
Space Science Reviews (2024) 220:59
https://doi.org/10.1007/s11214-024-01089-8

Characterization of the Surfaces and Near-Surface
Atmospheres of Ganymede, Europa and Callisto by JUICE

Federico Tosi1 · Thomas Roatsch2 · André Galli3 · Ernst Hauber2 ·
Alice Lucchetti4 · Philippa Molyneux5 · Katrin Stephan2 · Nicholas Achilleos6 ·
Francesca Bovolo7 · John Carter8 · Thibault Cavalié9,10 · Giuseppe Cimò11 ·
Emiliano D’Aversa1 · Klaus Gwinner2 · Paul Hartogh12 · Hans Huybrighs13,14 ·
Yves Langevin8 · Emmanuel Lellouch10 · Alessandra Migliorini1 ·
Pasquale Palumbo1 · Giuseppe Piccioni1 · Jeffrey J. Plaut15 ·
Frank Postberg16 · François Poulet8 · Kurt Retherford5 · Ladislav Rezac12 ·
Lorenz Roth17 · Anezina Solomonidou18 · Gabriel Tobie19 · Paolo Tortora20 ·
Cecilia Tubiana1 · Roland Wagner2 · Eva Wirström21 · Peter Wurz3 ·
Francesca Zambon1 · Marco Zannoni20 · Stas Barabash22 ·
Lorenzo Bruzzone23 · Michele Dougherty24 · Randy Gladstone5 ·
Leonid I. Gurvits11,25 · Hauke Hussmann2 · Luciano Iess26 ·
Jan-Erik Wahlund27 · Olivier Witasse28 · Claire Vallat29 · Rosario Lorente29

Received: 14 July 2023 / Accepted: 1 July 2024 / Published online: 8 August 2024
© The Author(s) 2024

Abstract
We present the state of the art on the study of surfaces and tenuous atmospheres of the icy
Galilean satellites Ganymede, Europa and Callisto, from past and ongoing space exploration
conducted with several spacecraft to recent telescopic observations, and we show how the
ESA JUICE mission plans to explore these surfaces and atmospheres in detail with its scien-
tific payload. The surface geology of the moons is the main evidence of their evolution and
reflects the internal heating provided by tidal interactions. Surface composition is the result
of endogenous and exogenous processes, with the former providing valuable information
about the potential composition of shallow subsurface liquid pockets, possibly connected to
deeper oceans. Finally, the icy Galilean moons have tenuous atmospheres that arise from
charged particle sputtering affecting their surfaces. In the case of Europa, plumes of wa-
ter vapour have also been reported, whose phenomenology at present is poorly understood
and requires future close exploration. In the three main sections of the article, we discuss
these topics, highlighting the key scientific objectives and investigations to be achieved by
JUICE. Based on a recent predicted trajectory, we also show potential coverage maps and
other examples of reference measurements. The scientific discussion and observation plan-
ning presented here are the outcome of the JUICE Working Group 2 (WG2): “Surfaces and
Near-surface Exospheres of the Satellites, dust and rings”.

Keywords JUICE · Icy Galilean satellites · Geology · Surface composition · Near-surface
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1 Introduction

Working Group 2 (WG2): “Surfaces and Near-surface Exospheres of the Satellites, dust
and rings” is one of four groups established by the JUICE Project in 2015 to provide both
scientific and operation support to the Science Working Team (SWT), and to work closely
with the Science Operations Center (SOC) to produce the Long-Term Science Planning. The
primary goals of WG2 are to: (i) consolidate and update the science goals and requirements
of JUICE concerning the surface and tenuous atmospheres of the Galilean satellites, as well
as the smaller moons and the dust ring system; (ii) prepare detailed observation strategies for
planning purposes; (iii) assess the science return from the different JUICE mission phases;
and (iv) understand opportunities for synergistic observations between instruments.

In this article, focusing on the surfaces and tenuous atmospheres of the three icy Galilean
satellites, we summarise the scientific rationale deriving from the state of the art of the
observations and modelling available up to now, and we clarify which key measurements
will be addressed by JUICE in the light of this rationale and of the planning discussed
within WG2, considering the expected instrument performances.

