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Abstract. The Lunar-Earth Gravitational Assist (LEGA) of
19–20 August 2024 marked the first in-flight opportunity
beyond functional checks to perform MAJIS (Moons and
Jupiter Imaging Spectrometer) observations on-board the
ESA’s Jupiter Icy Moons Explorer (JUICE) spacecraft. This
unique double flyby involved sequential close approaches to
the Moon and Earth, offering an unprecedented configuration
to evaluate MAJIS under high radiance, rapidly changing ge-
ometric, and operationally constrained conditions. A total of
24 hyperspectral image cubes were acquired (5 targeting the
Moon and 19 the Earth) providing a dataset of approximately
7.5 Gbit. This work presents the primary goal of this obser-
vation campaign, which was to verify key aspects of MAJIS
performance, including radiometric and spectral calibration,
straylight behavior, geometric alignment, the use of onboard
browse products, and interference tests with other JUICE in-
struments. This event also enabled assessment of thermal be-
havior and susceptibility to electromagnetic interference, and
provided a first operational benchmark for MAJIS and a ba-
sis for refining future observation strategies and data analy-
ses during JUICE’s cruise and science phases. In addition,
despite limited spatial and temporal coverage of the observa-
tions, the analyses presented here and in a series of compan-
ion papers of the special issue “The first-ever lunar-Earth
flyby: a unique test environment for JUICE” demonstrated
the instrument’s ability to characterize mineralogical features
on the Moon and atmospheric constituents on Earth. Obser-
vations include detection of mafic minerals (some associated
to fresh excavated materials), thermal emission, and emis-
sivity variations on the Moon at spatial scale of 100–200 m.
Characterization of atmospheric absorption features, thermal
brightness, icy cloud properties are captured for the Earth
at km-scale and briefly discussed in the framework of the
atmospheric biosignatures relevant to exoplanet habitability
studies. Near-coincident acquisitions with other JUICE in-
struments and Earth-orbiting spectrometers provided valu-
able inter-calibration and cross-validation opportunities.

1 Introduction

The JUICE (JUpiter ICy moons Explorer) spacecraft was
launched from Kourou on 14 April 2023 near the optimum
moment within the launch window (Boutonnet et al., 2024).
During its long cruise to the Jupiter system, several plane-
tary gravitational assists are planned. The first one was the
combined Lunar–Earth gravity assist (LEGA), which marked
the first time a space mission executed a gravity assist se-
quence involving both the Moon and the Earth (Boutonnet et
al., 2024). This occurred during the closest approach (C/A)
to the Moon at 23:15 UTC on 19 August, at a distance of
750 km, and to the Earth at 23:56 UTC the following day,
20 August 2024, at a distance of 6840 km. The short time in-

terval between the closest approaches to the Moon and Earth
prevented any correction of the trajectory in between.

The observations of MAJIS (Moons And Jupiter Imag-
ing Spectrometer) acquired during these two flybys provided
a unique first insight into the instrument performance un-
der operating conditions. The JUICE special issue of AN-
GEO contains seven MAJIS companion papers that present
analyses of the dataset collected by this instrument during
the LEGA. In addition to its importance for calibration and
performance verification, the dataset also enables interesting
scientific investigations of the surface of the Moon and the
atmosphere of the Earth at high spatial resolution, and pro-
vides context for potential science at Jupiter. Exciting com-
parisons with data near-simultaneously collected by several
space-based Earth observation instruments were also planned
for this occasion and successfully carried out.

The series of MAJIS paper starts with two papers focused
on the calibration and performance of the instrument. The
first work by Langevin et al. (2026) presents the radiomet-
ric and spectral performance of the instrument and its post-
launch evolution. A comparison of the MAJIS data on the
Earth and the Moon with other datasets is presented for ra-
diometric and spectral cross-comparison purposes. The sec-
ond paper by Seignovert et al. (2026) tackles the calcula-
tion of the geometric calibration of MAJIS to verify the
pointing of MAJIS boresight w.r.t. the spacecraft axes and
the other remote sensing instruments and detect any launch-
induced misalignments. In this respect, a comparison with
the JANUS (Jovis Amorum ac Natorum Undique Scruta-
tor) camera (Palumbo et al., 2025) and terrestrial features
(clouds and lands) mapped by Earth observation satellite is
shown. Three articles present the analysis of the rich dataset
collected during the Earth GA (EGA) with a focus on the
gaseous composition of a habitable planet (this work; Guer-
let et al., 2026) and the water ice cloud properties (Oliva et
al., 2026). Taking advantage of the wide spectral range of
MAJIS, combined with its spatial capabilities, the retrieval
of physical parameters through radiative transfer modeling
is successfully applied, providing spatial characterization of
icy cloud structures and gravity waves. Several emissions
in the visible range were observed in one of the MAJIS
data cubes. The identification and the interpretation of these
unique spectral features, considered to be the first spectro-
scopic detection of terrestrial lightning from space, are re-
ported in D’Aversa et al. (2026). Two additional papers are
devoted to the data acquired during the Lunar GA (LGA).
Despite the limited coverage of the lunar surface, the first
paper explores the mafic mineralogy of the targeted regions
(Zambon et al., 2026), while the second is focused on the
thermal range of MAJIS (> 3 µm) that can be used to derive
the temperature on the dayside of the Moon together with the
emissivity (Tosi et al., 2026).

The dataset and the techniques used for data processing
in this series of papers are described in Sect. 2. We then
present an overview of the instrument performance in Sect. 3
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and data analyses illustrated by a selection of scientific re-
sults on lunar mineralogy (Sect. 4) and Earth’s atmosphere
(Sect. 5), which complement the scientific results presented
in the companion papers.

2 Datasets description and processing

2.1 MAJIS instrument

MAJIS is one of the four remote sensing instruments in-
cluded in the JUICE payload. Together, this suite conducts
observations from the ultraviolet to millimeter wavelengths
to characterize the geology, surface composition, and exo-
spheres of the Jovian satellites, as well as Jupiter’s atmo-
sphere, with high spatial and spectral resolution. The scien-
tific objectives and core specifications of MAJIS are detailed
in Poulet et al. (2024b). Here, we briefly describe the instru-
ment, highlighting specific instrumental characteristics that
were relevant to or validated thanks to the LEGA dataset, and
refer the reader to Poulet et al. (2024b) for a comprehensive
overview of its technical design and science goals.

The spectral range is covered by two channels: the VIS-
NIR (Visible and Near-Infrared) channel (0.5–2.35 µm) and
the IR (Infrared) channel (2.28–5.56 µm). The spectral sam-
pling is about 3.6 nm per band and 6.5 nm per band for the
VISNIR and IR channels, respectively. MAJIS is a cryogenic
instrument that requires the optics and VISNIR detector to
operate at temperatures below ∼ 135 K, and the IR detector
below ∼ 95 K. This is achieved via a passive cooling system
that uses two dedicated radiators: one cools the entire opti-
cal head (OH), while the other is connected directly to the IR
detector via a thermal strap.

Teledyne H1RG detectors were selected for the two fo-
cal plane arrays (FPAs), each optimized for a different wave-
length cutoff. These detectors feature a resolution of 1024×
1024 pixels with an 18 µm pixel pitch (hereafter referred as to
pixel18 µm). The effective photon collection area covers 800
lines of 1016 pixels. A 2× binning is applied in the spatial
direction, yielding an instantaneous field of view (IFOV) of
150 µrad (corresponding to an effective pixel size of 36 µm)
and a total field of view (FOV) of 60 mrad corresponding
to 400 IFOVs along the Xsc axis. A windowing mode al-
lows tunable readout from 400 to 32 binned pixels by step
of 16. Windowing will be particularly useful when the tar-
get (such as an icy satellite, Io, or Jupiter) occupies only part
of the FOV, or in specific observation geometries, including
exosphere studies near the limb and stellar occultations. In
addition to optimizing spatial coverage, windowing enables
significantly shorter integration times within a single frame
of a given data cube by reducing the conversion and transfer
of data from the detector electronics to the proximity elec-
tronics. During the LEGA observations, this capability was
critical for mitigating saturation effects caused by the high
radiance of targets such as the Moon and Earth (Sect. 2.2)

compared to that of Jupiter or its moons. In the spectral di-
mension, the nominal operating mode also includes a 2× bin-
ning in the spectral direction, providing 508 spectral samples.
This nominal mode was selected during the LEGA observa-
tion (Sect. 2.2).

In addition to the windowing functionality described
above, the electronics can initiate detector readout from a
configurable starting row, independently for the VISNIR and
IR channels. This feature was originally designed to com-
pensate for a potential spatial offset between the two chan-
nels along the slit direction (Filacchione et al., 2024). It also
enables the acquisition of out-of-FOV pixels for calibration
and straylight assessment (Langevin et al., 2024, 2026). This
capability was also employed during the LEGA observations
(Table 1).

MAJIS can operate in push-broom mode, scanning mode,
and motion compensation mode, depending on the scientific
objectives and target characteristics. Optimum spatial sam-
pling is achieved when the MAJIS line-of-sight (LOS) drifts
by exactly one IFOV during one frame acquisition: in this
configuration, the along-track spacing between lines matches
the across-track spacing between data elements (binned pix-
els or samples). When JUICE points to the target, the across-
slit FOV is built by acquiring successive frames either by
actuating the scan mirror (within ± 2° limits corresponding
to±4° on the LOS) or by taking advantage of the slew of the
spacecraft.

During a nominal observation, so-called “browse” data
products can be requested by telecommand (TC) to the in-
strument’s on-board main electronics (Poulet et al., 2024b).
Each browse product contains a maximum of 32 wavelengths
(out of the nominal 508 spectral channels) selected for their
relevance to the science goals of the target being observed
(Ganymede, Europa, Jupiter. . . ). The general purpose of this
MAJIS capability is to mitigate the mission’s data volume
constraints during the nominal science phase. A lower spatial
resolution and a more effective compression scheme com-
pared to the nominal dataset can also be selected so as to
meet a 3 % data volume allocation (Poulet et al., 2024b).
The low data volume browse cubes are planned to be down-
loaded within a few days using the X-band link, so that each
of these quick-look products will help assess the relevance
of the observation and determine whether the full spectral
resolution data cube (“science data”) should be downloaded
using the Ka-band link. As an example, this makes it possi-
ble for MAJIS to perform more observations during the low
orbital phase around Ganymede than can be accommodated
in the MAJIS data volume allocation, selecting for downlink
those with the highest science ranking on the basis of their
browse dataset. The LEGA observations offered the first op-
portunity to test this on-board data processing functionality
in-flight using an external source, with one browse product
acquired for each observation and each channel (Sect. 3.3).

