.56
um with two channels: the VISNIR channel (0.495 — 2.35 um) and the IR channel (2.28 — 5.56 um)

each with up to 640 spectral samples.

The results of the on-ground calibration of MAJIS have been presented in Langevin et al. (2024) for the
radiometric calibration, Haffoud et al. (2024) for the spectral calibration and Filacchione et al. (2024)
for the spatial calibration. In this article, we present an updated spectral calibration and instrument
transfer function on the basis of post-launch observations which revealed relatively minor changes in
terms of performances. Two data sets have been used for investigating the post-launch evolution of these

performances:

- Observations of the Moon and the Earth during a double flyby (Lunar Earth Gravitational Assist,
LEGA hereafter) performed in August, 2024 (minimum altitude: 750 km for the Moon, 6100 km for the
Earth). The Earth atmosphere exhibits narrow spectral lines over the whole spectral range of MAJIS,
and complementary information can be obtained from narrow absorption lines in the solar spectrum
which can be observed by MAJIS in lunar reflectance spectra as they do not present very narrow
absorption features. These flybys provide a highly valuable new dataset for in-flight calibration, as
reported in this article, as well as for scientific investigations (Poulet et al., 2026; Guerlet et al., 2026;
Oliva et al., 2026; D’Aversa et al., 2026; Tosi et al., 2026). A detailed description of the datasets is
provided in Poulet et al., 2026.

- Observations with the internal calibration unit (ICU, Stefani et al., 2024). The ICU implements two

light sources: a quantum tungsten halogen lamp (QTH) for wavelengths ranging from 0.5 to 4 um and
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a black body (BB) for wavelengths covered by the IR channel (2.27 to 5.55 um). ICU observations have
been performed as part of the ground calibration, during the Near-Earth Commissioning Phase (NECP)

and for each passive check-out (every six months during cruise).

The updated spectral calibration obtained by comparing MAIJIS spectra with models of the Earth
atmospheric signatures is presented in sect. 2. Post-launch evolutions have also been identified for the

spatial and radiometric calibration, which are presented in sect. 3.

In sect. 4, the MAJIS radiance spectra of the Moon and the Earth as derived from the updated spectral
calibration of sect. 2 and the updated radiometric calibration of sect. 3 are compared with the multi-band
images obtained by JANUS (the imaging camera of JUICE) in August 2024 and the radiance spectra of
the Moon and Earth obtained by other multi-band imagers and imaging spectrometers. High quality
comparisons of the spectroscopic and radiometric performances were made possible by the high to very
high SNR (up to 450 for single spectra) obtained by MAJIS for observations of the Earth and Moon.
Companion articles in the special issue of Annales Geophysicae dedicated to JUICE observations of the
Earth and Moon present in more details the comparisons with two Earth observation instruments, [ASI

(Guerlet et al., 2026) and PRISMA (Oliva et al., 2026).

The comparisons of radiometric performances are not straightforward for the Moon due to the very
specific photometric angles of the MAJIS observations (see Poulet et al., 20262026) and even more so
for the Earth due to the time variability of the cloud cover when it was not possible to identify matching
observations in time and location. It is more reliable for wavelengths larger than 3 pm for which
radiances are dominated by thermal emission. Additional checks can be obtained by comparing the
brightness temperatures of the lunar surface as derived from MAJIS with that predicted by models as
discussed in Tosi et al. (2026).

2 Spectral calibration and its post-launch evolution

The spectral capabilities of MAJIS have been estimated during the on-ground calibration
campaign (Haffoud et al., 2024; Rodriguez et al., 2024) and for a set of post-launch, on cruise
measurements using the internal calibration unit (Haffoud et al., 2024), allowing for the
evaluation of the absolute spectral calibration of the MAJIS VISNIR and IR channels (i.e. the
central wavelength, CWL), spectral response (i.e. the Full Width at Half-Maximum, (FWHM)
of the gaussian-like response function of the spectral channels) and smile (spectral aberrations
across the spatial dimension). On-ground monochromator scan series, completed by the use of
atmospheric absorptions, ICU measurements and solid samples’ observations, allowed Haffoud
et al. (2024) to accurately derive the CWL, FWHM and smile for a few narrow wavelength
ranges in the VISNIR and IR (more numerous in the VISNIR than in the IR), at a few specific
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MAIIS slit positions (20, 200 and 380). Those results were interpolated and generalized down
to the physical pixel level in both the spatial and spectral dimensions to provide reference
spectral tables (CWL and FWHM) and 2D maps of the smile (as a function of the 800 slit
positions and 1016 wavelengths) in the VISNIR and IR. Rodriguez et al. (2024) complemented
on-ground spectral calibration evaluations by using the MAJIS acquisition of spectra of a
reference spectralon (“Pink Spectralon”, Rodriguez et al., 2024), providing new constraints on
the CWL and smile at 3 positions in the MAJIS FOV with high spectral sampling thanks to the
numerous and sharp absorption signatures in the visible and near-infrared spectrum of the Pink
Spectralon. Due to operational limitations, these measurements were limited to the 0.4-3.0 um

spectral region, hence mostly in the VISNIR channel.

Haffoud et al. (2024) identified a post-launch spectral shift (~ 3.8 nm for the VISNIR channel,
~ 5.4 nm for the IR channel) with respect to on-ground calibration results by comparing pre-
launch and post-launch observations of absorption features of the didymium (VISNIR) and
polystyrene (IR) filters of the ICU sub-system. A similar spectral shift was observed over the
full FOV for the wavelengths corresponding to these absorption features (0.6 to 0.9 um for
didymium, 3.15 to 3.5 um for polystyrene), so that there was no evidence for a post-launch
evolution of the smile. Therefore, the spectral calibration was adjusted by adding 3.8 nm
(VISNIR) and 5.4 nm (IR) to the central wavelengths corresponding to each MAJIS data

element.

Observations of the Earth during the LEGA are particularly interesting for spectral calibration
as there are many narrow spectral atmospheric signatures distributed over nearly the full
spectral range of the VISNIR and IR channels. The Earth observations made it possible to
evaluate the post-launch CWL, the FWHM and smile over the full wavelength range of each
channel, providing a check of the validity of extrapolating the spectral shift identified by
Haffoud et al. (2024) over narrow spectral ranges (one for each channel) to other wavelengths.
In the following, the results on the CWL and smile are expressed as spectral residuals with

respect to the post-launch absolute spectral calibration from Haffoud et al., 2024.

2.1. Absolute spectral calibration and spectral smile in the MAJIS VISNIR and IR
ranges with LEGA data

2.1.1. Comparison with the 4A/OP radiative transfer model
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The absolute spectral calibration of the MAJIS VISNIR and IR channels has first been checked
by comparing MAIJIS observations of the Earth to reference radiance spectra simulated by a
state-of-the-art radiative transfer model, the Automatized Atmospheric Absorption Atlas
Operational (4A/OP) model. The model is updated on a regular basis since its very first concept
(Scott and Chedin, 1981; Cheruy et al., 1995). 6 MAIJIS dayside cubes were selected among the
19 Earth’s observations of MAJIS performed during the Earth flyby of August 2024, 3 for the
VISNIR spectral calibration and 3 for the IR spectral calibration ( Table 1). For all these cubes,
the CWL at different locations of the FOV has been derived on the basis of the spectral smile
measured during the on-ground calibration campaign, following the conclusions of Haffoud et
al. (2024). The 6 selected dayside cubes have been chosen to optimize the spatial coverage over
the MAIJIS slit. Then, for each cube, we selected an across-slit row (across-slit positions in
Table 1) and, within this row, a series of along-slit pixels (along-slit positions in Table 1),
selected to be free of clouds and with no major impact of the glint spot (solar specular
reflection). The 4A/OP model was used to simulate visible and near-infrared spectra under
geometrical (incidence, emission and azimuth angles) and environmental (temperature and
pressure profiles, gaseous abundances, potential presence of aerosols and/or of wind-driven
waves for pixel above the ocean) conditions as close as possible to those of MAJIS spectra. A
description of the 4A/OP model and how it is adapted to Earth’s MAJIS observations with the
IR channel can be found in Guerlet et al. (2026).

The 4A/OP model has been recently adapted to VISNIR wavelengths. We selected for this work
a bi-directional reflectance function (BRDF) adapted to the ocean, considering solar absorption
lines. Keeping pixels from the same row of a given cube allows for the geometry of observation
and environmental parameters to vary by only a few %. In these conditions, we verified that
using one 4A/OP run of simulation per selected cube/raw is a reasonable choice and provide
sufficient accuracy for the purpose of spectral calibration. Figure 1 presents examples of Earth’s
MAUIJIS spectra extracted from two different cubes in the VISNIR and IR channels with respect
to their corresponding 4A/OP simulations. The radiative transfer simulations are in good overall
agreement with the MAJIS observations. However, the 4A/OP synthetic spectra underestimate
the radiance by factors of up to 10 within strong water absorption bands (e.g. at 1.9 um). This
can result from an issue with the selected BRDF or from contamination by aerosols, which has
not been considered. There is no impact on the post-launch spectral calibration which is the
focus of this section as a wider BRDF or a contamination by aerosols results in a larger radiance

in nearly saturated absorption bands without changing their wavelength.
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Table 1. List of MAJIS observations of the Earth and selected spatial and spectral pixels used
for the absolute spectral calibration of the MAJIS VISNIR and IR channels. The full list of
MAIIS Earth observations with all their characteristics is presented in Table 1 of Poulet et al.
(2026).
170
MAIJIS
cube Across- Along-slit positions Spectral range
MAUIJIS Cube #
. ‘ dimension slit over the range 0-399 used for the
acquired during the . . . _
(along-slit | position | (nominal 36-um pixel) | absolute spectral
Earth flyby o
X across- [px] [px] calibration
slit)
VISNIR channel
[C10] 64 x 600 204, 208, 213, 218,
360 0.6-2.1 um
20240820214003 px 223,228
351, 356, 361, 366,
[C11] 64 x 600
175 371, 376, 381, 386, 0.6-2.1 um
20240820214117 px
391, 396
[C17] 64 x 410
400 1,7,21,27 0.6-2.1 um
20240820214813 px
IR channel
141, 149, 157, 165,
173, 181, 189, 197,
[C2] 128 x 580 508
205, 213, 221, 229, 3.0-5.5 pm
20240820212818 px
237
570
245,253,261
[C8] 64 x 550 351,361, 371, 381,
300 3.0-5.5 pm
20240820213731 px 391
[C15] 64 x 380
10 5,15, 25, 35,45 3.0-5.5 pm
20240820214628 px
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Figure 1. MAJIS VISNIR spectrum extracted from cube C17 (#20240820214813, pixel
[42,400]) and MAIJIS IR spectrum extracted from cube C15 (#20240820214628, pixel [20,10])
compared to radiative transfer simulations from the 4A/OP model specific to the observational
and atmospheric conditions of the VISNIR and IR spectra (see text for details). Main
atmospheric gaseous absorptions and the spectral ranges / operating bands of the PRISMA,
TROPOMI, ENMAP and IASI instruments used for comparison with MAJIS in this section and
in sect. 4 are also indicated. The main focus is on the wavelength of spectral absorption features

as their strength depend on spatially variable column densities.