Section 2 of this article summarises the general geology of the three satellites with ref-
erence to the past and present geological processes found there. We show the coverage
achievable by optical imaging and we emphasise the potential of combining optical and to-
pographical data to derive morpho-stratigraphic maps of the surface. Section 3 focuses on
the surface composition of the three moons with an emphasis on the different classes of
compounds known or expected on the icy Galilean satellites, and clarifying what could be
obtained by a multi-wavelength analysis of remotely sensed data. A specific subsection is
dedicated to the connections between the surface and subsurface (geophysical processes are
discussed in detail in Van Hoolst et al. 2024, this collection), which could highlight spe-
cific areas where fresh material has risen from the interior. Section 4 focuses on the tenuous
atmospheres of the three satellites, clarifying both their chemical and physical properties
known to date and placing emphasis on the connections with the surface and on the poten-
tial detection of plumes. Finally, an Appendix specifies the JUICE scientific objectives and
investigations relevant to Ganymede, Europa and Callisto, as defined in the Science Require-
ments Matrix (SRM) found in the Science Requirements Document (SciRD). These objec-
tives are referred to in the text by means of specific codes made up by a pair of capital letters
followed by a number and a lowercase letter (e.g., EA.2d, EB.1b, EC.3c, GB.1b, GC.4b,
GD.1a, CA.1a, CB.1c, CC.3c, where the first capital letter refers to Europa, Ganymede and
Callisto, respectively).

Given the breadth of topics covered by JUICE WG2, a separate article in this collection
focuses on Io and Jupiter’s minor moons (Denk et al. 2024, this collection).

2 Surface Geology of the Icy Galilean Moons (Ganymede, Callisto,
Europa)

2.1 Background

The surfaces of the icy Galilean satellites have been closely explored by six NASA-led
spacecraft: Pioneer 10 and 11 (1973 and 1974, respectively), Voyager 1 and 2 (1979), Galileo
(1995–2003), and Juno (2016–present). The data recorded by the remote sensing instru-
ments revealed that the surfaces are shaped by different endogenic and exogenic geological
processes such as tectonism, cryovolcanism, mass wasting, and impact cratering. Thus, their
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Fig. 1 Comparison of spatial resolutions in two images obtained during the Voyager (panel a) and Galileo
(panel b) explorations of Ganymede. The left and right frames have a scale of ∼1.3 km px−1 and 74 m px−1,
respectively. In the left frame (panel a), high-albedo (bright) and low-albedo (dark) bands can be seen but
no details can be resolved. In the right frame (panel b), with a resolution improved by a factor of 17, each
band turns out to be made of many smaller ridges. In both frames north is to the top, and the Sun illuminates
the surface from the lower left. The area is centred at 10°N/167°W and is about 35 × 55 km in size (Image:
NASA/JPL). The reports by Kersten et al. (2021) and Hansen et al. (2024) provide information on the images
of Ganymede and Europa acquired by the Voyager, Galileo, and Juno missions, respectively

surfaces became accessible for analysis through geological methods and could be compared
among themselves and with those of other bodies in our Solar System (e.g., Johnson 2005;
Prockter and Pappalardo 2014; Collins and Johnson 2014). With increasing spatial resolu-
tion of the measurements (Fig. 1), older ideas were abandoned and/or revised, and a better
understanding of the geological evolution was gained – not only of the Galilean satellites
themselves, but also of the Jovian system at large. The detection of global oceans below the
surface (Khurana et al. 1998; Kivelson et al. 2000; Zimmer et al. 2000; Kivelson et al. 2002;
Saur et al. 2015) and the implications for habitability (for an early discussion see Reynolds
et al. 1983) increased the interest in the surfaces of the icy Galilean satellites even more, as
their analysis can, e.g., reveal the mechanisms of tidal heating, constrain the thicknesses and
mechanical properties of the icy shells, provide insights into possible exchange processes
between the interior and space, and determine the chronology of events.

2.2 Surface Characteristics of Ganymede, Callisto and Europa

Some geological surface characteristics are shared among Europa, Ganymede, and Callisto.
At least two of these satellites are thought to feature an icy shell above a likely (salty)
liquid ocean (Ganymede may even have a stack of layered oceans, Vance et al. 2014), and
all of them display evidence for bombardment by exogenic impactors (i.e., impact craters
and basins). Despite their spatial proximity, however, each Galilean satellite is a world of
its own. One reason for that is the amount of tidal heating that they experience. Europa,
the innermost of the three, receives most tidal heating, which is reflected by the youthful
appearance of its surface (less impact craters) due to ongoing resurfacing processes. Europa
also has the most complex surface compared to Ganymede and Callisto in terms of tectonic
deformation and possible cryovolcanic activity. Ganymede is situated between Europa and
Callisto, and its surface is tectonically less complex with less and/or ambiguous evidence
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Fig. 2 Above: Examples of typical surfaces of the icy Galilean satellites (panel a: Europa, near Conamara
Chaos region at 8.1°N/90.9°E; panel b: Ganymede, Nicholson Regio at ∼14°S/12.7°E; panel c: Callisto, de-
tail of Asgard impact basin at 14.7°N/218°E). All images are scaled to 150 m px−1. The crater density (a
proxy of surface age) increases from Europa to Callisto, reflecting the geological history of surface processes.
The surface of Europa displays the most complex inventory of landforms that were formed by endogenic pro-
cesses, whereas Callisto’s surface is almost devoid of any evidence for tectonic and cryovolcanic activity
(Image: NASA/DLR). Below: Models of the interiors of the icy Galilean satellites (Images: ESA/ATG Medi-
alab). Details on their examination by JUICE are provided by Van Hoolst et al. (2024, this collection)