The instrument was calibrated during a dedicated cam-
paign at instrument level using various calibration sources
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and subsequently verified during the initial payload check-
outs with the internal calibration unit (Langevin et al., 2024,
2026). The results were found to be highly consistent with
radiometric, spectral, and geometrical performance models
(Poulet et al., 2024a; Haffoud et al., 2024; Langevin et al.,
2024; Royer et al., 2025). As briefly noted in the introduc-
tion, the LEGA offered a unique opportunity for post-launch
calibration verification using external sources, aimed at val-
idating and monitoring in-flight the results obtained during
ground calibration and early checkouts. During the radiomet-
ric calibration of the VISNIR channel, straylight was identi-
fied across wavelengths from 0.5 to 1.4 µm. Observations us-
ing sources with the Sun black body temperature (∼ 5800 K)
were not available during ground calibration. These are es-
sential to confirm that the legitimate signal contribution sig-
nificantly exceeds straylight contamination, in contrast to
ground tests conducted with sources at lower black body tem-
peratures (350–2800 K). One of the main objectives of the
LEGA was thus to investigate straylight behavior using re-
solved observations of the Moon and Earth, illuminated by
sunlight.

2.2 Operational constraints

Observational planning accounted for various operational
constraints, including encounter geometry, fixed attitude and
rapid motion of the spacecraft, data volume limitations, inter-
instrument interference, target brightness, and the instru-
ment’s capabilities. The main constraints and the correspond-
ing mitigation strategies are reviewed below.

In hot conditions (corresponding to spacecraft-to-Sun dis-
tance< 1.34 AU for the JUICE cruise), the spacecraft is con-
tinuously protected from high solar flux and elevated temper-
atures, by orienting the high gain antenna towards the Sun.
This configuration was maintained throughout the LEGA
window, thus preventing true nadir pointing, which would
have been more optimal for remote sensing instruments like
MAJIS. Consequently, the actual observation window was
only open for a short period, only when the Zsc (boresight
of MAJIS) crossed the target surface (Fig. 1). The closest
approach (C/A) distances were 750 km for the Moon and
6840 km for the Earth. Both C/As occurred near the termi-
nator, with a transition from night to day for both targets,
and a phase angle of approximately 90°, decreasing along
the observation path (Fig. 2).

Integration times of a single MAJIS frame during LEGA
were primarily set to 11 ms, with a few cases at 22 and
70 ms (Table 1). As a comparison, nominal MAJIS integra-
tion times at Jupiter will reach 800 ms or more for long dwell
observations (e.g., during the 5000 km Ganymede orbit or for
exospheres) and 100 ms for short dwell cases (e.g., high res-
olution observations of icy moons). High flux levels can lead
to detector saturation in less than 200 ms, particularly when
observing icy moons in the VISNIR or hot spots on Jupiter
in the IR. The much shorter exposure times during LEGA

were also necessary to prevent saturation, as MAJIS was de-
signed for radiance levels of targets with low to bright albedo
located at 5 AU. This was successful, in particular for EGA
cubes obtained at relatively high incidence (65° for C10) with
signal levels ranging up to 60 % of the full well capacity.
The last two observations of the lunar surface reach satura-
tion even in 11 ms at long wavelengths as the surface tem-
peratures (up to 380 K) are much higher than that of Earth’s
clouds or oceans.

As introduced in Sect. 2, these short integration times can
be achieved by reducing the instrument FOV to 64 or 128
samples (compared to the nominal 400 samples) for most ac-
quisitions (Table 1), and by using the 1 MHz readout mode.
This readout mode was specifically developed for MAJIS
to read out the full projected MAJIS FOV (400 IFOVs) in
less than 100 ms. This is required for short dwell times or
high collection rates (Jupiter and icy satellites in the VISNIR
range and Jupiter hot spots in the IR range) where rapid read-
out of the detector is essential to avoid saturation (Langevin
et al., 2022) as stated above.

For all MAJIS observations, a dark signal acquisition must
be available with the same operating parameters (FOV, in-
tegration time, spatial binning, spectral mask, frame bin-
ning. . . ) before and after the observation. The dark signal is
determined by closing a shutter and then averaging 9 frames.
For the LEGA operations, the dark acquisition strategy was
robust, with dark measurements requested both before and
after each observation (except for C2 of the LGA, where only
a pre-observation dark was performed in order to minimize
the overhead during the very short lunar flyby). This enables
testing the critical dark subtraction procedure (Sect. 2.3.1).

Straylight effects were identified in the VISNIR channel
during on-ground calibration, with implications for radio-
metric calibration of this channel (Langevin et al., 2024). The
straylight signal extends beyond the edge of the FOV, defined
by the starting pixel18 µm 100 and 88 for the VISNIR and IR
channels respectively. It exhibits spectral shapes similar to
those of adjacent in-FOV pixels, though with slightly lower
intensity. To assess this VISNIR straylight component, one
LGA observation and 2 EGA observations were configured
such that the FOV window, defined by the first or last pixels,
included out-of-FOV pixels (Table 1). This approach enables
straylight correction and evaluation of its impact on the legit-
imate signal (Langevin et al., 2026; Sects. 2.3.1 and 3.4).

During the first payload checkout, a dedicated test cam-
paign was conducted to evaluate potential interferences from
the RIME (Radar for Icy Moons Exploration) instrument on
MAJIS. While RIME passive mode operation showed no im-
pact on MAJIS data quality, interference tests revealed that
the MAJIS infrared channel experiences perturbations when
RIME emitter modes are activated, for both tested band-
widths (1 and 2.8 MHz; see Sect. 3.5). A complementary test
using an external interference source was recommended to
further characterize the impact under different configurations
and to validate the joint performance of MAJIS and RIME
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Figure 1. Angle between JUICE boresight (+Zsc) and the Sun, Moon and Earth during the Earth/Moon encounter as a function of time
(month–day–hour). Vertical grey lines indicate the time window during which the MAJIS boresight intersected the surface of the target. Due
to thermal constraints, the Sun-pointed steady-state attitude (−Xsc towards the Sun) was maintained throughout the sequence, as shown by
the orange line. A close-up on the C/A phases is provided in Fig. 2.

during coordinated science operations onboard JUICE. In
this context, the Moon flyby, with a C/A distance below
1000 km (the maximum range at which RIME can operate)
offered a unique opportunity to perform this test. RIME was
operated in both passive and emitter modes during the MA-
JIS observation window, and the acquired signals were rep-
resentative of those expected during nominal FB C/A oper-
ations (e.g. the pushbroom phase of close flybys of satellite
such as the first Europa flyby “7E1” or Ganymede circular
500 km orbit phase).

Lastly, it is important to report that a dry run of the LEGA
operations was successfully performed in July 2024 to val-
idate the full sequence of instrument operations, including
those involving MAJIS.

During the LEGA, MAJIS ultimately acquired 5 and 19
hyperspectral cubes of the Moon and Earth, respectively, for
a total data volume of∼ 7.5 Gbit. Only the first cube of LGA
was acquired during a spacecraft slew; all subsequent cubes
were obtained using the scan mirror. Lossless compression
without despiking, corresponding to the (N, M, K) parameter
set (1, 1, 0) as defined in Langevin et al. (2020), was applied
to all cubes. Spatial resolution ranges roughly from 130 to
300 m for the Moon, and from 1 to 3 km for Earth observa-
tions.

2.3 Footprints and illumination conditions

The four MAJIS image cubes targeting the lunar surface are
concentrated along the equatorial band, with longitudes rang-
ing approximately from 90 to 20° E (Fig. 3). Although spa-
tial coverage is limited, the cubes encompass a variety of

lunar terrains, including cratered highlands, low-albedo vol-
canic Mare Fecunditatis and southern portion of Mare Tran-
quillitatis, as well as impact structures such as the 137 km-
diameter Langrenus crater, located on the eastern margin of
Mare Fecunditatis. Owing to the spatial resolution of MAJIS,
spectral analysis of small-scale features such as km-sized
craters and ray systems is achievable (Zambon et al., 2026).
The first cube crosses the terminator, providing ideal condi-
tions for geometric calibration, as shadows cast by craters
and other geological features are elongated, enhancing the
visibility of these features in the image (Seignovert et al.,
2026). In addition, the wide range of solar incidence angles
enables investigation of the temperature profile from the ter-
minator in C1 to the dayside covered by the three other cubes
(Tosi et al., 2026).

MAJIS imaged the Earth over a 25 min interval near the
closest approach of 6840 km, acquiring spectra across 1016
spectels (spectral elements). The observation sequence began
on the nightside, inbound over the southern Bay of Bengal,
then concluded on the dayside in the middle of the Pacific
Ocean very close to the Hawaiian Islands (Fig. 4). MAJIS
obtained four nightside observations, with the first two cap-
turing land surfaces. One observation crossed the termina-
tor between Taiwan and the Philippines, followed by a series
of cubes over the Pacific Ocean under tangent illumination.
Later morning observations of tropical convective clouds re-
veal elongated shadows, enabling cloud-top altitude retrieval
based on shadow geometry projected onto the ocean surface
(Sect. 5.3). The pointing of Pacific ocean observations is lim-
ited to ocean and clouds, even if some small islands are in
principle covered by the swath of some cubes. However, due
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Figure 2. Timeline of the MAJIS sequences for the Moon F/B (top) and the Earth F/B. The green lines represent to the slots of the MAJIS
cube acquisitions. During the Moon flyby, due to operational constraints of the RIME instrument, MAJIS was switched on several minutes
before the start of the first frame acquisition and was then kept in the so-called service mode, an instrumental stable mode that is ready to
switch to science mode.

to the illumination conditions and to the presence of clouds,
it is very difficult to identify their signal in the data. Three
observations over the ocean were acquired with long integra-
tion times to estimate in-band trace signatures. The last two
observations were acquired in limb geometry (MAJIS slit in
a tangent orientation wrt limb) for straylight assessment.

2.3.1 MAJIS data processing

The procedure for converting raw signal cubes into radi-
ance cubes is described in Section IV.B of Langevin et
al. (2024). All LEGA data have been acquired with short
integration times (requiring 1 MHz readout that will be the
primary mode used during the Jupiter science phase), and
no despiking or reversible compression has been applied
(Sect. 2.2). The first three steps are identical for both the
VISNIR and IR channels: (1) decompression; (2) de-spiking
recovery (skipped for the LEGA data); (3) restoration of the
raw values as acquired, by adding back the “before” dark sig-
nal which has been subtracted during on-board processing.
During step 4 (linearity correction), a table of linearity co-
efficients specific to each channel and to the 1 MHz readout
mode is applied. Step 5 defines the procedure for dark sig-
nal subtraction, which will be discussed in more detail in the

companion paper of Langevin et al. (2026). For the VISNIR
channel, the dark signal is dominated by a straylight contri-
bution which is observed even when the shutter is closed,
so that the safest approach consists in interpolating the dark
signal on the basis of the dark acquisitions before and after
the observation and the local on-board time (LOBT) of each
frame acquisition. For the IR channel data, the dark signal
is dominated by the dark current of the detector, so that the
interpolation of the dark acquisitions before and after the ob-
servation is based on the IR FPA temperature for each frame
acquisition as derived from a PT-1000 thermal sensor. The
final step consists in applying the 2D Instrument Transfer
Function (ITF), expressed in digital numbers (DN) per unit
of radiance, to each frame of a given observation so as to de-
rive the calibrated radiance for each data element of a cube.
It is important to note that minor changes of the instrument
response have been identified after launch, so that the ITF de-
rived from ground calibration has been adjusted on the basis
of the post-launch calibration and LEGA datasets (Langevin
et al., 2026). A straylight mitigation procedure has been also
applied on VISNIR channel data for the 3 cubes (#4 of LGA,
#15 and #17 of EGA) for which the acquisition was extended
beyond the edge of the FOV (Sect. 3.4). Finally, despite the
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Figure 3. Footprints of four cubes (C1 to C4) acquired during the LGA, which intersects the lunar surface. Color code of each track over the
global LRO-WAC (LROC Wide Angle Camera) mosaic corresponds to the variation of the radiance at 5.5 µm. White rectangles have been
plotted to outline each track. Ranges of incidence, emission, and phase angles are shown for each cube.