With the use of accurate 4A/OP simulations and thanks to the presence of numerous dstinctive
gaseous absorptions from the Earth’s atmosphere in MAIJIS spectral domain (primarily O2, H>O
and CO; in the VISNIR channel, and H,O, CH4, N2O, CO; and CO in the IR channel — see
Figure 1), we were able to evaluate the MAJIS absolute spectral calibration (CWL position)
with a fine spectral sampling in the VISNIR and IR channels for the 6 cubes and each of the slit
positions listed in Table 1, following the methodology of Rodriguez et al. (2024). Each MAJIS
spectrum is directly compared with its corresponding 4A/OP simulation convolved at the
spectral resolution of MAJIS and interpolated on the reference MAJIS wavelengths grids. The
residual between the MAJIS and reference 4A/OP spectra is evaluated by maximizing the
correlation between both spectra within a sliding window of a given spectral width over the
MAUJIS VISNIR and IR spectral ranges with a one-spectel step. The same calculations have
been performed with 5 sliding window widths (40, 50, 60, 70 and 80 spectels) for assessing the

robustness of the spectral residuals. The final values of the spectral residuals and their
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associated uncertainties are obtained from the median residual and the standard deviation of the
residuals estimated for the 5 sliding window widths. Taking advantage of the fine spectral
sampling and decent spatial sampling, we obtained complete 2D maps of the residuals for both
the VISNIR and IR channels by bilinear 2D interpolation over all MAJIS wavelengths and slit
positions (Figure 2). From these residual maps, we can directly calculate new CWL grids and
spectral smiles at higher spectral and spatial samplings than that presented in Haffoud et al.
(2024) and Rodriguez et al. (2024), with complementary information on spectral and spatial
domains where they could not be evaluated during ground calibration. The few spectral regions
where the correlations fail are those for which no spectral features are available or where noise
dominates. Since residuals have a relatively smooth dependence on wavelength, filtering out
values which are more than one standard deviation away from the values interpolated from well
behaved neighbor spectral ranges made it possible to safely remove all the outliers (see Figure

2).

The residuals and smile maps presented in Figure 2 for the MAJIS VISNIR channel show that
the absolute spectral calibration (CWL) provided by Haffoud et al. (2024) is extremely robust
and that the extrapolation to the full VISNIR spectral range of the spectral shift of 3.8 nm
observed for Didymium absorption features (0.6 to 0.9 pm) is legitimate at the nanometer level.
The residuals evaluated from the MAJIS Earth cubes which are needed to reconcile MAJIS
observations with Earth’s reference spectra (Figure 2, panels (a), (b)) range from -1.5 and +2
nm for the CWL and -1 and +1 nm for the smile, well within the uncertainties of the retrievals
(Figure 2, panel (c). In these conditions, we can consider that no further correction is needed

for the absolute spectral calibration of the VISNIR channel.
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Figure 2. Panel (a): Map of the spectral residual (in nm) between MAJIS and reference 4A/OP
simulated spectra for the VISNIR channel, as a function of the nominal spectel number (the
corresponding wavelengths are indicated on the upper axis) and slit positions in units of nominal
pixels; Panel (b): Same as (a) but for the VISNIR smile effect (in nm), i.e. the spectral residual
at a given location and wavelength when compared to the central slit position, #200); Panel (c):
Selection of transects through the smile map in (b) for spectels #150, 220, 300, 400 and 480,
with their respective 1G-uncertainty envelope. Panels (d), (e) and (f): Same as panels (a), (b)
and (c) for the MAJIS IR channel. In panels (a) and (d), black lines designate the actual spectral
and spatial pixels used for the residual retrievals after removal of the outliers (see text for
details). The maps showed in panels (a), (b), (d) and (e) have been obtained by bilinear 2D

interpolation and smoothed by an averaging [50 spectels x 50 pixels] 2D boxcar.

For the IR channel, there are numerous and narrow atmospheric absorption bands over nearly
the entire wavelength range. Therefore, the results on the CWL present only few outliers before
interpolation between the black lines in Figure 2, panel (d) and the uncertainties are very low

for both the CWL (Figure 2, panel (d)) and the smile (Figure 2, panel (e)).

Similarly to the VISNIR channel, the residuals at wavelengths shorter than 3.5 pm (IR spectel
210) are close to 0 within the uncertainty margins for both CWL and smile. This validates in

this spectral range the post-launch absolute spectral calibration from Haffoud et la. (2024)
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which assumed that the spectral shift after launch (+5.4 nm) observed with polystyrene bands

(3.15 to 3.5 nm) also applied down to 2.28 um (lower limit of the IR wavelength range).,

For wavelengths larger than 3.5 um, the residuals are significant with respect to the nominal
sampling (6.5 nm), down to -4.5 nm with an average value of -4 nm (see Figure 2.¢). This means
that at long wavelengths the post-launch shift when compared to the outcome of the ground
calibration is only ~ 1.5 nm on average. The smile map and transects (Figure 2.e and f) show
that at long wavelengths it is close to that evaluated during ground calibration except for pixels
0 to 100, where the residuals reach -1.5 to -2 nm and to a lower extent for pixels 350 to 400 at
very long wavelengths (5 to 5.56 um) with residuals ranging from 0.5 to 1 nm. At these
wavelengths, the smile from the left edge to the right edge of the FOV is therefore up to 3 nm
larger than estimated during calibration. These discrepancies were to be expected as no direct
measurement of the CWL at long wavelengths was available due to calibration set-up
limitations so that the absolute spectral calibration at these wavelengths was mostly
extrapolated. Therefore, for wavelengths > 3.5 pm, reliable post-launch reference tables for the
CWL across the FOV at the nominal MAJIS resolution (400 pixels and 508 spectels) have been
obtained by adding the measured residuals to the previous tables for an optimum match of Earth
atmosphere spectral features. They will be used in an updated version of the MAJIS pipeline so
as to regenerate the MAJIS radiance cubes for Moon and Earth observations in August 2024 at
wavelengths > 3.5 um. This updated pipeline will be used for new observations during cruise,
in particular observations of comet 31/ATLAS (data available in February 2026) followed by
Earth and Moon observations during the second Earth flyby (September 2026) which will
provide additional checks of the absolute spectral calibration of MAJIS.

2.1.2 Comparison with Earth’s observations from the PRISMA mission and IASI

instrument

The PRISMA (Hyperspectral Precursor of the Application Mission) mission and IASI (Infrared
Atmospheric Sounding Interferometer) instrument onboard the MetOp (Meteorological
Operational) satellite — both Earth’s monitoring missions, performed observations close in time
and location to the Earth’s observations recorded by MAJIS during the LEGA maneuvers.
PRISMA is an hyperspectral imager with 233 bands at a spatial resolution of 30 m on a swath
of 30 km and with a spectral resolution better than 12 nm in a spectral range of 0.4-2.5 um.

IASI is a Fourier transform spectrometer recording spectra from 645 to 2760 cm™ (3.62-15.5
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pum) at 0.25 cm™! spectral sampling, and 0.5 cm™ resolution after apodisation. Complete
descriptions of PRISMA and IASI instruments and concomitant and collocated observations

with MAJIS can be found in Oliva et al. (2026) and Guerlet et al. (2026), respectively.

An additional check of the MAJIS absolute calibration has been made with PRISMA and IASI
observations performed at nearly the same time and locations as the MAJIS observations, which

has been compared with the results obtained with the 4A/OP model (see Sect. 2.1.1).
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Figure 3. Top panel: Best collocated and concomitant PRISMA spectrum (red) and MAJIS
VISNIR spectrum (black). The observations are both over the Earth’s ocean; bottom panel:
Spectral residuals between the MAJIS and PRISMA spectra presented in the top panel are
shown in red with their 1o-uncertainties envelop. The spectral residuals with respect to the
4A/OP radiative transfer model for the same MAJIS pixel (from Figure 2.a) are shown in black

with their 1c-uncertainties envelop for comparison.

Figure 3 (top panel) shows a direct comparison between PRISMA and MAJIS VISNIR spectra
recorded over Earth’s ocean (i.e. extracted from a cloud-free pixel), close in time and location.
The MAIJIS spectrum has been extracted from cube C10 (#20240820214003, frame 321, pixel
31 of a 64 pixels window corresponding to pixel 199 of the MAJIS FOV). Is has been convolved
and interpolated at the PRISMA spectral resolution and sampling. Since PRISMA has a lower
spectral resolution than the MAJIS VISNIR channel, we convolved the MAJIS VISNIR
spectrum at the PRISMA spectral resolution and interpolated it on the PRISMA wavelengths
grid. Figure 3 (bottom panel) presents the estimation of the spectral residual between the MAJIS
and PRISMA spectra, using the same methodology as that presented in Sect. 2.1.1. This spectral
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residual is compared with that estimated from the 4A/OP model in Sect. 2.1.1, extracted from
Figure 2.a for the MAIJIS pixel (199) collocated with the selected PRISMA observation. In the
0.95-1.6 um range, the match between the two sets of residuals with PRISMA and the 4A/OP
model is excellent. At wavelengths shorter than 0.9 um, there are no strong spectral features
and for wavelengths larger than 1.7 pm, the SNR of PRISMA spectra is low for deep absorption
bands.
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Figure 4. Top panel: Best collocated and concomitant IASI spectrum (red) and MAIJIS IR
spectrum (black); bottom panel: The spectral residuals between the MAJIS and IASI spectra
(presented in the top panel are shown in red with their 1c-uncertainties envelop. The spectral
residuals with respect to the 4A/OP radiative transfer model for the same MAIJIS pixel (from

Figure 2.d) are shown in black with their 1c-uncertainties envelop for comparison.

We performed the same complementary analysis in the MAJIS IR channel with a IASI
spectrum. Figure 4 (top panel) shows a comparison between IASI and MAJIS IR spectra as
close as possible in time and location. The collocated MAIJIS spectrum was extracted from the
cube C15 (#20240820214628) at pixel positions 20 along-slit and 10 across-slit, corresponding
to the position 5 in the MAIJIS slit (in nominal pixels). IASI has a much higher spectral
resolution than the MAJIS IR channel. We thus convolved the IASI spectrum to the MAJIS IR
spectral resolution and interpolated it on the MAJIS IR reference wavelength grid provided
before launch by Haffoud et al. (2024). We show in Figure 4 (bottom panel) the resulting
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estimation of the spectral residual between the MAJIS and IASI spectra using the same
methodology than in Sect. 2.1.1. This spectral residual is compared with that estimated with
respect to the 4A/OP model, extracted from Figure 2.d for the MAJIS pixel collocated with the
IASI observation. Over the overlapping spectral range, the discrepancies between the two
independently estimated sets of spectral residuals never exceed 1.5 nm to be compared with a

MAUJIS nominal spectral sampling of 6.5 nm.