for cryovolcanism, while showing a higher density of impact craters pointing to an older
age than Europa. Lastly, Callisto is the outermost Galilean satellite, and its surface shows
the least signs of recent geological activity, it is covered by large parts of dark lag deposits
and is most heavily cratered. In this regard, the surfaces of the icy Galilean satellites reflect
important characteristics of their interior geodynamic activity and, in contrast to the old
adage «Don’t judge a book by its cover», their sharply differing covers (i.e. surfaces) are
indeed indicators of significant differences in the interiors (Fig. 2). For a general review on
the geology of the icy Galilean satellites see, e.g., Stephan et al. (2013).

2.3 Major Past and Present Geological Surface Processes

A review of the investigation of specific landforms and their geological implications would
be beyond the scope of this section. To this end, the reader is referred to individual review
studies on specific features and processes. Most, if not all landforms on the surfaces of Eu-
ropa, Ganymede and Callisto can be attributed to four classes of geological processes: (1)
tectonism, (2) cryovolcanism, (3) mass wasting, and (4) impact cratering (Fig. 3). Tectonic
deformation of the ice shells left a diverse record of stresses and associated strain, expressed
as different classes of structural features (Collins et al. 2010). They are most pristine and
complex on Europa, still abundant in the bright grooved terrains of Ganymede (Fig. 3a, b),
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Fig. 3 Examples of landforms created by the main four geological processes that shape the surfaces of the
icy Galilean satellites. (a) Structural features in dark and bright terrains of Ganymede (Nicholson Regio and
Harpagia Sulcus, respectively) are visible as linear zones of fractures. (image: NASA/JPL/DLR). (b) On
Europa, a ∼3 km patch («puddle») of smooth, level terrain left of the image centre is interpreted as an area
that has been flooded by an extruded liquid (water). Many tectonic fractures with different orientations and
styles are crossing the entire scene (image: NASA/JPL/ASU). (c) Landslide deposits in craters on Callisto.
The two landslides (arrows) are about 3 to 3.5 km long and are a result of mass wasting at the inner crater
walls (image: NASA/JPL/ASU). (d) Dome crater Neith on Ganymede. The 45 km dome in the crater interior
is surrounded by a concentric zone of rugged terrain, which represents a former central pit. The actual crater
rim is barely visible and is located along the outer boundary of a relatively smooth, circular area. Neith is one
example of a crater whose topography was strongly modified by post-impact relaxation or by the response of
a weak substrate to a high-energy impact (image: NASA/JPL/DLR). North is up in all images

and least obvious on Callisto. The second class of endogenic landforms is represented by
cryovolcanic features (Fig. 3b), which are most diverse on Europa, less numerous and certain
on Ganymede, and basically absent on Callisto, consistent with the notion that tidal heating
and the consequent geological activity decreases from Io to Ganymede, and does not con-
cern Callisto (Geissler 2015; Fagents et al. 2022). Mass wasting occurs everywhere on Solar
System bodies with (partly) inclined surfaces, including volatile-rich terrain (Moore et al.
1996; Melosh 2012) (Fig. 3c). Last, but not least, impact craters and basins are the most
ubiquitous surface features (Fig. 3d), and the investigation of their morphologies, specifi-
cally, reveal important properties of the icy shells of the Galilean satellites and their thermal
structure and evolution (Senft and Stewart 2011; Burchell 2013). A comprehensive list of
landforms that are relevant to meeting the science objectives of JUICE and a selection of
suggested targets is presented by Stephan et al. (2021a).
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Table 1 Ground sampling / spot size of JANUS, MAJIS, UVS, GALA and SWI as a function of altitude
above the surface for the three different sub-phases of the JUICE orbital mission at Ganymede, assuming nadir
looking. GALA cannot operate in GCO5000. (*) The GCO200 sub-phase is not optimal for acquiring images
and spectra in the ultraviolet to infrared range, due to smearing and long shadows in the observed scene,
ultimately resulting in very low SNR. For JANUS, MAJIS and UVS, the salient sub-phases are GCO5000
and GCO500. SWI also does not plan to operate in GCO200, due to inability to calibrate the instrument with
the spacecraft in a strict nadir-looking attitude at 200-km height