Figure 4. Footprints of the cubes (C1 to C17) acquired during the EGA, with corresponding local times shown, over the Blue Marble Next
Generation mosaic from Moderate Resolution Imaging Spectroradiometer.

shorter acquisition time used during the observations, detec-
tor saturation still occurred at high flux levels associated with
scenes of the warm daytime lunar surface or icy clouds in the
Earth’s atmosphere. A specific mask was therefore defined
for some observations to flag saturated pixels, using the fol-
lowing criteria: raw DN values greater than 20 000 and ap-
proximately 11 000 for the VISNIR and IR channels, respec-
tively.

2.4 Near-coincident data from other instruments

One of the primary objectives of the LEGA campaign was to
compare MAJIS data with contemporaneous datasets from
other instruments. The relevant datasets are presented below.

Ann. Geophys., 44, 163–193, 2026 https://doi.org/10.5194/angeo-44-163-2026



F. Poulet et al.: ESA/JUICE encounters Earth/Moon in 2024 171

2.4.1 JUICE instruments

JANUS imaged the Moon and the Earth during the same time
intervals as MAJIS (Hueso et al., 2026). During the LEGA
flyby, the JANUS camera acquired high-resolution imagery
with a spatial resolution of up to ∼ 20 m per pixel (A. Luc-
chetti, personal communication, 2025; Hueso et al., 2026).
Figure 5 shows the footprints of four MAJIS swaths overlaid
with the JANUS FOV track in green. The overlaps enable
a comparison between the two imagers and support the ge-
ometric calibration of MAJIS with respect to JANUS. This
comparison is discussed by Seignovert et al. (2026).

As noted in Sect. 2.2, RIME was activated during the
LEGA in both passive and active modes during the MAJIS
acquisition window, allowing the quantification of interfer-
ence impacts on MAJIS images. This topic is addressed in
Sect. 3.5.2. In addition, the Submillimeter Wave Instrument
(SWI) also performed simultaneous observations. A compar-
ison of the two datasets is shown in Sect. 4.2.

2.4.2 Earth-observing instruments

Several imaging spectrometers currently in terrestrial orbit
are dedicated to tropospheric remote sensing of the Earth.
Some of these instruments routinely provide spectral and ge-
olocated data comparable to those acquired by MAJIS, al-
though at different spatial and spectral resolutions and sensi-
tivities. Tentative coordination with selected Earth-observing
instruments was undertaken during the LEGA planning
phase, resulting in near-coincident observations with MA-
JIS. Specifically, relevant observations have been acquired
by the Environmental Mapping and Analysis Program (En-
MAP) imaging spectrometer (Sang et al., 2019; Chabrillat et
al., 2024), the Infrared Atmospheric Sounding Interferome-
ter (IASI) (Blumstein et al., 2004), the PRISMA (PRecursore
IperSpettrale della Missione Applicativa) imaging spectrom-
eter (Galeazzi et al., 2009), and the Tropospheric Monitor-
ing Instrument (TROPOMI) (Veefkind et al., 2012). All of
these instruments partially overlap with the MAJIS spectral
range (Fig. 6). On a comparative scale and beyond changes
in localized cloud boundaries, the datasets of Earth observ-
ing instruments are sufficiently close in time (less than in a
few hours) and space (same location) to be considered near-
coincident. Below, we briefly describe these instruments and
their datasets.

EnMAP, the first hyperspectral imager developed and built
in Germany, includes two spectrometers covering the 418
and 2445 nm wavelength range with 224 spectral bands. Op-
erating in a sun-synchronous orbit at approximately 650 km
altitude, it provides data cubes with a swath width of 30 km
and a spatial resolution of 30 m× 30 m. Six observations
were planned by the EnMAP team near the LEGA event,
matching the MAJIS footprints as closely as possible (Ta-
ble 2).

IASI is a Fourier Transform Spectrometer onboard the
MetOp-B and -C satellites, developed by the French space
agency CNES (Phulpin et al., 2007). It covers the 3.63–
15.5 µm range with a spectral resolution of ∼ 0.25 cm−1, ap-
proximately 10 to 20 times higher than that of MAJIS. With a
nadir spatial resolution of 12 km and a swath width of 50 km,
IASI enables high-precision atmospheric profiling. This in-
strument is considered to offer excellent radiometric stability
and accuracy in retrieving atmospheric temperature, humid-
ity, and gas concentrations (Blumstein et al., 2004). IASI data
are available near the MAJIS cubes #8–16 acquired over the
Pacific Ocean during EGA (Table 1). Co-location filtering
was applied to optimize data overlap between the two instru-
ments (Guerlet et al., 2026).

PRISMA, developed by the Italian Space Agency and
launched in 2019, is a satellite that combines a hyperspec-
tral sensor (400–2500 nm, 239 bands, ∼ 12 nm sampling)
with a panchromatic camera (5 m resolution). The hyperspec-
tral imager delivers data at 30 m spatial resolution across a
30 km swath, facilitating the mapping of surface chemical
and physical properties. Although no temporal coincidence
with MAJIS observations was possible due to orbital con-
straints, PRISMA acquisitions were scheduled to be as close
as feasible to the JUICE EGA sequences (Oliva et al., 2026).

The TROPOspheric Monitoring Instrument (TROPOMI)
instrument is a pushbroom hyperspectral imaging spectrom-
eter aboard the Sentinel-5 Precursor satellite. It measures
solar backscattered radiation across the UV, visible, near-
infrared, and shortwave infrared (270–2385 nm) spectral
ranges. TROPOMI has potentially 5 very narrow bands that
could potentially be used for spectral inter-comparisons with
MAJIS, but only NIR bands 5–6 (675–775 nm with 0.25 nm
spectral resolution) and SWIR bands 7–8 (2.305–2.385 with
spectral resolution 0.55 nm) are considered for comparison
with MAJIS. With a spatial resolution of 7×3.5 km2 at nadir
(lower than MAJIS observation), it provides daily global
coverage at a local overpass time of 13:30 for key atmo-
spheric trace gases and aerosols with higher spectral reso-
lution than MAJIS. This difference in spatial and spectral
resolution, and the lack of contemporaneous overlap, makes
cross-comparison challenging. Nevertheless, TROPOMI can
provide spatial context to the MAJIS scans, and validation of
radiometric and spectral calibration (Langevin et al., 2026).

3 Performance

3.1 SNR and implication for the science phase

We assess the MAJIS performances in terms of SNR from
the EGA cubes. As shown in Fig. 7, the radiances measured
by MAJIS on clouds and the Pacific Ocean at high incidence
present many similarities with that expected in the Jupiter
system. Significant absorption bands from gases and ices re-
duce the spectral radiance (or albedo/reflectivity) compared
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Figure 5. Overlap between MAJIS footprints (orange boxes) and JANUS track (green footprints) and NacCam FOV (blue boxes) during
the LGA (top) and EGA (bottom, with Blue Marble Next Generation mosaic from Moderate Resolution Imaging Spectroradiometer in
background). During LGA, C1 (Fig. 3) was fully covered by JANUS image, while C2 to C4 were acquired using the scan mechanism
allowing for cross-comparison over a portion of the JANUS FOV.

Figure 6. Comparison of the MAJIS spectral range (in red) with the spectral ranges of Earth-observing instruments used in the analysis of
the MAJIS EGA data.

to the solar reflectance spectrum: H2O (gas/ice/water) and
CO2 gas for the Earth, H2O ice for icy satellites, CH4 gas for
Jupiter. For the Earth and Jupiter’s infrared hotspots (gaps in
the overlying clouds), the radiance is dominated by the ther-
mal contribution for wavelengths larger than 4.5 µm (this is
not the case for icy satellites, with much colder surfaces). It
is interesting to note that the albedo of Jupiter (∼ 0.65) and
icy satellites (∼ 0.65 to 0.75) in the visible range is similar to
that of Earth clouds (up to 0.9), so that the radiances expected

at low phase angles in the VISNIR range for Jupiter and icy
satellites are typically a factor of 10 lower than the radiance
observed for Earth clouds for an incidence of 65° (multiplied
by 2.5 due to the cosine of the incidence and divided by 25
for the reduction of the solar radiance at 5 AU). The cloud-
free ocean is much darker than clouds at short wavelengths,
but it is hotter so that the signal at long wavelengths is larger.
It is also interesting to note that for the Earth as well as for
Jupiter and icy satellites there is a very large dynamic range
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Table 2. List of the EnMAP observations coordinated with MAJIS team during the EGA.

Coverage Latitude Longitude Datatake Time difference with Swath length
area (°) (°) ID MAJIS (hour) (km)

Great Nicobar 7.084 93.865 0000088492 −40.615 360
Cambodia 11.569 105.307 0000088809 6.531 450
Ocean-1 19.879 129.280 0000088808 4.755 300
Ocean-2 23.26 163.828 0000088675 −21.428 450
Ocean-3 23.19 −175.060 0000088779 1.299 300
Big Island Hawaii 18.738 −155.774 0000088777 −5.383 360

along the spectrum, with signals reduced by factors of up to
100 in strong absorption bands.

As mentioned in Sect. 2.2, high resolution observations in
the Jupiter system will be performed with an integration time
of 100 ms, so that the SNR performance for the Earth obser-
vations at high incidence in 11 ms (with nominal spatial and
spectral sampling) is representative of what can be expected
for high resolution observations with nominal sampling dur-
ing the science phase of MAJIS.

The readout noise (RON) of the 1 MHz readout mode
at the H1RG pixel18 µm level is ∼ 30 e− (Langevin et al.,
2024). The noise (then the SNR) can be assessed for H1RG
pixel18 µm by combining the shot noise and the RON, then di-
viding it by 2 for MAJIS data element with nominal sampling
(2× 2 H1RG pixel18 µm). The results for the most relevant
EGA observation are shown in Fig. 8. The signal collected
by MAJIS data elements ranged from a few 10 e− in deep ab-
sorption bands up to 250 000 e− (clouds near 1000 nm). Fig-
ure 8 shows that, except in very deep absorption bands, the
SNR for high resolution observations in the Jupiter system
will range from good (∼ 50) to very good (∼ 100) and ex-
cellent (∼ 500) even without stacking. In the crossover range
(2280 to 2370 nm), the best SNR will be obtained with the IR
channel. It is important to note that on-board stacking will be
applied on most science data as a result of de-spiking strate-
gies (Langevin et al., 2020) or when long repetition times are
available (7.8 s for the orbit phase at an altitude of 5100 km
over Ganymede). As an example, the most frequently used
Jupiter observation mode (“disk scan”) averages 8 out of 12
independent samplings into a MAJIS data element, improv-
ing by a factor of 3 the SNR as displayed in Fig. 8 for repre-
sentative Earth spectra. This estimate is consistent with pre-
vious radiometric modeling (Poulet et al., 2024b; Royer et
al., 2025). For regional mapping of Ganymede, the SNR will
exceed 1000 over a large part of the wavelength range due to
longer integration time. Additional stacking can be consid-
ered on ground for further improving the SNR to detect very
weak signals (rings, exospheres) or absorption bands.