2.2. Spectral response of the IR channel at the nominal spectral pixel level

The observations of the Earth performed in August 2024 provided an opportunity to test the
spectral response of the MAJIS instrument, notably the spectral width (FWHM) and to compare
it with on-ground calibration (Haffoud et al., 2024) in order to evaluate the evolution after

launch and the compliance with the scientific requirements.
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Figure 5. Examples of simultaneous retrievals of the spectral residual and the spectral width
(FWHM) in 4 spectral ranges within the MAJIS IR channel, for the position 5 (in nominal
pixels) of the MAIJIS slit. Each spectral range includes a specific absorption band used for
constraining both the CWL and FHWM at the nominal pixel level within the wavelength range
of the IR channel; Panel (a): residuals and FHWM retrievals for the interval 3.35-3.45 um
including the CH4 band at 3.4 um. The black lines and dots display a MAJIS spectrum extracted
from the cube C15 (#20240820214628) at the across- x along-slit position [10, 5] in nominal
pixels. Red lines and dots present the results of the 4A/OP model adapted to match the
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conditions of observation of the MAJIS spectrum, at 1 nm FWHM on the left of panel (a), and,
on the right of panel (a), convolved with the FWHM and residuals needed to best fit the MAJIS
spectrum (best fitting values of the residuals and FWHM are indicated above the graph on the
left); Panel (b): Same as panel (a), but for the for the 3.65-3.75 um interval including the H,O
band at 3.67 um. Panel (c¢): Same as panel (a), but for the for the 3.86-3.94 um interval including
the double N>O band at 3.875 and 3.92 pm; Panel (d): Same as panel (a), but for the for the
4.48-4.6 pm interval including the N2>O band at 4.51 pm.

We were able to re-estimate the FWHM in the IR channel with the help of the 4A/OP model. It
was done at 4 specific wavelength ranges, distributed over the MAJIS IR channel, where we
could isolate asymmetric gaseous absorption bands of sufficient width (spanning a minimum
of 4 spectels): (1) 3.35-3.45 um including a CH4 band, (2) 3.65-3.75 um including a H>O band,
(3) 3.86-3.94 um and (4) 4.48-4.6 um including both a N>O band (Figure 5). For this particular
study, the 4A/OP model was run at high spectral resolution (witha FHWM of 1 nm —red spectra
in Figure 5.a-d (left)), higher than the reference FWHM in the MAJIS IR channel (6.8 nm,
Haffoud et al. (2024)). By using a classic Levenberg-Marquardt (LM) gradient-descent
algorithm (Marquardt, 1963), we searched for the spectral resolution (FWHM) of the model
spectrum and the spectral residual between the MAJIS and model spectra that provide the best
match between the modified model (red spectra in Figure 5) and MAJIS observations (black
spectra in Figure 5). The spectral slope and offset of the model simulations are also slightly
adjusted during the inversion process to minimize the spectral distortion between the model and
the observations and ensure for a maximum sensitivity of the inversion to the FWHM and shift
parameters. The LM inversion algorithm allows for the evaluation of 1-c uncertainties on the

jointly retrieved parameters [shift, FWHM].

In appendix A, Fig. Al presents the spectral residuals and Fig. A2 presents the FWHM values
that need to be applied to the 4A/OP model to best fit the MAJIS IR spectra for the 4 selected
bands and all the positions in the MAJIS slit listed in Table 1.

It should be noted that retrieving the spectral residual and FWHM with this methodology is
particularly challenging due to the high sensitivity of the inversion to the overall spectrum
shape, that in turn is extremely sensitive to the water vapor abundance fixed in the model (more
details are provided in Guerlet et al., 2026). It was however possible to obtain very consistent

spectral residual values (Figure A1) that are in excellent agreement with those calculated and
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mapped in Sect. 2.1 for the 4 evaluated spectral ranges. This shows that the absolute spectral
calibration (CWL) presented sect. 2.1 is robust except for spectral range 3 (3.86 — 3.95 pm),
for which it is difficult to finely represent the MAJIS observations with the model, and a few
slit positions where the MAJIS spectra are noisy. We can draw the same conclusions from the
retrieved FWHM (Figure A2). All the retrieved values (except for a few outliers), are consistent
with the evaluation of the FWHM (6.8 nm) in Haffoud et al. (2024), which was estimated for a
narrow wavelength range (2.27-2.32 um). This makes it possible to reliably use the FWHM as
derived from Earth spectra for all MAJIS IR wavelengths and slit positions.

3 Radiometric calibration: status after ground calibration and post launch evolution

3.1. Status after ground calibration

The radiometric response of MAJIS (Instrument Transfer Function, ITF) as determined by the
characterization of the VISNIR and IR detectors and the ground calibration campaign have been

presented in Langevin et al., (2024).

The radiometric calibration was considered as quite reliable for the IR channel, as the
radiometric calibration could be performed using as a source a black body inside the vacuum
chamber with temperatures ranging from -80°C to +50°C with a single reflection on an
Aluminum collimator so as to cover the full FOV of MAJIS. The combination of the black body
emittance and the reflectance on the collimator reduced the radiance by a factor ~ 0.97. This
made it possible to obtain reliable performance evaluations for both readout modes of the
detectors (100 kHz for long integration times, 1 MHz for short integration times, see Poulet et
al., 2023). A small straylight contribution had to be subtracted in the broad band filter spectral
range (2.28 — 2.88 um) as with cold black bodies there are much more photons at wavelengths
close to 5 um (well below the cut-off wavelength) than in the broad band filter range and these
long wavelength photons are not completely filtered out by the broad band filter. For dayside
observations of Jupiter and icy satellites, the broad band filter range will be dominated by
reflected solar photons. Therefore, this straylight contribution is only relevant for observations
of Jupiter hot spots on the night side, with very low signals in the broadband filter range (2.280
—2.880 um).

With a black body inside the vacuum chamber, it was possible to reliably monitor the

operability (warm and hot pixels) and inter-pixel variability (for nominal pixels) of the IR
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channel across the full FOV. The radiometric response of MAIJIS for the VISNIR channel was

on less firm grounds due to several factors:

- the temperature of the black body inside the vacuum chamber was limited to + 80°C as there
are thermal and vacuum control issues at higher temperatures. This provided adequate SNR
only for wavelengths ranging from 1.8 um to 2.35 um. Therefore, a black body outside the
vacuum chamber was used, which could be heated up to 500° C. This made it possible to
provide reference calibration date for the wavelength range from 1 pm to 1.8 um, but with

several limitations:

- the radiance from the external blackbody was impacted by 7 reflections in the optical bench

outside the chamber and the transmission of the window of the vacuum chamber.

- The spatial extent of this blackbody was 20 MAIJIS pixels. Due to time limitations for the
calibration campaign, the full FOV could not be covered, with information on the radiometric

response at three positions left, center and right of the FOV.

At wavelengths lower than 1 um, up to 50% of the signal came from a straylight contribution
for the relatively cold sources used during the calibration campaign (QTH: ~ 2000 K, less for
the black bodies inside and outside the vacuum chamber). Observations of the Earth have shown
that this straylight contribution is smaller for sunlit targets (see sect. 3.3). As a result, the ITF
from 0.5 um to 1 pm for the legitimate signal was evaluated from radiometric modelling
supported by observations with QTH lamps (see Langevin et al, 2024). Due to these limitations,
the ITF for each of the 400 pixels of the VISNIR channel needed to be consolidated using post-

launch measurements even if there had been no changes after launch.

3.2. Post-launch evolution of the 2D-ITF
3.2.1 Evaluation of the post-launch 2D-ITF in the spatial direction

Post-launch signal evolution

The observations performed with the two light sources of the ICU (a QTH lamp for wavelengths
up to 4 um and a black body providing adequate signal levels for the full wavelength range of
the IR channel, 2.28 — 5.56 um) showed that the spatial profile of the ICU signal changed

significantly after launch, as shown in Figure 6.
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Figure 6. Spatial profile of the ICU signal before and after launch. The profiles obtained during
calibration and 2 months after launch (Near Earth Commissioning Campaign, NECP) are shown
for a VISNIR HIRG spectel (spectel 800, 1.952 um) and for an IR HIRG spectel (spectel 100,
2.58 um). These two spectels have been selected as they provided very similar raw signal levels

across the field of view (FOV).

As shown in Figure 6, the spatial profiles of the ICU lamp as observed by the two MAIJIS
channels were very consistent before launch, and they remained very consistent after launch,
but with a higher signal level on the right of the FOV and a lower signal level on the left of the
FOV. Therefore, the origin of this evolution must be upstream of the slit and the beam splitter
as it impacts both channels in the same way. A similar evolution was observed for the two ICU
light sources (QTH lamp and black body). The most likely interpretation is that the spatial
relationship between the ICU sources, the scattering screen and the line of sight changed during

launch.

This hypothesis is supported by the similarity of the spectral shape of the ICU signal before and
after launch. The spectral, radiometric and spatial performances for observations of the Moon
and Earth are overall in line with expectations as discussed in sect. 2 for the spectral
performances, in the next sub-sect.s of sect. 3 for radiometric performances and in Seignovert
et al. (2026), for spatial performances. Therefore, this excludes a significant deformation of

optical elements in the fore-optics during launch.

Post-launch spatial shift along the slit

Due to the small spatial shift reported after launch in Filacchione et al. (2024), four HIRG
pixels (18 um) of the VISNIR channel at the right edge of the FOV and three HIRG pixels
(18 um) of the IR channel at the left edge of the FOV (out of 800 HIRG pixels in the FOV)
were not fully in the FOV during calibration. Therefore, no 2D-ITF was obtained during
calibration for these HIRG pixels. The ITF for these pixels was derived by considering that
the ICU signal (lamp for the VISNIR, black body for the IR) had the same spectral shape as
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determined within the FOV, with a spatial gradient extrapolated from that observed in the

FOV after launch (Figure 6).
Impact of the post-launch spatial shift on inter-pixel variability

As shown by Langevin et al. (2024), the spatial profiles show variations at the 1% level which
are correlated for all wavelengths. These variations are attributed to small changes in the
effective width of the slit across the FOV. Due to the small shift (0.33 to 0.35% of the FOV) in
the relative positions of the detectors and the slit, these variations apply to different detector
elements after launch. For the IR detector, a comprehensive 2D-ITF was determined before
launch, with a variability of a few % for the response of operable H1RG pixels. These response
variations as well as the operability map (location of warm, hot and dead H1RG pixels) are not
impacted by the spatial shift. Therefore, the 2D-ITF as determined during calibration and
extended to the 3 HIRG pixels left of the FOV during calibration was convolved in the spatial
direction by the ratio (close to 1) of the pre-launch and post-launch slit efficiency factors as

derived from the measured spatial shift of the FOV (3 H1RG pixel for the IRs).

As discussed in sect. 3.1, the inter-pixel variability of the VISNIR detector as determined during
characterization is very low (in the 0.5% range), and direct information on the high frequency
terms of the 2D-ITF was only available for 3 locations in the left, center and right part of the
FOV. Therefore, the high frequency terms in both the spatial direction and spectral direction

were directly determined from the ICU lamp signal as discussed in sect. 3.2.2.