Ganymede orbital mission phase

GCO5000 GCO500 GCO200*

Average altitude (km) 5100 490 200

JANUS (m) 76.5 7.4 3

MAJIS (m) 765 75 30

UVS (m) 8011 770 315

GALA (m) - 49 20

SWI (600 GHz) (m) 10200 980 -

SWI (1200 GHz) (m) 5100 490 -

The analysis of all the respective surface features will benefit from a combination of
data sets acquired by several remote instruments onboard JUICE, notably JANUS images
(Palumbo et al. 2024, this collection) and GALA laser altimetry profiles (Hussmann et al.
2024, this collection). See Table 1 for a summary of the ground sampling of several JUICE
remote sensing instruments for different sub-phases of the Ganymede orbital mission phase.

Images enable the recognition and morphologic investigation of landforms as well as the
determination of model ages (Stephan et al. 2013). Stereoscopic images allow the deriva-
tion of topographic information and the construction of Digital Elevation Models (DEM).
Laser altimetry profiles provide along-track shot-to-shot topography and can be interpolated
along-track and cross-track to construct DEM. In cross-track, the resolution of a GALA-
based terrain model is driven by the separation of neighbouring profiles. These vary over
the surface of Ganymede from a few hundred metres at polar regions to a few km at the
equator. The spot size corresponds to about 7 × 7 JANUS pixels and roughly the expected
spatial resolution of DTM determined from stereo-pairs. Topographic information from ei-
ther stereoscopic images or laser altimetry is essential for quantifying processes in all four
categories of landforms and surface processes (e.g., Melosh 2012). Subsurface profiles of
thermal, compositional, and structural horizons obtained through RIME (Bruzzone et al.,
this collection) will be very useful to combine surface and subsurface information. The anal-
ysis of the surface morphology of the icy Galilean satellites will enable addressing many of
the JUICE scientific objectives (see the Appendix).

2.3.1 Tectonics

Different tectonic features exist on the surface of Europa, Ganymede and Callisto. In par-
ticular, Europa shows ubiquitous extensional deformation on its surface, such as isolated
troughs, which are V-shaped depressions measuring 100-300 m wide and spanning several
to hundreds of kilometres, whose formation remains uncertain. These troughs are part of
a morphological progression that includes double ridges on Europa and wider ridge com-
plexes, suggesting an evolutionary sequence. Such ridges, which are composed of raised
rims to either side of a central fracture, likely formed in response to a combination of exten-
sional, compressive, and shear-related processes. Then, dilatation bands, which are polygo-
nal regions of smoother terrain with distinct boundaries, formed in response to both tidally
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driven extension and endogenic processes. For a complete review of tectonic features on the
surfaces of Europa we refer to Kattenhorn and Hurford (2009).

On the other hand, Ganymede’s surface exhibits widespread brittle deformation, with
furrows in low-albedo (dark) regions and grooves in high-albedo (bright) ones. Furrows,
linear to curvilinear kilometre-scale troughs, offer insight into Ganymede’s early history
and tectonics. Grooves, regional scale morphotectonic structures, represent brittle deforma-
tion in light terrains, indicative of fractures and faults. Proposed tectonic processes include
extensional forces, like horst-and-graben normal faulting, and strike-slip kinematics. For a
complete review of tectonic features on the surfaces of Ganymede we refer to Pappalardo
et al. (2004). In contrast, Callisto lacks prominent tectonic features. Furrows similar to those
found on Ganymede, as well ridges and scarps, are impact-related and were created in basin-
forming events, such as Valhalla or Asgard (Moore et al. 2004).

The identification and characterization of structural elements is a critical component of
all surface studies of the icy shells of the outer planets’ satellites. Deformation features (e.g.,
faults) bear a record of the strain that the ice shells experienced (e.g., Bland and McKinnon
2015), and of exchange processes between the subsurface, the surface and, if present, the
atmosphere (Tobie et al. 2010). Therefore, their investigation is pivotal to better understand
of the stresses acting on the satellite (e.g., tides, non-synchronous rotation, internal forces
such as convection), the properties of the icy “lithosphere”, the tectonic regime (e.g., Collins
et al. 2022) and, indirectly, of the nature of an underlying ocean. Despite their overwhelming
importance, however, many tectonic landforms on the icy Galilean satellites are still poorly
understood (Collins et al. 2010). Several remote sensing instruments onboard JUICE will
contribute to address many of the key science questions related to the structural evolution of
Ganymede’s icy shell, especially JANUS, GALA, 3GM, and RIME (GB.1b, GB.2b, GD.1a,
GD.1b, GD.2a). In the following paragraphs, we describe key observations of the structural
geology of Ganymede and how they will be used to derive information about its tectonic
history and the evolution of its lithosphere. Basically, the same considerations apply to Eu-
ropa (EA.2d, EA.2e, EB.1b, EB.1c), although the limited coverage of Europa during flybys
implies that tectonic studies cannot be global and structural geology will have to focus on
specific targets. Callisto will be observed to a larger degree than Europa, but its tectonic
inventory is sparse and may be limited to impact tectonics (Collins et al. 2010).