3.2 Impact of the compression

The very large dynamic range of signal levels for a single ac-
quisition raises a major challenge for the MAJIS data com-

pression strategy. It implements reversible compression after
shifting the DN levels to the right by 0 to 7 (Poulet et al.,
2024b). This reduces the number of bits required for coding
each value. Specifically, this procedure saves 1 bit/data per
step as long as only noise bits are shifted out of the signal
in DN. However, a shift by 1 to 7 multiplies the quantization
noise (∼ 1.2 e− for the data as acquired) by 2 to 128, so that
implementing a large shift to a relatively low signal increases
the total noise. Data compression with a single value of the
shift parameter for the full data cube would have been either
very ineffective or very penalizing for spectral ranges with
lower signal. Therefore, a specific shift can be selected by
TC for up to 16 spectral bands per channel so as to adjust
the level of shift to the signal level, maintaining the quanti-
zation noise at a lower level than the physical noise (Poulet
et al., 2024b). For the EGA, a shift of 0 (reversible compres-
sion) was applied to all spectral bands (8 per channel for the
EGA), leading to an average data volume of 6.43 bits per da-
tum after compression (already a significant reduction from
the 16 bits before compression). An optimum set of shifts, as
will be applied during the JUICE science phase, would have
reduced the data volume to 3.5 bits per datum. As shown in
the right panel of Fig. 8, the SNR (which is good to excel-
lent) is reduced by at most a factor 1.1 except in the deepest
absorption bands. This is definitely a small price to pay for
nearly doubling the number of observations which can be im-
plemented within the MAJIS data volume allocation.

3.3 Browse validation

For observations with selective downlink, two files are pro-
duced by MAJIS: a nominal data file with the full spatial and
spectral resolution, and a “browse” file. LEGA data provided
the opportunity to validate the browse production during the
LEGA by checking that the browse dataset is correctly ex-
tracted on-board from the nominal dataset, and that a more
effective compression scheme does not negatively impact the
relevance of the browse dataset for selection on the basis of
the science interest of the data. Selective downlink is not im-
plemented during cruise, so that downloading of the nominal
dataset for all 24 MAJIS observations (5 Moon, 19 Earth)
was planned. However, the selective downlink procedure has
been tested by preparing browse files for each LEGA obser-
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Figure 7. Left panel: Radiances measured by MAJIS over the Pacific Ocean with a solar incidence of 65° for a cloudy pixel (blue) and
a cloud-free pixel (red) and an integration time of 11 ms. The green line is the MODTRAN solar spectrum assuming an albedo of 0.8
throughout the spectrum. Right panel: Radiances simulated for a bright region of Europa at i = 10° (blue) and for Jupiter at i = 10° (red)
come from Royer et al. (2025) with a thermal contribution at long wavelengths corresponding to a brightness temperature of 260 K (“hot
spot”) for Jupiter. The green line is the solar spectrum, assuming an albedo of 0.75 across the spectrum.

Figure 8. Left panelL Signals in electron (e−) collected by MAJIS pixels in 11 ms for clouds and ocean (nominal sampling, 2× 2 H1RG
pixels, each with a well depth of 100 000 e− for the VISNIR channel, 50 000 e− for the IR channel). Right panel: SNR as a function of
wavelength for the two MAJIS pixels displayed in the left panel (black for clouds, blue for the ocean). The optimized MAJIS data compression
strategy discussed in the text has a very minor impact on the SNR as illustrated by the very small difference between uncompressed and
compressed data (cloud in red and ocean in magenta).

vation. The browse spectral table (which can be selected by
TC) included 52 wavelengths for this test (32 for the VISNIR
channel, 20 for the IR channel). The spatial resolution was re-
tained for the browse dataset, but a more effective compres-
sion scheme was selected, with the browse data shifted by
4 to the right before reversible compression while reversible
compression was applied to the nominal data as such.

Figure 9 (top panel) displays the DN levels of the raw
data for the decompressed nominal and browse datasets. It
shows that the browse spectels were correctly extracted from
the nominal dataset. The shift by 4 to the right before re-
versible compression reduced the data volume of the browse
file from ∼ 7.7 to ∼ 4 bits per datum, 2.8 % of the nominal
data file (reversible compression, ∼ 7 bits per datum), in line
with the 3 % target defined for the data volume allocated to
browse data. The error introduced by this shift ranges from

−7 to +8 DN. As can be seen on the top panel, this error is
small compared to a signal from 900 to 12 000 DN for all but
one of the selected browse spectels so that the ratio between
browse and nominal DN levels is close to 1 (blue line). In
the VISNIR spectral range, the last selected browse spectel
(2.309 µm) in the VISNIR spectral range had a very low sig-
nal hence the error introduced by compression is ∼ 10 %
(due to the low SNR, this spectel will not be selected in up-
dated versions of the browse spectral tables). As can be seen
in Fig. 9 (bottom panel), the browse data for the 51 remain-
ing wavelengths would have made it possible to assess the
science interest of radiance spectra from this observation of
the Moon in the selected spectral ranges.
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Figure 9. Nominal and browse datasets for one of the observations
of the Moon; top panel: DN levels along the spectrum for the nom-
inal dataset (black) and browse dataset (red) for one of the MAJIS
pixels. The blue line corresponds to the ratio between the browse
and nominal data for the 52 selected spectels out of 1016 multiplied
by 10 000 for legibility; bottom panel: radiances for the nominal
dataset (black) and the browse dataset (red); the longest wavelength
browse spectel of the VISNIR channel (2309 nm) has poor SNR (as
shown in the top panel) and it has not been displayed.

3.4 VISNIR straylight assessment

The 9 cubes extending beyond the FOV show that the rel-
ative contribution of straylight observed at short VISNIR
wavelengths is larger for LGA data than for EGA data (see
Langevin et al., 2026). This confirms that the VISNIR stray-
light photons have wavelengths in the 1.5–2.5 µm range, as
shown during calibration (Langevin et al., 2024). Due to the
strong absorption bands of H2O and CO2 at wavelengths
larger than 1 µm, Earth spectra exhibit a blue slope in the
near-IR, with higher reflectance at short wavelengths (im-
pacted by VISNIR straylight, Sect. 5.2) than in the source
region of straylight photons, while Moon spectra exhibit a
red slope in the near IR (Pieters et al., 2013).

Calibration results have shown that the spectral shape of
the VISNIR straylight exhibits only minor changes in spec-
tral shape between neighbor pixels, with a signal level slowly
increasing toward the center of the detector. This made it pos-
sible to consider a straylight mitigation approach for regions
close to the edge of the FOV by applying a coefficient to

the spectral shape observed out of the FOV. Three conditions
must be met:

1. The read-out window must extend beyond the edge of
the FOV. This was the case for 9 cubes (see Table 1):
C4 of the LGA (extending left of the FOV) and C8 for
the EGA (4 extending left of the FOV and 4 extending
right of the FOV)

2. The in-FOV spectra are not saturated

3. The straylight signal can be characterized with good
SNR when the straylight with in-FOV spectra not
reaching saturation and out-of-FOV spectra exhibiting
enough signal for evaluating this contribution straylight
with high SNR.

The C4 spectra are not saturated, and the VISNIR straylight
level is high for such a red target, hence conditions 2 and 3
are met for this observation. The VISNIR straylight level is a
factor of 10 or more lower than the total signal for EGA ob-
servations, hence conditions 2 and 3 were met only for two
observations (C15 and C17). Straylight corrected data cubes
were then determined for the 3 cubes previously cited. For
observations around Jupiter, we plan to shift by ∼ 10 pixels
left the full read-out window of MAJIS (400 pixels) so that
straylight corrected spectra are available for the leftmost pix-
els of the FOV.

3.5 RIME interference impact

3.5.1 RIME interference impact during LGA dry-run

During the LGA dry-run conducted without external signal
sources, the MAJIS instrument was tested for susceptibility
to electromagnetic interference from the RIME radar. Pre-
vious ground and in-flight tests (including the Near-Earth
Commissioning phases and initial payload checkouts) had al-
ready indicated that the MAJIS IR channel is disturbed when
RIME operates in transmitter (Tx) mode, while the passive
(Rx) mode has no observable impact. The dry-run simulated
nominal LGA science observation conditions, with both in-
struments operating simultaneously. Specifically, RIME was
in active mode (2.8 MHz bandwidth) except for a ∼ 4 min
interval during which it operated in passive mode (Fig. 10).

The data analyses confirmed very minor perturbations on
the VISNIR signal, but significant disturbances on the IR
channel when RIME Tx was enabled (Fig. 10). The noise
in cube #3, acquired during the RIME passive interval, was
dominated by quantization effects (8 DN), resulting in a read-
out noise of ∼ 15 e− (consistent with the estimate reported
by Langevin et al., 2024). In contrast, cube #1, the begin-
ning of cube #2, and the end of cube #4 exhibited spurious
spikes with amplitudes reaching 40–50 DN, corresponding to
a noise increase by a factor of ∼ 2.5. The noise distribution
in the perturbed cube #1 follows a Lorentzian profile, charac-
teristic of radiated interference. These disturbances are most
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Figure 10. (A) Time profile of the IR signal for a single pixel dur-
ing the four cubes acquired during LGA, with the RIME passive
mode time window indicated in green. (B) Noise histogram (in the
absence of an external source during LGA). Cube #3, along with
portions of cubes #2 and #4, exhibits a significantly lower noise
level compared to the perturbed cube #1.

likely due to electromagnetic coupling between the RIME
transmitter and the MAJIS IR thermal harness. In addition,
the increase in noise observed in the IR channel closely
matches that seen during the initial interference tests, indi-
cating that the perturbation is reproducible.

3.5.2 RIME interference impact during LGA

The sequence of observations run during the actual encounter
was the same as during the LGA dry-run (Sect. 3.5.1): the
first MAJIS observation acquired during LGA was conducted
while the RIME radar was transmitting (Tx mode) and the
cube consisted of 99 frames with a 70 ms integration time,
covering the full field of view (Table 1). The initial frames,
acquired before the spacecraft crossed the terminator, con-
tain no scene signal. As expected, the VISNIR channel ex-
hibited standard noise behavior, while the IR channel showed
“spiky” spatial profiles, indicative of perturbations, with ap-
proximately 10 % of the samples being significantly affected
(Fig. 11A). In subsequent frames acquired on the sunlit side
of the Moon, where signal levels reached∼ 15000 e− (∼ 1/3
of full well capacity), the total shot noise (∼ 120 e−) ex-
ceeded the interference noise (∼ 30–50 e−, Fig. 10). For low
signals (∼ 250 e− per pixel18 µm), the SNR under nominal

Figure 11. (A) Signal of the VISNIR channel in green and IR chan-
nel in red extracted from the first frame of the C1 acquired during
LGA. The noise is indicated for the 2 channels and is consistent
with the previous interference tests without signal. (B) Deviation
with the mean IR signal acquired with signal with RIME Tx activa-
tion (C2, red curve) and RIME on passive mode (C3, green curve).

spatial and spectral binning is expected to drop from 20 to
9. However, superimposed “spikes” with amplitudes ranging
from 100 to 200 e− were still present as seen on the panel (B)
of Fig. 11. These spikes degraded the SNR from the nom-
inal level to approximately 160 e−, corresponding to a loss
in performance by a factor of 1.3. This confirms that even in
high-signal conditions, RIME-induced interference can mea-
surably impact MAJIS IR data quality, and emphasizes the
importance of considering this effect in future science plan-
ning.