3.2.2 VISNIR 2D-ITF: impact of the post-launch spectral shift and high-frequency

terms

The VISNIR channel is equipped with a high pass Linear Variabble Filter (LVF) with no filter
boundary, so that no major change in terms of filter transmission was expected as a result of
the small spectral shift reported in sect. 2. The interpixel variability is very small (~ 0.35%,
Langevin et al., 2024) and the operability exceeds 99%. The main contribution to the ITF in the
spectral direction results from the optical efficiency of elements in the fore-optics and the

spectrometer.
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Figure 7. Straylight corrected signal near the left edge of the FOV from the ICU lamp before
and after launch; top panel: Spectral range with strong didymium absorptions; Bottom panel:
Spectral range with no strong spectral features from the QTH lamp; A scaling factor has been
applied to the signal after launch (1.08 for the top panel, 1.12 for the bottom panel) so as to
compensate for the decrease in the ICU lamp signal from before to after launch near the left

edge of the FOV (see sect. 3.2.1)

The spectral shift reported by Haffoud et al. (+3. 8 nm) was determined from a shift in position
of the strong didymium bands of the ICU lamp at short wavelengths (Figure 7, top panel). As
shown in Figure 7 (bottom panel), a very similar spectral shift applies to spectral regions where
the ITF spectral features dominate. Therefore, the pre-launch VISNIR ITF from Langevin et
al. (2024) was resampled with the post-launch wavelengths. This resulted in changes of the
radiometric response by up to 7% close to narrow ITF spectral features (e.g. 1.090 pm, see
Figure 7, bottom panel). The shift by 3.8 nm was confirmed in Sect. 2 by comparisons of Earth
MAIIS spectra with models. The validity of the adjustment of the ITF was confirmed by the
smooth spectral shape of lunar spectra acquired by MAIJIS (see sect. 4 and Zambon et al., 2026)
and the comparison of MAJIS observations of the Earth with that of other instruments (see sect.
2, sect. 4 and Oliva et al., 2026) which used the updated ITF for evaluating the radiance of
MAJIS VISNIR spectra.

In the spatial direction, the main contribution to low spatial frequency variations of the 2D-ITF

is a vignetting by up to 20% observed near the right edge of the FOV (Langevin et al., 2024).



515

520

525

530

535

20

For the VISNIR channel, high frequency terms of the post-launch 2D-ITF could not be
evaluated during calibration over the full FOV (see sect. 2.1). They were evaluated from the
ICU lamp signal as observed after launch. This QTH lamp is not expected to exhibit very narrow
spectral features, and the same applies in the spatial direction when observing a scattering
screen illuminated by the QTH lamp. Therefore, high frequency terms can be attributed to inter-
pixel variability combined with variations in optical efficiency in the spatial direction due the
small variations in the transmission efficiency along the slit. They have been determined by
dividing the ICU signal averaged over 12 acquisitions during flight (providing a SNR > 500 for
most of the spectral range) by the ICU signal smoothed over 10 x 10 HIRG pixels and spectels

after screening out the few dead pixels.

T
LGA obs3

o
T

— T
pixel 32, frame 740
[ mean pixels 40—45, frames 752-756 ]
.05~ MODTRAN ETR spectrum x 0.95, resampled to MAJIS res. -]

L T A f\ A “‘:

ool . o v 4
1.4 1%

=)
S

=4

©

o
|

ratio spectrn / smooth(spectro,20)

Figure 8. Narrow spectral features of a MAJIS radiance spectrum of the Moon divided by a
continuum at the nominal MAJIS resolution and for an average of 36 MAJIS spectra (SNR >
1000) as obtained by applying the updated 2D-ITF of the VISNIR channel compared with
narrow spectral features of the MODTRAN ETR solar spectrum.

The high terms of the updated 2D-ITF have been validated by observations of the Moon. Lunar
reflectance spectra do not exhibit narrow absorption features in the VISNIR wavelength range
(see e.g. Ohtake et al., 2013). Continuum corrected MAIJIS radiance spectra as derived from the
revised ITF are shown in Figure 8 together with a continuum corrected MODTRAN solar
spectrum resampled to the MAIJIS resolution using the spectral calibration and FWHM as
derived in sect. 2. The very good match obtained for solar absorption features with a strength
of only a few % at the MAJIS resolution shows that the high frequency terms of the MAJIS
2D-ITF have been evaluated with an accuracy better than 0.5%. It also validates the post-launch
spectral calibration presented in sect. 2 as even a residual of 0.5 nm would result in a significant
mismatch in the profile of solar absorption features with a spectral width of a few MAIJIS

spectels (sampling: 3.4 nm).

3.2.3 Post-launch evaluation of the IR 2D-ITF
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Impact of the IR detector operability and inter-pixel variability

The H1RG detector of the IR channel has a larger cutoff wavelength (5.65 pm) that that of the
H1RG detector of the VISNIR channel (2.5 um). As a result, the dark current can reach 1000
e”/s or more for operating temperatures exceeding 90 K, to be compared with a few e/s for the
VISNIR detector at operating temperatures ranging from 130 to 140 K, and there can be up to
5% of warm and hot the HI1RG pixels depending on the temperature and integration time
(Langevin et al., 2024). Interpixel variability is also much larger for nominal pixels with a
standard deviation ~ 1.5 %, to be compared to 0.3% for the VISNIR detector (Sect. 3.2.3) and
~1% for the variations in the effective width of the slit, which apply to both channels. Therefore,
the operability and the response of each HIRG pixel (18x18 um) dominate the high order terms
of the 2D-ITF of the IR channel. They have been accurately determined during detector
characterization and ground calibration, and there is no evidence from ICU observations after

launch that detector characteristics have markedly changed.

Post-launch spectral effects and update of the IR 2D-ITF

The IR detector is equipped with two filters: a broad band filter covering the spectral range
from 2.28 to 2.88 um which rejects both high orders of the grating (at shorter wavelengths) and
thermal photons from the spectrometer (at longer wavelength) and a Linear Variable Fitler
(LVF) covering the spectral range from 2.88 um to 5.56 pum with a spectral width of a few %
which rejects high orders of the grating and much reduces the contribution from the thermal
background. The decrease in transmission near the filter boundary (2.88 pum) is the most
prominent spectral feature of the IR ITF in the spectral direction (Langevin et al., 2024) with

the decrease in optical and quantum efficiency at very long wavelengths.

This conclusion is supported by the comparison of the spectral profile of the ICU signal from
the lamp and the black body before and after launch. The evolution of the spatial profile of the
ICU signal after launch (sect. 3.2.1) is attributed to an evolution of illumination conditions for

the scattering screen which should not change its spectral shape.



565

570

575

580

585

22

ti2fr . T r r r . | r 1. 1. 1T T 1T T T T 1T
IGU pixela 18 um 395-505 {center) / 1.07

1.1F ICU pixels 18 wm 745-755 {right) / 1.05

ICU pixels 18 pm 45-55 (left) x 1.07

ICU flight /1CU calib
o
i8]
%.'
Ay -

L ".ﬂ'..,_. 5

75 30 3.5 4.0
wavelength{gm)

Figure 9. ICU lamp signal after launch divided by the signal before launch near the center, the
right edge and the left edge of the FOV. The ratios have been normalized by a factor smaller
than 1 at the center and right of the FOV, larger than 1 left of the FOV so as to compensate for

the evolution of the spatial profile from before to after launch (see Figure 6).

The black body is equipped with a polystyrene filter (Stefani et al., 2025) resulting in very low
signals in absorption bands from 3.200 to 3.550 um. Therefore, the normalized signal ratios
from before to after launch presented in Figure 9 have been evaluated with the QTH lamp,
which provided high SNR up to 4 um. The contributions to the ITF associated with the detector
(filter boundary, interpixel variability) are ratioed out, which is not the case for contributions

from a spectral shift as discussed for the VISNIR channel in sect. 3.2.2.

The normalized ratios are very consistent in the center and right parts of the FOV, with
evolutions by at most a few % (8% for a small spectral region close to the filter boundary, where
the spectral gradient of the ITF is steep), which can be attributed to the impact of the spectral
shift. However, in the left part of the FOV (red dots in Figure 9) a very significant decrease of
the radiometric efficiency is observed, reaching 37% close to 3.400 um. The narrow absorption
features correspond to sp> C-H stretching, so that this decrease is attributed to a contamination
of the left part of the IR detector by aliphatic compounds during or shortly after launch, as the
ICU signal remained very stable from NECP (early June, 2023, 1.5 months after launch) to the
an instrument check-out end of March 2025. The evolution of this contamination will continue

to be monitored during cruise.

The ICU signal is observed at the HIRG pixel level over the full FOV (800 pixels x 1016
spectels). This made it possible to determine an updated 2D-ITF of the IR channel accounting

for minor changes in the radiometric efficiency in the central and right parts of the FOV
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combined with the impact of contamination in the left part of the FOV on the basis of the

normalized ratios presented in Figure 9.
Validation of the updated IR 2D-ITF using lunar observations

A check on this first stage of update for the IR ITF was provided by observations of the Moon
in August 2024 by comparing the spectra obtained at different locations in the FOV. As shown
in Figure 10, these spectra a very similar, which demonstrate that the decrease by up to 37% of
the response near the left edge of the FOV due to contamination has been adequately
compensated. The variations of the thermal contribution at long wavelengths are discussed in

Tosi et al. (2026).
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Figure 10. Radiance spectra of the Moon obtained over the left half of the FOV after the first
stage of ITF adjustment. The 7 spectra correspond to MAJIS pixels (36 um pitch) from pixel
21 (close to the left edge) to pixel 185 (close to the center of the 400 pixels FOV)

With this first version of the post-launch IR 2D-ITF, a spectral feature was observed in all lunar
spectra at 2.88 um (see Figure 10). There was a suspicion of an artefact as this corresponds to
the location of the filter boundary, with similar spectral features observed when mineral samples
were observed at an incidence angle of 45° (Rodriguez et al., 2024). OH bands in the 2.8 — 3
um spectral range have been reported for lunar spectra (Clark et al., 2024), but they are broader

than that in Figure 10.
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Figure 11. ratio of radiances observed in the same MAJIS cube for highlands and mare areas.

The arrow corresponds to the filter boundary at 2.880 um.

A first clue was obtained by comparing highland and mare spectra in the same MAJIS cube.
A spectral ratio (see Figure 11) was determined on an average of 20 frames and 20 MAJIS
pixels (the same for the two areas). The solar incidence was ~ 43° for the highland area (with
a spread due to local slopes), 28° for the mare area. As expected, the highland area is brighter
but colder than the mare area, with a larger radiance at short wavelengths and a smaller
radiance at long wavelengths. The SNR is very high (> 1000) and there is no hint of a spectral
feature close to the filter boundary. This points to an artefact in the 2D-ITF which is removed
in the ratio as it impacts in the same way highland and mare radiance spectra obtained with
the same detector pixels. The 2D-ITF has been corrected accordingly, assuming there was no
narrow signature close to the filter boundary in the MAJIS lunar spectra obtained during the
4™ observation of the Moon, with the lowest incidence hence the best SNR (see Poulet et al.,

2026).
Search for OH/H>O signatures with high-SNR MAJIS observations of the Moon

The MAIJIS radiance spectra presented in Figure 12 have been obtained using the IR 2D-ITF
after the two stages of post-launch update. They showcase the high SNR (> 200) obtained even
with the nominal spatial and spectral resolution of MAIJIS (400 pixels across the FOV and 508
spectels for each channel). By design of the updated ITF, the narrow spectral feature around
2.880 um has been removed from MAJIS radiance spectra obtained during the 4™ observation
(solar incidence: 28° for the red spectrum in Figure 12) and has also been strongly reduced in

spectra obtained at higher incidence (43° and 73°).

4th observation (solar incidence: 28%)

Znd abservation (solar incidence: 73°)

radiance (W/m2/str/pm)

1 1 L 1 1 1
2.4 2.6 z.8 3.0 3.2 3.4 38
wavelength (sm)

Figure 12. MAIJIS radiance spectra obtained during three of the five observations of the Moon

by MAIJIS (see Poulet et al., 2026) applying the updated IR 2D-ITF. Blue and black arrows
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correspond to a possible weak OH signature at 2.9 pm for mid to high incidence MAIJIS

observations.