3.6 Thermal evolution of the instrument

Several thermal sensors are available to monitor the thermal
behavior of the instrument, which critically affects its perfor-
mance in terms of operability and dark signal level and sub-
traction procedure (Langevin et al., 2024). The LGA flyby
serves as a representative case of a typical satellite flyby
during the nominal science phase, characterized by arrival
from the nightside, a spacecraft velocity of∼ 3 km s−1 (com-
pared to ∼ 3.7 km s−1 for the first Europa flyby, “7E1” or
5.2 km s−1 for most of the Callisto flybys), and signal levels
reaching saturation. Figure 12 shows the temperature evo-
lution of the OH and the IR focal plane array over a few
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days surrounding the LEGA event. During LGA operations
that lasted about 8 min, the IR FPA temperature increased
from 88 to 88.7 K. Subsequently, a ∼ 30 K increase was ob-
served about 1 h later (with a spacecraft being at a distance of
∼ 1000 km from the Moon at this time) due to radiator illumi-
nation by the dayside lunar disk. Using Stefan-Boltzmann’s
law, this heating can be extrapolated to a ∼ 1 K increase dur-
ing 7E1, assuming subsolar temperatures of 380 K for the
Moon and 160 K for Europa. While a more refined estimate
will require dedicated thermal modeling, this preliminary
analysis is reassuring regarding the thermal stability of the
instrument during critical events such as close satellite fly-
bys. A detailed assessment of the impact of the thermal evo-
lution on the dark signal and instrument operability is pre-
sented in Langevin et al. (2026).

Cruise-phase temperature measurements also provide in-
sights into the thermal conditions anticipated for the science
phase. The temperatures recorded since the launch closely
follow a linear trend with the solar flux scaled as 1/r2, where
r is the heliocentric distance. Extrapolation to Jupiter’s dis-
tance by assuming the same spacecraft attitude yields tem-
peratures of about 82 K for the IR FPA and 129 K for the
OH. These values fall within the range predicted during the
design phase, at the lower end for the IR FPA and the higher
end for the OH (Poulet et al., 2024b).

4 Lunar surface characteristics as revealed by MAJIS

4.1 Main observables

Previous lunar hyperspectral observations by Cassini (Bel-
lucci et al., 2002) and Juno (Adriani et al., 2016) pro-
vided valuable VISNIR spectral data but were limited by
coarse spatial resolutions that restricted detailed mapping.
The Moon Mineralogy Mapper (M3) on Chandrayaan-1
(Pieters et al., 2009) provided the most impressive near-
global mineral mapping at ∼ 140 m per pixel but covered
only wavelengths< 3 µm. MAJIS mitigates these limitations
by providing sub-kilometer-scale hyperspectral reflectance
and thermal imaging capabilities, thereby addressing an ob-
servational gap. Table 3 summarizes the key metrics that can
be derived from MAJIS data, their relevance to calibration
and lunar science objectives, and the corresponding publica-
tions within the ANGEO special issue.

In the VISNIR range, MAJIS measurements capture com-
mon diagnostic absorption features near 1, 1.25, and 2 µm,
attributable to the presence of olivine, low- and high-calcium
pyroxenes, anorthosite, arising from both electronic and vi-
brational transitions. These absorption bands form as solar
radiation interacts with multiple randomly oriented mineral
grains within the uppermost mm of the regolith, produc-
ing reflectance spectra that integrate signals from all surface
particles. As lunar soils mature under space weathering, in-
dividual grains develop silicate glass coatings enriched in

Figure 12. Temperature (K) of the optical head (OH) (top) and IR
FPA (bottom) around the time of the LEGA encounter. Key events
(including the LGA and EGA phases, as well as the illumination
of the MAJIS radiators (+Xsc) by the lunar and Earth disks) are
indicated by arrows.

nanophase metallic iron (npFe°), which significantly darkens
the soils and reduces the depth of absorption features, par-
ticularly in FeO-rich mare regions (e.g., Noble et al., 2007).
Spectral indicators such as band depths and continuum slopes
can thus be used to assess soil maturity. Another distinc-
tive phase can be observed in the VISNIR range (Mustard et
al., 2011). It is characterized by a generally featureless con-
tinuum, except for a prominent reflectance maximum near
0.75 µm. In addition, it displays a broad, poorly defined ab-
sorption band near 1 µm and a very weak feature near 2 µm.
These signatures are typical of that expected for synthetic
glasses as well as some lunar pyroclastic glasses (Tompkins
and Pieters, 2010). Finally, the 3 µm spectral region enables
the detection of hydration features due to hydroxyl (OH) and
water (H2O) molecules (Pieters et al., 2009). As indicated
in Sect. 2.3, the lunar flyby was restricted to equatorial lati-
tudes, where surface hydration is known to be the lowest or
nearly absent (Li and Milliken, 2016). A detailed analysis
of the mineralogical indicators corresponding to the spectral
features discussed above is provided in the companion paper
by Zambon et al. (2026), while Langevin et al. (2026) ex-
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amines the detection limits for hydration features, leveraging
the high signal-to-noise ratio of the MAJIS data.

Lunar spectra acquired by MAJIS are influenced by ther-
mally emitted radiation beyond 2 µm. Sun visibility and scat-
tering geometry due to topography determine the observed
surface temperature. The challenge of quantifying and re-
moving the thermal contribution complicates the identifica-
tion of spectral features in the shorter wavelength range. The
importance of thermal emission has been previously recog-
nized in M3 data (e.g. Li and Milliken, 2016), where ini-
tial corrections relied on empirical approaches due to the ab-
sence of independent surface temperature measurements ac-
quired at the same local time. Despite its limited spatial cov-
erage, MAJIS data offer the opportunity to investigate ther-
mal emission across a wide range of local times, allowing
for an assessment of the accuracy of temperature retrievals
and thermal correction methods. An additional outcome of
this analysis is the derivation of surface emissivity. Tosi et
al. (2026) present a comparison of three methods for extract-
ing surface temperature, and explore the sensitivity of both
emissivity and thermally corrected spectra to the adopted re-
trieval approach.

4.2 Selected spectral observations

We refer the reader to the MAJIS papers in this special issue
for detailed analyses of the LGA dataset. Below, we present a
few representative results that illustrate the instrument’s abil-
ity to retrieve valuable spectral properties of the lunar surface
despite not being specifically designed for this purpose.

The recorded signal ranges from noise levels (as observed
in the first lines of C1, where no illumination is present) to
saturated values in some spectels, particularly in the IR, due
to thermal emission. This variability is driven by the Sun’s
illumination path being nearly orthogonal to the instrument’s
pointing direction. The area imaged by MAJIS includes a
variety of distinct spectral units, enabling the identification
of diverse surface compositions. Figure 13 presents four ex-
amples of VISNIR spectral diversity identified in LGA C4.
The spectra on the top panel compare fresh materials from
both mare and highland regions with those of more mature
soils. All reflectance spectra exhibit a characteristic 1 µm
absorption band associated with Fe2+ in pyroxene and/or
olivine, along with a generally red spectral slope, which is
more pronounced in mature terrains as expected (Taylor et
al., 2001). The middle panel shows that the normalized high-
land mature spectrum is characterized by weaker or absent
1 µm absorption features and steeper red continuum slopes
compared to the mature spectrum from Mare Tranquillitatis.
This trend is observed throughout the entire scene (Zambon
et al., 2026). The normalized spectrum extracted from a fresh
mare crater (black curve) shows the deepest 1 µm mafic ab-
sorption. Although these features are visible in the raw re-
flectance spectra, residual calibration artifacts can introduce
systematic errors, which are reduced through spectral ratio-

ing. In this approach, the spectrum from a specific region of
interest is divided by the scene-averaged spectrum, enhanc-
ing absorption features diagnostic of mineralogy and matu-
rity (Fig. 13, bottom). The near-zero slope in spectra of ma-
ture areas reflects the dominance of these terrains within the
scene. The slight blue slope observed in the spectrum of the
fresh mare crater is interpreted as an indication of immatu-
rity, consistent with the reduced reddening typically seen in
less weathered materials. Notably, the red slope observed in
the short-wavelength region (< 1 µm) of the fresh mare mate-
rial (green curve) is interpreted as a signature of TiO2 deple-
tion; lower titanium content is known to increase the spectral
reddening in this short wavelength range when mixed with
pyroxene (Robertson et al., 2022). The 2 µm pyroxene band
is barely discernible in the spectrum of selected fresh zones,
especially in the black spectrum of the fresh Mare crater. A
more in-depth analysis of this band is carried out in Zambon
et al. (2026). Overall, the spectral impact of soil maturity,
associated with the accumulation of submicroscopic iron in
agglutinates and glassy coatings formed through micromete-
orite bombardment and solar wind sputtering is clearly ex-
pressed through general darkening (especially in the high-
lands), attenuation of absorption features, and steeper posi-
tive spectral slopes.

Daytime surface temperatures were estimated from three
temperature retrieval methods (Tosi et al., 2026). The first
approach (referred to as Method 1) is based on Kirchhoff’s
law, in which the thermal emission component in the MA-
JIS spectra of the Moon is modeled using a Planck func-
tion to fit the measured radiance spectrum. Two free pa-
rameters (surface temperature and emissivity) are allowed to
vary within predefined ranges and within the bounds of in-
flight instrumental noise, until convergence is achieved us-
ing a Bayesian algorithm (Adriani et al., 2016; Tosi et al.,
2014, 2026). A second empirical method of thermal correc-
tion (Method 2) is also examined, in which the fraction of in-
cident solar flux F reflected by the surface (hereafter I/F) val-
ues at 1.55 µm were fitted using a correlation of reflectance at
1.55 and 2.54 µm observed in laboratory reflectance spectra
of Apollo and Luna soil and glass-rich samples to predict I/F
values at a wavelength of 2.54 µm (Li and Milliken, 2016).
Observed I/F values exceeding this predicted value are at-
tributed to thermal emission. This empirical method shows
limitations at high incidence angles, where the laboratory-
based correlation does not hold. A third approach builds
upon the roughness-informed model introduced by Wohl-
farth et al. (2023), originally developed to improve our un-
derstanding of the lunar diurnal water cycle based on M3

observations. Finally, the three retrieval methods are com-
pared against simulations from a thermal model developed
by Vasavada et al. (1999).

A few examples of best-fit results from two retrieval meth-
ods (1 and 2) are here shown in Fig. 14. Temperatures derived
using Method 1 are consistently lower than those obtained
with Method 2. A sensitivity analysis was conducted to as-
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Table 3. MAJIS metrics and the related topics that are addressed in the series of papers from the LGA dataset.

MAJIS observation variables Science topic Special issue paper

Combined spectral characteristics Unit classification (highlands, maria,
crater floors, rims and peaks)

Zambon et al. (2026)

Cross-comparison with other
instruments (JANUS, DIVINER,
M3,. . . )

Langevin et al. (2026), Seignovert et
al. (2026), Tosi et al. (2026)

2.8–3.0 µm H2O/OH signature Surface hydration Langevin et al. (2026)

1 and 2 µm mafic bands Mafic units Sect. 4.2; Zambon et al. (2026)

1.3 µm anorthosite signature Lunar anorthositic units Zambon et al. (2026)

Spectral slopes Optical effects of space weathering,
TiO2 unit

Section 4.2; Zambon et al. (2026)

Thermal range Temperature and emissivity maps Tosi et al. (2026); Sect. 4.2

sess the impact of uncertainties in the absolute radiometric
calibration of the MAJIS radiance data. The propagation of
this uncertainty into the temperature retrieval can lead to de-
viations of up to several K. A comprehensive analysis of the
thermal analysis is presented in Tosi et al. (2026). A compar-
ison with the Diviner Lunar Radiometer Experiment aboard
NASA’s Lunar Reconnaissance Orbiter (LRO) (Paige et al.,
2010) was also successfully performed. Overall, the lunar
surface temperatures observed by MAJIS, as derived from
three independent model derivations, are found to be first
order self-consistent and in agreement within ±10 K with
temperatures measured by Diviner and the Vasavada thermal
model as a function of solar incidence.

Temperatures derived from MAJIS wavelengths are ex-
pected to be more sensitive to the hotter surface components
compared to those retrieved from longer wavelengths, due to
surface roughness effects, particularly at high incidence an-
gles (Bandfield et al., 2015). At sub-millimeter, millimeter,
and longer wavelengths, absorption losses are reduced, al-
lowing subsurface layers to contribute significantly to the ob-
served thermal emission. Complementary temperature mea-
surements were obtained by the SWI instrument, which op-
erated at 250 and 500 µm during the lunar flyby. The SWI
ground track intersected MAJIS C4 at three locations. As ex-
pected, SWI-derived temperatures are lower by a few tens
of K, consistent with a stronger contribution from cooler
subsurface layers (P. Hartogh et al., private communication,
2025).

Eventually, one major by-product of the MAJIS tempera-
ture retrieval is the emissivity. The analysis of this metrics,
also presented in the companion paper of Tosi et al. (2026),
reveals a clear dichotomy between basaltic maria and felds-
pathic highlands, with higher emissivity in the former and
lower values in the latter.

5 Insights into the Earth atmosphere

5.1 Main observables

Given the wealth of the Earth dataset and near-coincident
measurements by Earth-observing satellites, additional re-
sults along with more detailed retrieval of the key parameters
and their contextualization for Jupiter and satellite science
are described in a series of papers (Table 4). In the following
sections, we present a few examples illustrating how differ-
ent components of the Earth’s atmosphere are manifested in
the MAJIS spectra, highlighting the capabilities of the instru-
ment: gaseous absorption and thermal profiles in Sect. 5.2,
cloud phase and cloud-top properties in Sect. 5.3, and the
first space-based spectroscopic detection of terrestrial light-
ning in Sect. 5.4. Note that some science topics are discussed
in greater detail than others because they are not covered
in the associated companion papers, whereas results such as
lightning observations are described more concisely here and
expanded upon elsewhere

5.2 Atmospheric gas properties

5.2.1 Gaseous species and thermal structure

A representative MAJIS spectrum, highlighting various
molecular absorption features, is shown in Fig. 15. The av-
erage visible albedo over the ocean basins varies between
approximately 10 % and 20 %, markedly lower than that of
cloud regions. This value is roughly consistent with near-
simultaneous observations acquired by other instruments
(Langevin et al., 2026). The ocean surface albedo is actually
highly variable and is sensitive to several physical parame-
ters: solar zenith angle, wind speed, transmission by atmo-
spheric cloud/aerosol, and ocean chlorophyll concentration.
(e.g., Jin et al., 2004; Wei et al., 2021). We therefore attribute
the variation in albedo of the cloud-free ocean to the possi-
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Table 4. Same as Table 3 but for EGA measurements.

MAJIS observation variables Earth science topic Special issue paper

Overall spectral characteristics Atmospheric signatures, identification
of different types of clouds

Section 5.2.1; Oliva et al. (2026)

Cross-comparison with other
instruments (EnMAP, IASI, Tropomi,
PRISMA, Janus)

Guerlet et al. (2026), Oliva et
al. (2026), Langevin et al. (2026)

Comparison with radiative transfer
model

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

Gaseous spectral characteristics Sample a variety of molecular species
in Earth’s atmosphere

Section 5.2.1; Guerlet et al. (2026),
Oliva et al. (2026)

Specific gaseous spectral characteristics Assess the sensitivity of the
concentrations of selected molecular
species

Guerlet et al. (2026)

Thermal range Brightness temperature Section 5.2.1; Oliva et al. (2026)

Clouds spectral characteristics Cloud properties (composition,
altitude, grain size. . . )

Oliva et al. (2026); Sect. 5.3

O3, CO2 emissions Gravity waves characteristics Oliva et al. (2026)

Emissions in visible Terrestrial lightning D’Aversa et al. (2026); Sect. 5.4

ble presence of aerosols (maritime or thin hazes) and/or the
“glint spot” (with an extent depending on the wave patterns)
that could enhance the apparent ocean reflectance.

Spectral analysis reveals the presence of several gaseous
species, including H2O (at 0.720, 0.820, 0.950, 1.150, 1.400
and 2 µm in the VISNIR channel plus several H2O absorption
bands in the IR channel), CO2 (1.570, 2.003, 2.055, 2.690,
2.770 and 4.300 µm), O2 (0.690, 0.760 and 1.270 µm), CH4
(3.320 µm), CO (4.610 and 4.720 µm branches), O3 (0.55–
0.65 µm, 3.275 and 4.710 µm) and N2O (3.880, 3.940, and
4.519 µm) (Fig. 15). These molecules, with the exception of
H2O, O3 and N2O, have an almost constant vertical mixing
ratio abundance as shown in Efremenko and Kokhanovsky
(2021). Ozone is produced mainly in the stratosphere while
water vapor prevails in the troposphere dominated by the
water cycle. Despite the uniform vertical distribution, these
molecules may exhibit a strong dependence of their weight-
ing functions versus wavelengths, peaking the remote sens-
ing sensitivity to specific altitudes at fixed wavenumbers or
wavelengths. This is, for example, true for CO2 in its ν3 fun-
damental band around 4.3 µm, as shown in Fig. 16. It is often
convenient to use the brightness temperature instead of radi-
ance, thanks to the relevant information that it provides about
the atmospheric thermal structure. In most of the cases, this
metric at each wavelength provides an equivalent tempera-
ture which can be directly compared with the atmospheric
temperature profile, providing a simple method to determine
the altitude probed at a given wavelength. This is shown in
Fig. 17, where three MAJIS spectra (in the center panel) are

extracted from three different regions in the image shown in
the right panel. The red, blue, and green spectra are taken
from an average of 32 pixels around the three circles of the
figure, with corresponding colors. The emission within the
wings of the CO2 band (highlighted in cyan color) is com-
ing from regions in the troposphere where the temperature is
higher and the atmosphere above is more transparent. This is
visible on the left and right edges of the band close to 4.0 and
4.6 µm. Here the cloudless atmosphere is nearly transparent,
and consequently, the spectra correspond to the blackbody
emission close to the surface. However, when the clouds are
thick, the probed altitude is limited by the cloud tops, and the
brightness temperature follows their altitude profile resulting
in a lower brightness temperature (red and blue spectra on
Fig. 17).

The minima in brightness temperature within the CO2
band close to 4.2 and 4.3 µm probe near the tropopause, while
in the center of the band where the opacity is strong, the
probed region lies higher, spanning a wide altitude range
in the stratosphere from about 15 to 30 km altitude. This is
where the band appears to be in emission, a typical case
for an absorbing gas in a thermal inversion region such as
the stratosphere case, where the atmosphere is radiatively
warmed due to absorption by ozone. For the same reason a
similar emission is visible for the O3 band at about 4.7 µm
(highlighted in violet color in Fig. 17). The complex struc-
ture visible on the right side of the spectral range from 4.9 to
5.5 µm (highlighted in yellow color in Fig. 17) is due to the
many absorption lines of water vapor.
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Figure 13. Top: Spectra extracted from highland (green and blue
spectra, upper insets) and Mare (black and red spectra, lower in-
sets) areas. The insets correspond to an RGB composite of LGA C4
with R= 0.950 µm, G= 0.750 µm, B= 0.540 µm, displayed with a
gaussian stretch. Spectra are binned by 3× 3 to increase the S/N
ratio. Middle: Same spectra normalized at 0.75 µm. Bottom: Same
spectra ratioed by the average spectrum of the cube.

Figure 14. Spectra (black curves) extracted from LGA C2 (top
panel), C3 (middle) and C4 (bottom). The red and blue lines rep-
resent the best-fit Planck functions simulating the thermal contribu-
tion, derived from the two methods described in the text and in Tosi
et al. (2026). The uncertainty in temperature retrieval due to the in-
strument’s absolute radiometric calibration (assumed to be 10 %) is
shown as a pink envelope around the red curve.

If we pick up a wavelength where the cloudless atmo-
sphere is almost transparent (Oliva et al., 2026), the corre-
sponding thermal brightness (TB) provides an estimate of the
cloud top temperature, corresponding to an altitude where the
optical depth is close to unity. In this example, we considered
a MAJIS wavelength of 3.967 µm for this scope, shown as a
dashed vertical line in the center panel. The CO2 weighting
function at this wavelength also probes very close to ground,
as it is shown in Fig. 17 (green plot). It can be seen that
the brightness temperature in this wavelength is very differ-
ent for the three spectra, spanning from 220 to 286 K, which
makes it possible to identify three regions of different cloud
top altitudes in the troposphere. For all three points, there is
a marked decrease in water vapor lines between the green
spectrum (closest to the ground) and the red spectrum (high-
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Figure 15. Example of a typical terrestrial atmospheric spectrum
acquired by MAJIS. Top: VISNIR channel spectrum, showing re-
flected solar radiation. Bottom: IR channel spectrum, dominated by
thermal emission. Only the main molecular absorption features are
indicated.

Figure 16. CO2 weighting functions for the ν3 fundamental band
around 4.3 µm, calculated using the thermal profile from Efremenko
and Kokhanovsky (2021). The violet and green curves probe very
low altitudes (below∼ 5 km), close to the surface. The red and blue
curves are mainly sensitive to intermediate altitudes in the middle
and upper stratosphere (∼ 30–45 km), while the cyan curve probes
higher altitudes in the upper stratosphere (∼ 50 km).

est in the troposphere). In particular, the red spectrum shows
very limited amount of water vapor, a manifestation of the
very dry conditions in the air column from the tropopause to
the upper atmosphere of Earth.