Spectra at mid to high incidence exhibit a broad and weak absorption feature centered at ~ 2.9
um which may correspond to an OH signature for regions close to the terminator. Such a weak
absorption could be consistent with previous lunar observations showing that the 3-um OH/H>O
band displays strong variability with local time, latitude, and surface temperature. In particular,
Li and Milliken (2017) reported that OH/ H,O absorptions are generally weakest near local
noon and at low latitudes, especially close to the equator, and tend to increase toward the late
afternoon as surface temperatures decrease and thermally loosely bound OH/ H,O becomes
more stable. More recent analyses confirm that equatorial regions exhibit very shallow 3-um
absorptions, with stronger signatures preferentially observed at higher latitudes or under low

solar incidence conditions (Clark et al., 2024).

Caution is however required due to the proximity with the filter boundary, which was
intentionally selected in this spectral region as it is expected to have very low SNR for icy
satellites due strong OH signatures and for Jupiter due to strong methane absorption bands.
When comparing the 3 spectra in Figure 12, this possible signature lies close to the cross-over
between the wavelengths dominated by solar photons and that dominated by thermal emission.
In this spectral region, the evaluation of reflectance band strengths is particularly sensitive to
the model-dependent subtraction of the thermal contribution, motivating continued monitoring
and validation using observations acquired under a range of illumination and local-time

conditions.
3.3. Post-launch evolution of the VISNIR straylight

The straylight contribution reported in Langevin et al. (2024) for the VISNIR channel has an
impact on the science interpretation of radiance spectra obtained with this channel. For
wavelengths longer than 2.2 um, the legitimate signal rapidly decreases due to the dichroic so
that the straylight dominates, and this contribution is also quite significant at wavelengths
shorter than 1.3 um. It was therefore important to evaluate possible changes after launch in
terms of straylight contributions. The ICU observations extend beyond the two edges of the
FOV, hence it is possible to reliably evaluate the legitimate signal and the straylight
contributions close to the edge of the FOV (see Langevin et al., 2024).
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Figure 13. Legitimate signal and straylight contribution for observations of the ICU lamp with
the VISNIR channel during ground calibration and after launch. The legitimate signal for a
region near the left edge of the FOV is presented in panel (a) and that for a region near the right
edge of the FOV in panel (b). The straylight contribution near the left edge of the FOV is
presented in panel (c¢) and that near the right edge of the FOV in panel (d). The ICU spectra
during flight have been shifted by 2 HIRG spectels so as to compensate the spectral shift
reported by Haffoud et al (2024). and updated in sect. 2.

As discussed in sect. 3.2 and sect. 3.3.1, the legitimate signal as displayed in Figure 13 (panels
(a) and (b)) has a very similar shape before and after launch when considering the spectral
shift, with a small overall decrease near the left edge of the FOV (panel (a)) and a small overall
increase near the right edge of the FOV (panel (b)). The straylight contribution near the edge
of the FOV can be derived from the signal observed beyond the edge of the FOV (Langevin et
al., 2024). It slightly increased on the right of the FOV (Figure 13, panel (d)) by a factor similar
to that observed for the legitimate contribution near the right edge, but it decreased on the left
of the FOV (Figure 13, panel (c)) by a larger factor than the legitimate contribution near the left
edge. The spurious narrow spectral signatures at short wavelengths (HIRG spectels 70 to 200,
0.6 um to 0.85 um) have also been strongly reduced, which will make it easier to identify

legitimate absorption and emission features in this spectral range in the left part of the FOV.

The source region of the VISNIR straylight extends from 1.5 pm to the cut-off wavelength (2.5
um) and the impacted region extends from 0.500 um to 1.2 um (Langevin et al., 2024). The
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relative weight of the VISNIR straylight was therefore expected to decrease for reflectance
spectra (see Langevin et al., 2024), as the solar brightness temperature (~ 5800 K) is much
higher than that of the black bodies and QTH lamps used as light source during calibration and
in the ICU.

This reduced impact of the VISNIR straylight should be enhanced for planetary targets with
strong absorption bands in the source region of the straylight, which is the case for icy satellites
(H20 ice absorption bands) and Jupiter (CH4 absorption bands). It is not the case for the Moon,
but the Earth is more representative of science targets in the Jupiter system in this respect in

particular for the areas in the Pacific Ocean.

Observations of the Earth with windows extending beyond the edge of the FOV were obtained
so as to reliably evaluate VISNIR straylight from the signal beyond the edge of the FOV (see
Poulet et al., 2026).
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Figure 14. total signal, legitimate signal and straylight contribution for an Earth spectrum from

observation C17.

The results are shown in Figure 14 for observation C17, which extended beyond the left edge
of the FOV. Except at very short wavelengths, the straylight contribution is smaller than 10%
at the left edge of the FOV and it is expected to be smaller than 15% at the center of the FOV.
As shown on Figure 14, the straylight contribution is relatively featureless near the left edge, in
line with Figure 13, panel (c). In this part of the FOV, the VISNIR straylight has therefore a
relatively minor impact on the identification of spectral features and the evaluation of their band
strengths. This should also be the case for Jupiter and icy satellites. Some caution will be
required at short wavelengths (0.6 to 0.7 um) near the right edge of the FOV due to two narrow
straylight emission features (Figure 13, panel (d)).
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The Moon is a worst case as it has a very red reflectance spectrum compared to the Earth or icy
satellites, with large radiances in the straylight source region (1.5 pm — 2.5 um) relatively to
the impacted region at short wavelengths (0.5 — 1.3 um). Therefore, the 4™ observation of the
Moon has been used for the comparisons with other data sets on the Moon in sect. 4.2.1 as it
extends beyond the left edge of the FOV, so that the large straylight contribution (up to 40% at
0.65 pm) can be reliably subtracted (see Langevin et al., 2024).

Table 2: Contribution of the VISNIR straylight to the total signal in three wavelength ranges
for targets with a decreasing reflectance in the VISNIR range (“blue” targets: Earth, Jupiter, icy

moons) and targets with an increasing reflectance in the VISNIR range (“red” targets: Moon).

0.5um-1.3 pm 1.3 um—-2.2 um 2.2 ym —2.35 pm
“blue” targets | up to 15% at 0.65 um | up to 4% up to 70% at 2.35 pm
“red” targets up to 40% at 0.65 um | up to 6% up to 80% at 2.35 pm

As indicated in table 2, the very strong straylight contribution at long VISNIR wavelengths
makes it very difficult to recover legitimate signals with this channel for wavelengths longer
than 2.2 um. It should however be noted that reliable spectral information can be obtained with

the IR channel at wavelengths longer than 2.28 um.

When in the Jupiter system, the read-out window for a representative set of observations will
be shifted by ~ 10 pixels left (out of 400) so as to directly assess the straylight contribution in
the left part of the FOV and its impact on science interpretations at a cost of a minor reduction
(by 2.5 %) of the useful FOV. As the lower boundary of the VISNIR range critically impacted
by straylight (2.2 pm) has been set conservatively, this should make it possible in most cases
to bridge the small spectral gap (2.2 — 2.28 um) between the reliable VISNIR range and the IR

range.

4 Comparison of the MAJIS data on the Moon and Earth with other data sets

4.1. Criteria for selecting data sets relevant for radiometric comparisons

The Moon is not expected to exhibit significant time variability, so that one can compare the
reflectance measured by MAIJIS with that of previous observations of the lunar surface. The

data set used as a reference is that selected by Ohtake et al. (2013) for comparing reflectance
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measurements of both mare and continents. Radiometric comparisons of lunar spectra must
consider viewing geometries. Compensating for different incidences, emergences and phases is
dependent on photometric models. The best case for a direct comparison of radiometric
performances with MAJIS is JANUS, the imaging camera of JUICE (Palumbo et al., 2024), as
the photometric angles for observations of the Moon were very similar as those of overlapping

MAJIS observations.

At the scale of the projected MAJIS IFOV (0.9 km x 0.9 km at closest approach, 1.4 km x 3
km for the last observation of the Earth surface, C17) and FOV (from 57 km to 190 km for 64
pixels, see Poulet et al., 2026), the cloud cover on Earth changes with a timescale of minutes to
hours, so that for Earth observations the optimum approach would have consisted in comparing
observations of the same area obtained at the same time as MAJIS observations. Such
simultaneous observations were not available, so that observations as close as possible in time
have been selected. In this respect, cloud-free areas are more reliable than cloud-covered areas,
except when the incidence and emergence are close to symmetrical (“glint spot”, with an extent
depending on the wave patterns). The glint spot has a major impact on radiance but should not
impact atmospheric absorption features. The MAJIS observations most at risk are those with an
emission angle similar to the incidence angle, C13 and C14 and to a lesser extent C15 (see

Poulet et al, 2026, Table 1).

A search for matching observations has been conducted for JANUS and four Earth observation
instruments overlapping the spectral range of MAJIS: PRISMA, an Italian earth-observation
satellite with a VISNIR imaging spectrometer (Galeazzi et al., 2009), ENMAP, a German
imaging spectroscopy mission (Storch et al., 2023), TROPOMI (Veefkind et al., 2012), a push-
broom spectrometer on-board the Sentinel 5P ESA mission and IASI (Clerbaux et al., 2009),
an imaging spectrometer on-board the METOP ESA mission, which covers a large part of the
spectral range of the IR channel of MAJIS. The comparison of MAIJIS results with that of
PRISMA and IASI for spectroscopic identifications are presented in two articles companion

papers (Oliva et al., 2026 and Guerlet et al., 2026).

A straylight contribution has been identified for the VISNIR channel (Langevin et al., 2024).
Its impact and evolution after launch has been presented in sect. 3.3. This straylight contribution
can be quite significant for wavelengths shorter than 1.3 um, in particular for spectra with a red
spectral slope (which is the case for the Moon, see Figure 15) and for wavelengths larger than

2.2 um (see table 2). As shown in Langevin et al., 2024, the signal beyond the edges of the FOV
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provides a direct evaluation of the straylight contribution, so that the VISNIR straylight can be
reliably corrected by extrapolating the out of field signal to pixels close to the edge of the field
of view. Therefore, whenever possible, comparisons for the VISNIR channel have been made
with the single observation of the Moon (C4, see Poulet et al., 2026) and the two observations
of the Earth (C15 and C17) for which straylight corrected radiances have been determined for
the VISNIR channel.