This is best illustrated in Fig. 18, where a scatter plot of
the relative abundance of water vapor estimated from the

line at 5.054 µm is compared to the TB at 3.967 µm, repre-
sentative of the cloud top altitude. The plot shows a good
linear correlation between water vapor abundance and ther-
mal brightness (altitude) in the troposphere, with a maximum
near ground level, while it becomes constant and close to 0
above 240 K, which corresponds to an altitude of about 8 km
(Fig. 17). From the typical values of 1TB (∼ 20 K near the
surface and ∼ 5 K at TB ∼ 260 K), the water vapor abun-
dance is estimated to be roughly four times higher near the
surface than at 8 km. This variability is qualitatively con-
sistent with vertical mixing ratio of H2O (Efremenko and
Kokhanovsky, 2021). However, the vertical humidity gradi-
ent can vary strongly with weather conditions, so that part of
the retrieved trend and the inferred surface-to-altitude ratio
may reflect atmospheric variability rather than a fixed verti-
cal profile.

Another important absorption feature is centered at
0.76 µm and it is attributed to molecular oxygen. This transi-
tion is spin-forbidden, and the strength of the band suggests a
significant abundance of O2 in the observed atmosphere. The
terrestrial vertical abundance distribution of O2 is quite con-
stant (Efremenko and Kokhanovsky, 2021), so that the depth
of this band is also a good proxy of the cloud top altitude,
where most of the reflected sunlight comes from. Results of
the analysis of this band are presented in Oliva et al. (2026),
which also show that the altitude derived from the O2 feature
is quite consistent with the top altitude retrieved from other
metrics.

5.2.2 Spectral identification in the context of ESA/Ariel
mission

The ultimate objective of exoplanet remote sensing is the
detection of atmospheric biosignatures (Rugheimer et al.,
2013). A necessary, though not sufficient, condition for the
presence of life is a significant departure from thermody-
namic equilibrium. Atmospheric biosignatures are chemical
species found in an atmosphere that are out of chemical equi-
librium and are produced as byproducts of biological activity.
In this context, the MAJIS instrument provides spectral cov-
erage between 0.5 and 5.5 µm well suited to detecting key
molecular absorption features, thereby enabling the identifi-
cation of potential atmospheric biosignatures. This spectral
capability closely aligns with the objectives of the upcom-
ing Ariel mission, which aims to perform large-scale transit
spectroscopic surveys of exoplanetary atmospheres to char-
acterize their chemical composition and potential habitability
(Tinetti et al., 2018). Below, we thus focus on the identifi-
cation of spectral features associated with chemical species
indicative of habitability on exoplanets, illustrating how such
observations could support the scientific goals of Ariel.

As presented previously, distinct water vapor bands are
detected, highlighting the presence of water vapor, an es-
sential component for habitability and biospheric stability
(Kaltenegger and Traub, 2009; Meadows, 2017). Strong CO2
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Figure 17. Left panel: Temperature profile with three values of the thermal brightness extracted from spectra shown in the middle panel.
Middle panel: MAJIS spectra provided as an example of probing different altitudes with different characteristics from the cube C1. The red,
blue, and green spectra are extracted from an average of 32 pixels around the corresponding circles of the same color in the scene shown
on the right panel. Regions where the main molecules absorb are shown in light colors. The vertical dashed line is the wavelength where
a cloudless atmosphere is almost transparent, probing near the ground (Fig. 16). In this case the thermal brightness contains the cloud top
temperature information, and it is correlated with the cloud top altitude. Right panel: The image of the scene at 3.967 µm is presented, with
the locations of the three spectra indicated as colored dots.

Figure 18. Scatter plot showing the relation between 1TB and TB
at 3.967 µm, extracted where the atmosphere is cloudless and nearly
transparent. 1TB=TB(5.054 µm)−TB(5.020 µm) corresponds to
the difference in thermal brightness between a water absorption line
and a nearby continuum wavelength.

bands are observed around 4.3 µm, typical of a carbon-
bearing atmosphere (Traub and Jucks, 2002). A pronounced
feature near 3.3 µm indicates the presence of CH4, while
weaker structures between 4.6 and 4.8 µm are consistent with
CO and O3 absorption. The simultaneous detection of CH4
and CO2 in significant amounts is particularly noteworthy, as
these two species tend to react and cannot coexist for long un-
der thermochemical equilibrium. Their co-occurrence there-
fore suggests an active replenishment mechanism, potentially
of biological origin (Lovelock, 1965; Krissansen-Totton et
al., 2018). Moreover, the combined presence of oxidized (O2,
O3) and reduced (CH4, H2O) species is a classical indicator
of chemical disequilibrium that is difficult to sustain abioti-
cally (Sagan et al., 1993; Rugheimer et al., 2013). Such spec-
tral associations are considered among the most robust di-
agnostic criteria for potential biosignatures in temperate ex-
oplanet atmospheres (Meadows et al., 2018; Schwieterman
et al., 2018). In summary, the detected absorptions between
0.5 and 5.5 µm indicate an atmosphere exhibiting marked
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Figure 19. Combined view of the pair of overlapping MAJIS cubes near 173° W, just west of the Hawaiian Islands over the Pacific Ocean.
These reflectance maps have been created by averaging over all unsaturated wavelengths in the visible (left) and infrared (right) channels.
Location of the four representative spectra shown on Fig. 21 are indicated.

thermodynamic disequilibrium, a necessary, though not suffi-
cient, condition for the possible presence of biological activ-
ity, in line with established criteria for exoplanetary biosig-
nature detection.

5.3 Clouds

MAJIS mapped cloud systems during these opportunistic
Earth observations to reveal the complexity of their struc-
tures, whilst demonstrating MAJIS’ spectral and imaging ca-
pabilities. In this section, we focus on two overlapping cubes
obtained just west of the Hawaiian Islands, C16 and C17
taken at a local time around 10:00 a.m., with a resolution of
∼ 1.4 km per pixel. Average reflectance maps for the VIS-
NIR and IR channels are displayed in Fig. 19. The two cubes
showcase the ability of MAJIS to map a variety of cloud
structures above the low-reflectivity ocean surface. This pre-
liminary view indicates localized convective structures rem-
iniscent of cumulus towers; diffuse high-altitude clouds; and
thin cirroform cloud structures. Some of the clouds can be
seen to cast shadows on the ocean surface.

The acquired spectroscopic measurements can be used to
diagnose the variety of cloud properties and their vertical
distribution. Below, we apply a series of spectral indices to
perform an initial inspection of these two MAJIS spectral

cubes, using the depths of gaseous absorption bands to show
the capability of the instrument to characterize clouds. The
key parameters to be considered include the thermodynamic
phase of the clouds (mixtures of liquid droplets and ice crys-
tals), the cloud-top altitude, temperatures, and cloud optical
thickness (COT). These spectral indices are based on knowl-
edge of sunlight scattering within gaseous and aerosol media,
and provide preliminary assessments of the types of environ-
ments sampled by the MAJIS cubes before applying more
advanced spectroscopic inversions as addressed in Oliva et
al. (2026).

5.3.1 Cloud phase

Near-IR bands can be used to identify cloud phases. We be-
gin here with the VISNIR channel spectral characteristics,
as shown in Fig. 20. Beyond 1 µm, the reflectance of thick
clouds is primarily controlled by cloud-top microphysics
(phase and particle size), whereas below 1 µm it is mainly
the result of optical depth. The weak CO2 absorption band at
1.6 µm is useful to understand the cloud phase, because liq-
uid water droplets and ice crystals have distinct absorption
properties in this spectral region (Li et al., 2021). Liquid wa-
ter clouds exhibit only moderate absorption at 1.6 µm (i.e.,
higher reflectivity), and their reflectance decreases with in-
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Figure 20. Estimation of cloud phase from the reflectance at 1.6 µm, the band depth at 2.2 µm, and the ratio of the 1.6/2.2 µm reflectance.
Darker colors in the ratio are indicative of water ice clouds; brighter colors indicate liquid water clouds.

creasing droplets size. In contrast, ice crystals absorb more
strongly at this wavelength leading cirrus and other cirroform
clouds to appear darker than liquid clouds with droplets of
the same size (i.e., moderate reflectivity). Therefore, the liq-
uid clouds would be brighter at 1.6 µm than the ice clouds.
This behavior has motivated the designation of the 1.6 µm
channel as the “snow/ice band” by the team using the Ad-
vanced Baseline Imager (ABI), a 16-channel radiometer on
board the Geostationary Operational Environmental Satel-
lite (GOES-16) (referred as to ABI band 5 by Schmit et
al., 2017), providing an indicator for both cloud thermody-
namic phase and particle size. However, the radiance also
depends simultaneously on cloud thickness, complicating the
interpretation of this channel when used in isolation. It is
therefore most effective when combined with complemen-
tary spectral bands that constrain these additional parameters
as seen below.

Further discrimination of cloud particle sizes can be quan-
tified using the strength of the 2.2 µm absorption band, which
is especially sensitive to phase and size distributions (ABI
band 6 for cloud particle size in Schmit et al., 2017). For both
liquid and ice, this band is stronger than the 1.6 µm band. As
a result, the signal originates from shallower depths within
the cloud, allowing properties closer to the cloud top to be
assessed. Moreover, ice absorbs more strongly than liquid, so
appears darker than water clouds of similar thickness. Larger
particle radii also increase the absorption strength, so larger
ice particles tend to be darker than smaller liquid droplets.
In Fig. 20 (middle panel), some regions (shown in green)
exhibit moderate band depth, suggesting the presence of ice
clouds and/or liquid clouds with large droplets.

Combining the two indices can significantly improve
cloud-phase discrimination. By taking the ratio of reflectiv-
ity at 1.6 and 2.2 µm, we can exploit the distinct absorption
behavior. Low ratios are suggestive of large cloud particles
and thus ice clouds, where absorptions in the two wavelength
bands come close to being equal (i.e., the ratio is closest

Figure 21. Representative VISNIR (top) and IR (bottom) spectra
from the MAJIS cloud observations (C16 and C17). Their location
is shown on Fig. 19.

to one). Conversely, higher ratios imply that the 1.6 µm re-
flectance is much larger than that at 2.2 µm, which is charac-
teristic of liquid water clouds. As shown in Fig. 20 (right
panel), many of the discrete structures exhibit low ratios
(dark), consistent with the presence of ice clouds (moder-
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Figure 22. Cloud optical thickness derived at 0.65 µm (left), and the band depth at 1.38 µm as a cirrus-cloud detector (right). Given the short
wavelengths used in these indices, much of the data over the most reflective clouds is saturated (shown as white), as described in the main
text.

Figure 23. Cloud-top brightness temperatures extracted at 3.7 and 5.0 µm (left, centre), and the difference between them (right).

ate 1.6 µm reflectance, moderate 2.2 µm band depth). These
low ratio areas appear to be well correlated with low cloud-
top temperatures shown later in this work (Fig. 23), support-
ing the presence of glaciated clouds. High ratios (in orange)
are only observed in some localized regions, potentially in-
dicating liquid water clouds near 23° N, 173° W, and 21° N,
170.5° W. Overall, the scene is therefore dominated by wa-
ter ice clouds, with only small patches of liquid water clouds
identified.