4.2. Comparison of MAJIS results with those of other instruments

4.2.1. Observations of the Moon by other instruments in the VISNIR range

Observation C4 of the Moon (see Poulet et al., 2026 for the list of MAJIS cubes) covers both
highland areas and mare areas. It has been compared to previous observations using the set of
instruments selected by Ohtake et al. (2013). The title of this article, “one Moon, many
measurements” emphasizes the difficulty in reaching a definite conclusion on lunar
reflectances. They selected two instruments on-board Selene (multiband imager, M1, Ohtake et
al., 2008; spectral profiler, SP, Mastunaga et al., 2008;), two instruments on-board
Chandrayaan-1 (Moon Mineralogy Mapper, M3, Pieters et al., 2009; shortwave near-infrared
grating spectrometery, SIR-2, Bugiolachi et al., 2013) and an Earth-based telescopic system
(Robotic Lunar Observatory, ROLO, Kieffer and Stone 2005)
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Figure 15. lunar reflectance spectra from MAIJIS observations (black stars) in the VISNIR
spectral range (0.5 — 2.250 pm) corrected for straylight and assuming Lambert scattering for
highlands (left panel) and for mare (right panel) compared to lunar reflectance spectra of

highlands and mare obtained by other instruments (Ohtake et al., 2013).
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Figure 15 shows how the lunar reflectance spectra obtained by MAIJIS (assuming Lambert
scattering) compares with those reported by Ohtake et al. (2013). The wide spread of previous
results can be attributed in part to differences in viewing geometries and model dependent
photometric corrections. Orbital instruments implement nadir pointing with a wide range of
incidences and phases. Due to thermal constraints on the attitude of the JUICE spacecraft at 1
AU, all MAJIS observations were performed at a phase of 90°, with emergence increasing from
0° to 75°. As shown in Figure 15, the reflectance measured by MAJIS at short wavelengths is
well within the wide range of reflectance measured by other instruments, considering that
different “highlands” and “mare” surface elements cannot be expected to have exactly the same
reflectance. All instruments including MAJIS concur in observing an increase of the reflectance
with wavelength. One can however note a slightly steeper slope with MAJIS. Absorption
features in MAJIS spectra of the Moon are discussed in Zambon et al., 2026.

4.2.2. JANUS observations of the Moon and Earth

JANUS is the high-resolution camera of JUICE (Palumbo et al, 2024). Given the extensive
synergies between the science goals of JANUS and MAIJIS, comparing their radiometric
performances was of clear interest. As discussed in the overview article on MAJIS LEGA
observations (Poulet et al., 2026), five of the JANUS color filters cover wavelengths in the
spectral range of the VISNIR channel of MAJIS.

MAIIS observation C4 of the lunar surface has been selected for photometric comparisons as a
straylight corrected radiance could be derived (see sect. 3.1) For this MAJIS observation, there
are several overlapping observations by JANUS for all 5 filters. Radiances can be directly
compared as the emergence, incidence and phase are nearly the same for both instruments (the

lines of sights of MAJIS and JANUS are aligned within 0.3°).
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Figure 16. ratio of the radiance measured by JANUS with one of the 5 filters and the radiance
measured by MAIJIS for the same surface element. The MAJIS radiances have been averaged

over the spectral extent of each filter as indicated by the colored rectangles.

The results are shown in Figure 16. The radiance ratios are very consistent for observations
with the same filter. The radiance as measured by JANUS is higher by ~ 15% than for MAJIS.
This is well within the range of uncertainties for absolute radiometry when comparing two
independently calibrated instruments, considering that the MAJIS instrument transfer function
was in part derived from optical modelling (Langevin et al., 2024) for the wavelength range

covered by JANUS filters (0.51 to 1.08 um).

Observations of the Earth, which has much bluer spectral slopes in the VISNIR spectral range
than the Moon due to absorption bands of H,O at 1.5, 2 and 3 um, would have been better suited
for cross-comparisons than observations of the Moon as the straylight contribution for MAJIS
is smaller than for the Moon, so that MAJIS radiances corrected from straylight contributions
are more reliable. However, very few matching JANUS observations could be identified for
the 3 MAIJIS observations extending beyond the edge of the FOV for which the VISNIR
straylight can be reliably corrected, and observations with only one JANUS filter were available
for each MAJIS observation. Therefore, a set of coordinated JANUS / MAJIS observations is
being planned for the 2" Earth flyby (28/09/2026) with images taken by all 5 JANUS filters
overlapping MAJIS observations extending beyond the edge of the FOV. These joint
observations will consolidate the comparison of radiometric performances between MAJIS and

JANUS at wavelengths shorter than 1.080 pm.
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4.2.3. EnMAP observations of the Earth

ENMAP (Environmental Mapping and Analysis Program) is a German hyperspectral imaging
spectroscopy mission that monitors and characterizes Earth’s environment (Chabrillat et al.,
2024; Storch et al., 2023). EnMAP was successfully launched in April 2022 and orbits the Earth
synchronous to the Sun in an altitude of approximately 650 km. It detects Earth’s surface in the
wavelength range between 418.2 and 2445.5 nm with 224 spectral bands and a high radiometric
and spectral accuracy and stability. The local time for dayside equatorial crossings on the sun-
synchronous orbit is 11 h, so that the incidence is 15° at the equator, increasing with latitude.
The ENMAP IFOV (30 x 30 m) is much smaller than that of MAJIS near closest approach (1
km). With a pixel ground resolution of 30 by 30 m and a swath width of 30 km, EnMAP

observations allow studying Earth on a global scale.

Seven ENMAP observations were performed in order to support the JUICE mission during the
first LEGA flyby for comparisons with JANUS and MAIJIS, the two JUICE instruments
acquiring data in the spectral range of ENMAP. It was not possible to observe at the same time
areas covered by daytime MAJIS observations. As discussed in sect. 4.1, for comparing the
radiometric and spectroscopic performances, we selected the ENMAP observation with the
closest match in timing (1.3hours time difference), location (4° away in longitude at a latitude
of 23°) and low incidence (13.6° for ENMAP, 26° for MAJIS at a latitude of 23°) with MAJIS
observations. This closest match was with C17, the last of the MAIJIS observations which
extends beyond the edge of the FOV, so that the MAIJIS data could be corrected for straylight
contribution. With a mean incidence of 26° and a mean emergence of 63°, glint should not be
an issue for C17. The reflectance (controlled by incidence) can be legitimately compared,
assuming that cloud and ocean characteristics were similar 1.3 hours earlier and 400 km away
from the MAJIS observation. It should however be noted that the emission angle (31.2° for
ENMAP, 63° for MAJIS) and phase (44.2° for ENMAP, 89° for MAJIS) were significantly
different, which results in an uncertainty dependent on the photometric model for radiance

comparisons.
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Figure 17. Panel (a): location of the ENMAP observation (white area) and the MAJIS
observation (C17, yellow outline) over the Pacific Ocean; Panel (b): ENMAP radiance map at
0.75 um for the red rectangle in panel A, with the locations of the areas selected as
representative of cloudy (red) and cloud-free (blue) ENMAP data; Panel (c): Radiance map at
0.750 um for the full MAJIS swath, with areas selected for cloudy (red) and cloud-free (blue)
representative spectra. Panels (d), (e): Panel (b) resampled at the MAIJIS resolution with the
resampled pixels selected as representative of cloudy (red) and cloud-free (blue) areas; Panels
(1), (g): Zoom on the red and blue areas in panel (c), indicating the MAJIS pixels selected as

representative of cloud-free (blue) and cloudy (red) areas.

Figure 17 shows how ENMAP and MAJIS data representative of cloud-free (ocean) and cloudy
areas were selected. The ENMAP data (IFOV: 30 m / pixel) was averaged over an area
corresponding to a MAJIS IFOV (1.4 x 3 km for C17). The red area in panel (c) was selected
as representative of a patchy cloud cover similar to that of ENMAP (panel (b)). In addition, the
brightest pixel in this area (selected as representative of clouds) reached signal levels very close
to by not exceeding the saturation limit, contrary to brighter regions farther north, making it
possible to compare spectra over the full overlapping spectral range of ENMAP and MAJIS.
As shown by panel (b) (ENMAP high resolution image), sub-pixel variability with partial cloud
coverage can be expected at the MAJIS pixel scale, so that absolute radiance comparisons must

be considered with caution. Sub-pixel variability at the MAJIS pixel scale is much less likely
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for cloud-free areas (ocean). A uniform high cloud cover (cirrus) cannot be excluded for areas
labeled as “ocean”, but it should exhibit less time and space variability than low altitude clouds,

so that radiance comparisons are more reliable for areas with no low altitude clouds.
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Figure 18. Panel (a): Radiance measured for the resampled ENMAP pixels and the MAJIS
pixels selected as representative of cloudy areas; panel (b): Same as panel (a) for cloud-free
areas. The light blue radiance spectrum in panel (a) is that of a MAJIS pixel farther North, with
a continuous cloud cover, for wavelengths larger than 1.1 pm (at shorter wavelengths, it reaches
saturation); panel (c): Continuum removed spectra from ENMAP and MAIJIS in the 0.750 um
spectral range for cloudy areas; panel (d): Same as panel (¢) for cloud-free areas; panels (e), (f):
Same as panels (¢), (d) for the 1.5 pum H>O absorption band; panels (g), (h) : Same as panels
(c), (d) for the 2 um H>O absorption band (only wavelengths sampled by ENMAP have been
displayed).

Figure 18 presents the radiance spectra and continuum removed spectra in three spectral ranges
for the resampled ENMAP pixels and MAIJIS pixels. The SNR for MAIJIS spectra is dominated
by the photon noise, ranging from 50 in the deepest absorption bands up to 500 for cloudy areas
at short wavelengths and the SNR for ENMAP is in the same range (150 to 500, Storch et al.,
2023) so that no error bars are displayed on Figure 18. The match in terms of radiances for
cloud-free areas (panel (b)) is remarkably good considering the 400 km distance, the 1.3 hours
difference in timing and the different phase angles for the ENMAP and MAIJIS areas. This good
match supports the view that the albedo of the ocean and a possible high cloud cover were
relatively uniform with only minor changes in 1.3 hours in this area of the Pacific Ocean. With

all the provisos of such radiance comparisons (it should be noted that photometric corrections
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were applied neither to ENMAP data nor to MAJIS data in Figure 18), the good match for two
instruments radiometrically calibrated independently supports the validity of the two

radiometric calibrations.

The radiance for cloudy areas (Figure 18, panel (a)) is twice higher for ENMAP than for MAJIS.
This can however be attributed to sub-pixel variability, as MAJIS pixels with continuous cloud
cover (light blue spectrum in panel (a)) exhibit similar radiances as ENMAP for wavelengths
larger than 1.1 um. They were not selected for the comparison of spectral features as the MAJIS

data is saturated for most of the 0.5 — 1.1 um spectral range.

Panels (¢) to (h) of Figure 18 compare ENMAP and MAJIS spectra normalized to a continuum
with the same approach for both instruments within three spectral areas of interest: 0.6 — 0.85
pm, 1.25 — 1.7 um, 1.65 — 2.25 um. The normalized spectral features as observed by ENMAP
and MAIJIS (after correction from straylight) are remarkably consistent for both the cloudy areas
(panels (c), (e), (g)) and the cloud-free areas (panels (d), (f), (h)). The MAJIS band strengths in
the 0.75 um wavelength range, where the straylight contribution is significant, are 10 to 20%
weaker for data not corrected for straylight. A similar level of straylight contribution is expected
for science observations in the Jupiter system, so that it will be possible to reliably identify
spectral features at wavelengths shorter than 1.2 um even for MAJIS observations which cannot
be corrected for straylight, but with limitations for quantitative modeling. The slightly different
profiles at the edges of the 1.5 pm and 2 um H2O absorption bands as observed by ENMAP
perfectly align with what can be seen in the MAJIS spectra after straylight correction (Figure
18, panels (e) to (h)). This good match of the spectroscopic information from MAIJIS and
ENMAP data sets supports the validity of the post-launch spectral calibration of MAIJIS as

presented in sect. 2.