Representative VISNIR spectra for four regions are shown
in Fig. 21 (top panel), with saturated regions of the spec-
trum masked out. The blue spectrum (25° N, 173.5° W) dis-
plays the shape of water ice bands at 1.5 and 2.0 µm, con-
firming that this region (dark area in right panel of Fig. 20) is

dominated by water ice clouds. This contrasts with the spec-
trum in orange and green which are from regions where the
1.6/2.2 µm ratio is higher, indicative of liquid water clouds.
The red spectrum (26° N, 172.5° W) is intermediate between
the other cases.

5.3.2 Cloud optical thickness

At shorter wavelengths in the visible range, the reflectivity
is controlled by the cloud optical thickness. In Fig. 22 (left
panel), we attempt to use the reflectance at 0.65 µm (similar
to GOES-16/ABI channel 2) as a proxy, where thicker clouds
scatter more sunlight and appear to have a high albedo. By
contrast, thin cirrus clouds would have low optical thick-

Ann. Geophys., 44, 163–193, 2026 https://doi.org/10.5194/angeo-44-163-2026



F. Poulet et al.: ESA/JUICE encounters Earth/Moon in 2024 187

ness. This visible-red band is usually an effective wavelength
for cloud detection, particularly when contrasted against the
dark ocean background. However, the thickest clouds with
the highest albedo cause saturation at this wavelength, so that
the white areas of Fig. 22 correspond to the brightest clouds
in Fig. 19, which are water ice clouds poleward of 24° N. In
contrast, thinner, wispy cirrus clouds with lower COT are ob-
served south of 24° N. Two of the darkest spectra shown in
Fig. 21 were extracted from these clouds.

5.3.3 Cirrus-cloud detector

Water vapor exhibits a strong absorption band at 1.38 µm
(similar to GOES-16/ABI channel 4), which can be used to
diagnose the height of the clouds (Gao and Li, 2017). H2O is
concentrated in the lower troposphere, so little sunlight can
reach the surface here. If the clouds are low down, or absent,
the H2O band depth will be strong and the radiance corre-
spondingly low. Conversely, if clouds lie above most of the
H2O absorption (such as icy cirrus clouds), then the band
depth will be rather shallow due to a higher reflectance. Al-
though high 1.38 µm brightness leads to MAJIS saturation,
and the ice-cloud spectra do not exhibit a deep water va-
por band, the 1.38 µm band can still be used as an effective
discriminator for high-altitude cirrus cloud detection, which
are often too thin to be detected at other wavelengths. Very
high clouds (in yellow on right panel of Fig. 22) can be seen
to be embedded in water-cloud regions where the COT (as
revealed at 0.65 µm) is large and often saturated, indicating
convective overshoot and the formation of high-altitude cir-
rus. This is confirmed by modeling of some spectra that re-
quire the presence of two ice layers with distinct microphys-
ical properties (Oliva et al., 2026). Equatorward of 24° N we
see several examples of high COT coinciding with shallow
H2O band depths, suggesting the presence of high-altitude
cirrus clouds.

5.3.4 Correlation with cloud top temperatures

As introduced in Sect. 5.2.1, the cloud altitudes can be ob-
tained from infrared brightness temperatures, which provide
an indication of the effective temperature of the emitting or
reflecting layer in the atmosphere. This is also provided an
indicator of the cloud phase. In this section, we first use the
3.7 µm atmospheric window region, meaning that the atmo-
sphere itself is relatively transparent at this wavelength and
the signal largely comes from the ocean or from clouds. At
this wavelength, liquid water clouds are however highly re-
flective during daylight hours, so they often appear colder
than their true thermal temperature due to the reflection con-
tribution. Ice clouds, on the other hand, are less reflective and
more absorbing at 3.7 µm, so their emission more closely rep-
resents their actual thermal state. This difference in radiative
behaviour provides sensitivity to cloud phase (liquid versus
ice). Second, we use the 5.0 µm band. The radiation from the

Figure 24. Area of the Fresnel peak from 2.8–3.4 µm, an indicator
of water ice clouds.

surface or from low-level clouds is largely absorbed, so that
the brightness temperatures mainly represent emission from
higher, cooler atmospheric layers (Sect. 5.2.1). This makes
the 5.0 µm channel “upper-atmosphere sounding,” in contrast
to the more surface-sensitive 3.7 µm channel.

By comparing the two, the brightness temperature differ-
ence (hereafter BTD= 3.7–5.0 µm) highlights vertical struc-
ture: large differences indicate very high-altitude cloud fea-
tures, since 3.7 µm senses deeper, warmer levels while 5.0 µm
senses higher, cooler levels. These high clouds are more eas-
ily detected in BTD imagery (red areas in right panel of
Fig. 23). The location of these high-altitude clouds matches
well with the shallowest (and sometimes saturated) absorp-
tions in the 1.38 µm band, which is also selective for high-
altitude clouds because deeper clouds have stronger band
depths. We also note that the highest, coolest clouds in
Fig. 23 are well correlated with the lowest ratios in Fig. 20,
indicating ice clouds dominating the MAJIS coverage.

Figure 21 shows four representative IR spectra. Most in-
teresting is the blue spectrum, previously identified to be in
a region of water ice clouds, and now known to be one of
the coldest regions. The distinctive 3.1 µm Fresnel peak of
water ice is visible, as well as the peak near 3.6 µm, confirm-
ing the identification of glaciated clouds. This blue spectrum
shows very few H2O gas features near 5 µm, in contrast to
those spectra sampling warmer (and thus deeper) regions of
the atmosphere (Sect. 5.2.1).

Finally, we plot the area under the Fresnel peak (2.8–
3.4 µm) in Fig. 24, confirming that water ice clouds domi-
nate the studied scene, and these are anticorrelated with both
the 1.6/2.2 µm ratio (indicating cloud phase) and with the
5 µm brightness (indicating high clouds promoting glacia-
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Figure 25. Spectral signatures diagnostic of the presence of high-temperature oxygen and nitrogen atoms observed in the EGA nighttime
C1. Red points indicate the location of these emissions over the Sumatra island.

tion). The optically thicker layers associated with these con-
vective clouds are estimated to reach altitudes of 10–15 km,
in agreement with independent cloud-top altitude retrieval
using the O2 band depth (Oliva et al., 2026). The vertical
extent of convective plumes can also be inferred from their
projected shadows, yielding height estimates of up to 9 km
above the surrounding cloud deck.

5.4 Terrestrial lightening

In the EGA C1 acquired over the storm-filled western Pacific,
clear visible-wavelength emissions were detected at night off
the coast of Sumatra (Fig. 25). This serendipitous signal con-
stitutes the first unambiguous space-based spectroscopic de-
tection of a terrestrial lightning flash (D’Aversa et al., 2026).
Actually, up to four individual lightning flashes were iden-
tified in the VISNIR channel. Their interpretation relies on
the simultaneous detection of atomic O and N emission fea-
tures, indicative of plasma temperatures of several thousand
kelvins. Complementary brightness-temperature maps from
the IR channel locate the events at the edge of a deep con-
vective system (Fig. 25). Although MAJIS is not optimized
for lightning studies, D’Aversa et al. quantified biases related
to spectral undersampling and integration times longer than
the flash duration. After applying correction factors, the re-
trieved energies are consistent with average terrestrial light-
ning (0.7–1.3 MJ in the O I 777 nm line). Temperature es-

timates based on line ratios span 5000–20 000 K, reflecting
uncertainties due to unresolved events.

These observations provide a valuable benchmark for fu-
ture lightning searches on Jupiter, where H I emissions,
faintly but possibly detected here near Hα, are expected to be
key diagnostics. Extrapolating from the terrestrial case, we
identify H I lines near 650 and 1870 nm as the most promis-
ing for Jovian lightning investigations.

6 Conclusion

The Earth-Moon double flyby of August 2024 enabled the
collection of hyperspectral datasets, which made it possible
to verify key MAJIS calibration parameters, including ra-
diometric, spectral, and geometric metrics. These observa-
tions demonstrated MAJIS ability to operate under high sig-
nal flux, make use of browse products, and manage VISNIR
straylight and short integration time (challenges that are ex-
pected to recur in the Jovian environment). While not exhaus-
tive, these flybys also provided an initial stress test of MA-
JIS operations under various constraints, including space-
craft attitude limitations, thermal behaviors, and electromag-
netic interference. The positive assessment of the in-flight
performance of the instrument from these operations during
the LEGA observations confirm the ability of MAJIS to de-
liver its scientific objectives in the Jovian system. Among
the lessons learned from an operational point of view, we
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can list: (1) Observations of the Earth with windows extend-
ing beyond the edge of the FOV were acquired in order to
reliably evaluate VISNIR straylight from the signal outside
the FOV; this procedure shall be applied during the science
phase. (2) The interference tests with RIME were well repre-
sentative of the satellite flybys during the pushbroom phase
(corresponding to a spacecraft altitude below ∼ 1000 km).
An operational mitigation strategy between RIME and MA-
JIS should be implemented.

Beyond these technical and operational assessments, the
LEGA dataset also enabled scientific investigations of lim-
ited but representative portions of the Moon and Earth. On
the Moon, MAJIS revealed thermal characteristics as well
as mineralogical and emissivity variations. On Earth, MAJIS
captured a range of atmospheric features, from gaseous con-
stituents and cloud properties (e.g., ice glaciation and cold
cloud-tops in Pacific clouds), to lightning events and radia-
tive signatures of habitability markers, demonstrating its ra-
diometric sensibility and ability to resolve fine spectral sig-
natures over the entire spectral range of the instrument. The
straylight affecting wavelengths shorter than 1.2 µm, previ-
ously identified during on-ground calibration, has been con-
firmed under operational conditions. A level of stray-light
contribution similar to that measured in the EGA cubes is
expected for science observations in the Jupiter system. As
discussed in detail by Langevin et al. (2026), spectral fea-
tures at wavelengths shorter than 1.2 µm can still be reli-
ably identified in LEGA MAJIS observations that cannot
be corrected for straylight, although quantitative modeling
will remain limited. Inter-comparisons with other JUICE in-
struments (JANUS, RIME, SWI) and several Earth-orbiting
spectrometers (EnMAP, PRISMA, IASI, Tropomi) were in-
troduced. While spatial and temporal co-registration was not
always optimal, these coordinated efforts allowed for cross-
validation of MAJIS data and methodologies.

The dedicated series of companion MAJIS-based papers in
the special ANGEO issue about “The first-ever lunar-Earth
flyby: a unique test environment for JUICE” presents more
detailed and focused analyses of the LEGA dataset, includ-
ing calibration refinements and selected science outcomes.
We encourage readers to consult these contributions for a
more complete picture of the performance and capabilities
of MAJIS. Finally, the lessons learned lay important ground-
work for the upcoming Earth flybys (EGA2 in 2026, EGA3
in 2029) and will help refine the approach to future scien-
tific operations and data processing strategies in the Jovian
system.

Data availability. The MAJIS data acquired during the JUICE
Moon–Earth flyby in August 2024 are currently under the mis-
sion’s cruise-phase proprietary period. These data will be made
available through the ESA Planetary Science Archive following the
first Cruise Archive Delivery, which is currently scheduled for six
months after Earth Gravity Assist #3 in 2029.
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