4.2.4. TROPOMI observations of the Earth

The TROPOspheric Monitoring Instrument (TROPOMI) is a push-broom spectrometer
(Veefkind et al., 2012) on board the Sentinel-5P Precursor spacecraft (S5P), providing global
daily coverage with a local overpass time of 13:30 from an altitude of 824 km. The spacecraft,

part of the Copernicus Program, was launched into a polar orbit on October 13" 2017.

When assessing MAJIS Earth observation results, TROPOMI and ENMAP are very
complementary as ENMAP has a lower spectral resolution and a much higher spatial resolution

than MAJIS (ENMAP IFOV: 30 m to be compared to 0.9 - 3 km for MAJIS) while TROPOMI
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has a lower spatial resolution than MAJIS (7 x 3.5 km) and a much higher spectral resolution
(NIR: 0.25 nm; SWIR: 0.55) that MAJIS (sampling: 3.4 nm for the VISNIR channel, 6.5 nm
for the IR channel, Haffoud et al., 2024).

TROPOMI acquires a very wide swath (2600 km) on every orbit, with incidences ranging from
11° to 34° at the same latitude as that of the subsolar point (12° N on the 20" of August).
Therefore, the two MAIJIS observations selected for comparison were those with the lowest
incidences, C15, acquired on the 20™ of August (incidence: 36 to 41°, latitude: 24 to 29° N),
and C17 (20h48, incidence: 23 to 30°, latitude: 20 to 27° N). C17 was also selected for
comparisons with ENMAP (see sect. 4.2.3). It should be noted that for C15 (i =36-41°, e = 49
— 53°), the MAJIS radiance could be larger than expected from the incidence angle due to a
glint contribution. The differences in spatial and spectral resolution and the lack of
contemporaneous overlap makes inter-comparison challenging. However, thanks to its wide
swath, TROPOMI was able to observe the area covered by the selected MAJIS observations
with a similar incoming solar flux (larger than for MAJIS by a factor of 1.03 to 1.2, see Table
3) and a time difference of only ~ 3 hours. Therefore, TROPOMI data could provide spatial
context to the MAJIS scans, and it could contribute to the validation of radiometric and spectral

calibration of MAJIS.

Table 3. photometric angles for MAJIS cubes C15 and C17 compared to that of the TROPOMI

observations

MAIIS | Incidence angles Emergence angles Phase angles

cube

MAIJIS TROPOMI | MAIJIS TROPOMI MAIJIS TROPOMI

CI5 38.69 16.74 50.99 39.02 88.72 85.92

C17 26.85 22.84 62.56 69.03 88.72 76.37

For comparing TROPOMI and MAIJIS data, we selected the 4 TROPOMI spectral bands (out
of 8) that overlap with the MAJIS spectral range: bands 5 and 6 (NIR, 675-725 and 725-775
nm), and bands 7 and 8 (SWIR, 2.305-2.345 um and 2.345-2.385 um). The NIR bands have a
spectral resolution of 0.25 nm, whereas the SWIR band has a spectral resolution of 0.55 nm.
Bands 5 and 6 are covered by the VISNIR channel of MAIJIS (0.495 — 2.37 um). Bands 7 and
8 are covered by both the VISNIR channel and IR channel. The MAJIS spectral sampling is 3.5
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nm for the VISNIR and 6.5 nm for the IR, but the signal is much better defined at these
wavelengths with the IR channel (SNR: 100 to 400) than with the VISNIR channel (SNR: 20
to 80), with additional uncertainties from the residuals of the VISNIR straylight correction and
dark subtraction. Therefore, TROPOMI bands 7 and 8 have been compared with the IR channel
of MAIJIS.

The first step for the MAJIS-TROPOMI inter-comparisons was to degrade the spatial resolution
of MAIJIS to that of TROPOMI. TROPOMI Pixel corners are provided with the Level 1b
TROPOMI data products, defining a projected polygon for each TROPOMI IFOV. MAIJIS
pixel centers are then tested to check whether they fall within the polygons. For each
TROPOMI pixel, the list of MAJIS pixels which are co-located with it (14 to 24 for TROPOMI
pixels fully within the MAJIS FOV) and the time difference between MAJIS and TROPOMI
(from 3 h to 3.18 h for all co-located pixels) are registered.

For each TROPOMI pixel, the corresponding signal for each MAIJIS spectral sample was
evaluated as a weighted average of overlapping MAJIS pixels, the weights corresponding to
the inverse of the distance between the TROPOMI and MAJIS pixel centers. The weight is set
to 0 for MAJIS spectra flagged as saturated. The outcome of this procedure is presented in
Figure 19 for MAJIS C17.
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Figure 19. Weighted mean MAIJIS radiances (left panel) and TROPOMI radiances (right panel)
for the areas covered by MAIJIS observation C17 (20/08/2024, 21:48 UTC) in the TROPOMI
band 5 wavelength range. The TROPOMI data was collected 3 hours later. MAJIS and
TROPOMI radiances corresponding to MAJIS saturated pixels have not been displayed. The
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solar incidence at latitudes 20° to 24° (non-saturated MAJIS pixels) ranged from 24° to 27° for
MAIJIS and from 22.17° to 23.68° for TROPOMI

As expected with a time lag of 3 hours between the MAJIS and TROPOMI observations, the
cloud patterns as shown in Figure 19 for a wavelength of 0.67 um are significantly different.
However, the overall balance between cloudy and cloud-free areas is similar, with less cloud
cover from 20° to 22° N than from 22° N to 24° N (further North, most MAJIS pixels are
saturated at wavelengths shorter than 1.2 pm). The MAJIS radiances are similar to the
TROPOMI radiances, with less contrast between cloudy and cloud-free areas. As we are close
to the edge of the FOV, the MAJIS VISNIR straylight contribution (which reduces spatial and
spectral contrasts) should be reliably subtracted (see Langevin et al., 2024). This loss of contrast
could result from time variability of a high-altitude cloud layer or from the different spectral

resolutions of TROPOMI and MAIJIS.

In order to compare spectral features observed by MAJIS and TROPOMI, the TROPOMI
spectra (with a resolution 10 to 20 times better than that of MAJIS) have been resampled to the
MAUIJIS resolution by averaging the TROPOMI radiances within each MAIJIS spectral sample.
This makes it possible to investigate how narrow spectral features as measured by TROPOMI

show up in the lower resolution MAIJIS spectra.

Both MAJIS (mean emergence: 51° for C15, 65° for C17) and TROPOMI (mean emergence:
39° for C15, 69° for C17) observed away from nadir and the time difference between MAJIS
and TROPOMI was 3 h to 3.2 h. Therefore, we employed the regional averaging approach used
for intercalibration of microwave sounders (John et al., 2013) as it can be implemented with
drifting orbits, hence with large time differences. This method is applied to all overlapping
TROPOMI and MAIJIS pixels for C15 and C17 so as to obtain a single set of mean cross-
calibration results from both MAJIS C15 and MAJIS C17.

Once all overlapping observations have been put on to the same spectral and spatial resolutions,

data elements with quality issues are filtered out. The following tests are applied:

e 2 or more good MAIJIS observations need to be co-located with the TROPOMI pixel;

e The normalized TROPOMI noise level needs to be 5% or less, so as to filter out
TROPOMI pixels impacted by spikes

e The normalized weighted standard deviation for MAJIS radiances for the colocated set

of pixels needs to be 10% or less: The SNR for MAJIS data elements is very high (100
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to 400 at 0.75 pum), but large variations can be observed within the set if there is

significant sub-pixel variability of the cloud cover within the TROPOMI pixel.

Once filtered, mean radiances were calculated for MAJIS and TROPOMI and uncertainties are
propagated. The errors were evaluated as the sum of the standard error from averaging of the
radiances and the propagated measurement noise after applying the resampling and

intercalibration procedure.
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Figure 20. Averaged results of collocated TROPOMI and MAJIS radiances for MAIJIS
observations C15 and C17. The blue shaded area represents the TROPOMI total uncertainty,
and the red error bars represent the MAJIS total uncertainty, the largest contribution resulting
from the variability within sets of co-located MAJIS pixels corresponding to a single

TROPOMI pixel.

Figure 20 shows the results of the intercalibration procedure for MAJIS and TROPOMI for
bands 5 to 8 of the TROPOMI instrument. For bands 5 and 6 (MAJIS VISNIR channel) the
match in radiances is very good when considering the time lag of 3 hours and the different
spatial / spectral resolutions of the two instruments: MAJIS radiances are lower than TROPOMI

radiances by ~ 10% for band 5 and by less than 2% for band 6 near the center of the band.

TROPOMI bands 7 and 8 have been compared to data from the MAJIS IR channel, with a larger
spectral sampling (6.5 nm instead of 3.5 nm, see Figure 20). The MAJIS radiances are ~ 20%
higher than the TROPOMI radiances for these two bands. As this bias is not observed for bands
5 and 6, it is unlikely to result from a glint contribution for MAJIS observation C15. Even if it
does not result from the time difference of 3 hours between MAJIS and TROPOMI

observations, a 20% offset is still within the range of what can be expected between the absolute
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radiometric calibration of two instruments (as an example, a bias of +15% for JANUS was

observed when compared to MAJIS for observations of the Moon, see sect. 4.2.1).

There is also an overall agreement in terms of spectral profiles. They do not exhibit sharp
spectral contrasts with the spectral resolution of MAIJIS, except for the main absorption feature
at 0.762 um (band 6) for which the match is quite good. This shows that the post-launch MAJIS
spectral calibration presented in sect. 2 is in line with that of TROPOMI in the band 6
wavelength range. The main discrepancies are observed near the boundaries of TROPOMI
bands 5 and 6. Modelling with different spectral grids indicates that such discrepancies can
result from edge effects introduced by the resampling of TROPOMI data to the MAIJIS spectral

sampling.

4.2.5. PRISMA observations of the Earth

The spectral range of PRISMA (0.4 um — 2.5 um) covers that of the VISNIR channel of MAJIS
(0.495 —2.37 um) and it extends to the lower wavelengths of the IR channel (2.28 pm -2.5 pm).
The associated scientific analysis of several spectral features of the Pacific Ocean (ocean water
and liquid/ice clouds) as measured by MAJIS and by of PRIMA is presented in a companion
article (Oliva et al., 2026). Observations by PRISMA of the regions observed by MAJIS have
been identified, but with time intervals between the PRISMA and MAIJIS observations ranging
from 2 hours to more than 2 days, and the four identified overlaps correspond to MAJIS
observations beyond or at the terminator (Oliva et al., 2026), with very little signal in the
VISNIR channel or at short wavelengths in the IR channel. The PRISMA orbit is sun-
synchronous, so that the local time is always 10h30 (solar incidence: ~ 22° at low latitudes)
when JUICE and MAIJIS sweep the full range of local times from beyond the dusk terminator
to 13h30 so that only C15, the latest of the three straylight corrected MAJIS observations has
an incidence (24 to 30°) similar to that of PRISMA observations. The PRISMA observations
are distant from this MAJIS observation both in position (> 15° in longitude) and time (up to 2
days) which makes it difficult to reliably compare radiances. However, as shown in sect. 2 and
by Oliva et al. (2026), MAIJIS spectra and PRISMA spectra are very consistent in terms of the
position and strength of major spectral signatures, which provides a validation of the post-
launch spectral calibration as presented in sect. 2 and the post-launch relative radiometric

calibration as presented in sect. 4.
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4.2.6. IASI observations of the Earth

The main data set for comparisons with the MAJIS IR channel was that obtained with IASI, an
instrument on-board the METOP satellites of Eumetsat as the IASI spectral range (3.7 pm to
15.5 um) overlaps more than half of the spectral range of the IR channel of MAJIS (2.28 to
5.57 um). As indicated in section 4.2.4, comparisons with TROPOMI provided complementary
information for the lowest wavelengths of the IR channel of MAIJIS, which are not covered by

IASI.

The detailed results of the comparison of IASI data and MAJIS data are presented in Guerlet et
al. (2026). The spectral resolution of [ASI is higher than that of MAIJIS, as the spectral sampling
(0.25 to 0.5 cm™) corresponds to 0.34 — 0.68 nm at 3.7 um and 0.77 — 1.54 nm at 5.5 um, to be
compared to 6.5 nm for MAJIS. As discussed in sect. 2, the high spectral resolution and large
spectral coverage from IASI was also used for consolidating the absolute spectral calibration

of the MAJIS IR channel.

In the wavelength range of IASI, the radiance is dominated by thermal emission modulated by
atmospheric bands, so that the main expected impacts of differences in observation geometry
angles are that on the column density and that of possible cloud interference for very high
emergences. After selecting matching observations and filtering for possible glint effects, the
results presented in Guerlet et al. (2026) show that the match in radiance is outstanding (see
also Figure 4, top panel), which supports the validity of the post-launch radiometric calibration

of the IR channel of MAJIS as presented in sect. 3.2.3.

The very good results obtained by Guerlet et al. (2026) when comparing MAJIS IR channel
data with TASI spectra were made possible by the very high operability and high SNR from
MAUJIS when observing the Earth. Contrary to the VISNIR detector, warm and hot pixels of the
IR detector have a major impact on operability, with up to 5% of non-operable data elements
for long integration times and/or operating temperatures larger than 95 K (Langevin et al. 2024).
The temperature of the IR detector for the first Moon observation (88 K) was that used for
ground calibration. It rose to 89.6 K for the first Earth observation (the 1-day interval was too
short for a full recovery of the thermal impact of the Moon flyby), rising to 91.8 K (3.8 K higher
than the nominal temperature for ground calibration) for the last Earth observation (C17, see
Poulet et al., 2026). A higher operating temperature results in a larger dark signal. However,
this was more than offset by the very short integration time (11 ms) compared to ground

calibration (100 ms), so that less than 0.2% of spectels were not operable.
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Figure 21. MAJIS signals in DN during observation C17 in the wavelength range (3.6 um —
5.56 pm) overlapping that of IASI for areas covered by an ice cloud and cloud-free areas with
larger thermal radiances and much stronger atmospheric bands. The dark signal is very low

with a 11 ms integration time except for 4 warm or hot spectels (stars).

MAIJIS implements on-the flight dark subtraction which much reduces the impact of warm and
hot pixels. As shown in Figure 21, with an integration time of 11 ms at 91.8 K, even very warm
spectels with a dark signal up to 1500 DN for HIRG pixels (~ 6300 e, 13% of the full well)
align with their neighbors after dark subtraction, so that for most pixels all the 300 MAIJIS
spectels in the wavelength range overlapping that of IASI provided reliable data. It should
however be noted that while the dark signal can be effectively subtracted, its shot noise still
dominates the total noise of spectels with high dark signal and low actual signal (black and red
stars in Figure 21). As a result, the SNR for the warmest spectel dropped from 24 to 9 for the
very cold ice cloud (green spectrum). The blue spectrum in Figure 4.2.6 is representative of
those used for comparing MAJIS with IASI. The SNR of MAIJIS was 80 to 180 for signals
ranging from 500 to 2000 DN. The SNR was also impacted by the high dark current of the
“worst case” spectel but by a smaller factor, remaining high enough (~ 50) to be used for

comparison purposes.

The observations of the Earth atmosphere in the IR with MAJIS provide an interesting preview
of the capabilities of MAIJIS for observations of the atmosphere of Jupiter in the methane
window from 4.5 to 5.5 um. An integration time of ~ 100 ms will be nominal (C17: 11 ms),
with a corresponding increase in the dark signal. However, Jupiter will be observed far from
thermal sources (“cold case”), with temperatures of the IR detector at least 8 K colder than for
C17. The dark signal in 100 ms should be in the same range as that in 11 ms for C17, the
operability of the IR detector should also be close to 100% and the SNR for hot spots should

reach up to 1000 with the stacking planned for the Jupiter observations.
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4.2.7. Thermal emission from the Moon

In the wavelength range of the IR channel (2.28 pm — 5.56 pm), lunar spectra are dominated
by thermal emission at wavelengths longer than 3.5 um. This makes it possible to directly
compare brightness temperatures and emittances derived from radiometrically calibrated
MAIJIS spectra with models of the temperature of the lunar surface as a function of solar
incidence. These results are presented in Tosi et al., 2026. MAJIS observations of the thermal
emission from the Moon had a very high SNR (up to 450) as the signal was close to saturation,

even reaching it for the hottest surface elements over part of the spectral range.

In terms of radiometry, the main conclusion of this article is that the MAJIS lunar surface
temperatures, as derived from three independent model derivations, are both self-consistent and
in agreement within +/-10 K with temperatures measured by a thermal mapper on-board LRO
and a model of lunar surface temperatures as a function of solar incidence. This indicates that
the post-launch radiometric calibration of the IR channel as presented in sect. 3.2.3 cannot be
off by more than a few % at long wavelengths (4 to 5.57 pm), in line with the conclusions of

the comparisons of MAIJIS data with IASI data for Earth observations.
5 Conclusion

The Earth and Moon flybys of August 2024 provided a very useful set of data for consolidating
the spectral and radiometric calibration of MAJIS. The observations of the internal calibration
unit (ICU) performed immediately after launch showed that there were significant changes in
the response of the instrument, in particular a small spectral shift (3.8 nm for the VISNIR
channel, 5.4 nm for the IR channel) reported in Haffoud et al., 2024 and a spatial shift by 4
HIRG pixels (2 MAJIS pixels) to the right for the VISNIR channel, by 3 HIRG pixels (1.5
MAUIJIS pixels) to the left for the IR channel. As shown in sect. 2.1, the spatial profile of the
ICU signal changed after launch, with more signal on the right of the FOV and less signal to
the left of the FOV. The ICU observations also revealed a significant aliphatic contamination
of the left part of the IR detector, with a decrease by up to 37% of the response for a narrow
spectral range (~ 3.4 pm) corresponding to the C-H sp® stretch. There was no evidence for a
significant evolution of the spectral and radiometric response of MAJIS from commissioning
(early June 2023) and the latest check-out (March 2025). No further evolution is expected until
Jupiter Orbit Insertion (July 2031) as the closest approach of JUICE to the Sun (0.64 AU,

corresponding to the most severe thermal stress) occurred in January 2025.
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The Earth observations were the main data set of interest for the absolute spectral calibration
of MAIJIS, as the Earth atmosphere presents narrow absorption lines over most of the spectral
ranges covered by the VISNIR channel (0.5 — 2.35 um) and the IR channel (2.28 — 5.56 um).
The results of sect. 2 showed that the spectral shift reported by Haffoud et al. (2024) applied to
the whole VISNIR channel within 1 nm (to be compared to a sampling of 3.4 nm), confirming
the absolute spectral calibration as updated from ground calibration with a constant shift of 3.8
nm. For the IR channel, the Earth observations confirmed the absolute spectral calibration as
updated from ground calibration with a constant shift of 5.4 nm for wavelengths ranging from
2.28 um to 3.5 um. These analyses provided a reliable absolute spectral calibration for
wavelengths larger than 3.5 um, which were in part model dependent for ground calibration
due to set-up limitations. In the IR, evaluations of the spectral FWHM from atmospheric
absorption lines were also consistent with ground calibration. The absolute spectral calibration
of the IR channel has been updated on this basis. It can be considered as quite reliable from
comparisons with models and spectra obtained by other instruments (sect. 2 and sect. 4) and it
has been incorporated in the MAJIS data pipeline. New versions of the already acquired MAJIS
radiance cubes have been prepared and the updated spectral calibration will be used for

forthcoming data sets.

As discussed in sect. 3, the radiometric response has been updated primarily on the basis of the
evolution of the ICU signal, which can be attributed to a change in the geometric relationship
between the ICU sources (lamp and black body) and the scattering screen, combined with the
spatial and the spectral shifts relevant for each detector. This analysis resulted in updated 2D
ITF response maps for both the VISNIR and IR channel. MAJIS observed the Moon and the
Earth in a very specific configuration, with a phase angle always close to 90° and a wide range
of emergences and solar incidences This makes comparisons with other instruments in part
model dependent, and caution is needed for the Earth due to the evolution of the cloud cover
and the “glint effect” (when the solar incidence and emergence are both close to 45°). However,
the MAJIS radiances as derived from the updated ITF are overall in line with that of other

instruments, in particular with IASI (see Guerlet et al., 2026).

With its blue spectral slope from 0.5 to 3.5 um and its deep H>O absorption bands, the Earth is
more representative of the spectral characteristics of Jupiter and icy satellites than the Moon.
This reduces the relative contribution of the VISNIR straylight, up to 15% of the total signal at
wavelengths shorter than 1.3 pm. This level of contribution is significant for radiometry and it

will need to be carefully assessed, but the MAJIS Earth spectra show that there will be a
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relatively minor impact on the capability of MAIJIS for identifying spectral signatures. The
results obtained by MAIJIS during the Earth flyby with a very short integration time (11 ms)
confirm the excellent MAJIS performances to be expected in the Jupiter system in terms of
operability and SNR with much smaller solar fluxes but longer integration times and colder

operating temperatures for the IR detector.

The ICU signal will continue to be monitored during cruise, and two additional flybys of the
Earth-Moon system (E2, September 2026, E3, January 2029) will provide additional checks

of the MAIJIS performances. A final adjustment of the spectral and radiometric response will
be performed if needed on the basis of the first resolved data of Jupiter and icy moons during

approach in 2031.

Appendix A
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Figure Al. The spectral residuals from the joint retrievals of the spectral residuals and FWHM
in the 4 spectral ranges detailed in the main text are presented as black squares, along with their
lo-uncertainties, for the 26 positions along the MAIJIS slit indicated in nominal pixels on top
of each panel (see also Table 1). Error bars along the wavelengths dimension indicate the width
of the spectral interval over which the retrievals have been performed. These retrievals are
compared with the estimation of the spectral residuals using the entire MAJIS IR channel

presented in sect. 2.1.1 and in Figure 4 (red curve with 1c-uncertainty envelop).
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Figure A2. Same as Figure Al but for the FWHM estimation from the joint retrievals of the
spectral residual and FWHM. The blue line shows the reference FWHM in the IR channel (a
constant 6.8 nm value in the case of nominal pixels) as recommended by Haffoud et al. (2024)

from on-ground calibration measurements.

Data availability. MAIJIS calibrated data acquired during the JUICE Moon—Earth flyby in
August 2024 are available through the following Guest Storage Facility: European Space
Agency, 2026, ESA-JUICE _LEGA-Special-Issue v1.0, https://doi.org/10.57780/esa-2bb387d
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