In the following, we report the different investigations JUICE will perform at various
scales. Specifically, the global, regional and local scale analyses refer to both spatial res-
olution and geological analysis providing a comprehensive understanding of features and
processes at different spatial scales across the planetary surface. The global scale involves
features or processes that stand out across the entire planetary body or a large portion of
it, and which can be studied through optical observations carried out by JANUS at a few
100s metres. At a regional scale, the focus narrows down to specific areas or regions where
geological or geomorphological characteristics may exhibit some level of homogeneity or
distinctiveness. This scale allows for a more detailed examination of features and processes
that may be unique to certain geographic regions and require an intermediate resolution of
about 100 m. Finally, the local scale zooms in even further to investigate specific sites or
features within a region, providing a high-resolution view of geological formations or sur-
face characteristics. Local-scale analysis enables the identification and characterization of
individual landforms, structures, or surface textures, requiring high-resolution imaging from
<10 metres to a few tens of metres).

Global-Scale Analyses JUICE data will significantly improve the accuracy of structural map-
ping and gain an understanding of global stratigraphy. At Ganymede, global colour coverage
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(RGB filters) at 308 m/pixel and potentially down to 77 m/pixel with the panchromatic filter
will ultimately enable complete mapping of basic categories of geological surface units (i.e.,
light terrain, dark terrain, impacts) (Patterson et al. 2010). Global photogeological mapping
at such spatial resolution will also include large-scale tectonically relevant surface units such
as bright grooved terrain, chaos regions, and bands (GD.1a). Moreover, it will be possible
to map linear structural elements such as furrows and (large) ridges. Although solar illu-
mination evolves during the Ganymede orbital mission phase in such a way that the solar
incidence angle increases over time for any given location observed nadir on the dayside,
making the illumination increasingly grazing (for details about the JUICE mission profile,
see Boutonnet et al. 2024, this collection), the dimensions of furrows (width ∼6 to 20 km,
vertical relief up to 1 km; Giese et al. 1998) and (double) ridges (width 200 m to >4 km,
relief up to 100 m, even more for double ridges; Nimmo et al. 2003) are sufficiently large
to be identified and mapped (e.g., lineament mapping). In addition, quantitative (e.g., strain)
analyses can also be performed based on such data. The analysis of global topography as
provided by GALA (e.g., through DEMs) will enable assessing large-scale elevation dif-
ferences, identifying structurally coherent units, and putting constraints on displacements.
However, 2D imaging data will also provide quantitative information on the deformation
history, as the amount of strain associated with the opening of dilatation bands can be esti-
mated if kinematic analysis techniques are utilised. Such analysis requires the identification
of offset indicators (e.g., so-called “piercing-points”; Schultz et al. 2010a) that can reliably
be identified in images with moderate resolution acquired by JANUS. Another example is
the determination of lateral offset along strike-slip faults, which are known to exist on both
Europa and Ganymede (e.g., Tufts et al. 1999; Cameron et al. 2018, 2019). Lateral (hori-
zontal) strain in the lithosphere will also be quantified by determination of the ellipticity of
craters, which is thought to have originated from pure extension and/or simple shear (Pap-
palardo and Collins 2005). Indeed, on Ganymede, tectonically deformed craters can serve
as markers to test the hypothesis that high-strain fault blocks can tectonically resurface pre-
existing terrains (Pappalardo and Collins 2005).

Regional- and Local-Scale Analyses The global-scale mapping and the kinematic analyses
will be complemented by in-depth investigations of structural elements (GD.1a and GD.1b,
GD.2a). The next logical step after global mapping and kinematic analyses (and building on
their results) will be the close-up inspection of selected targets to reveal their genetic char-
acteristics. Photogeological studies of sets of deformation features, such as furrows or ridge
complexes, at higher resolution are required to determine their true mechanical nature (e.g.,
in analogy to deformation (shear) bands in terrestrial rocks as suggested by Aydin (2006). In
this context, images with a scale of <100 m/px will enable studying their detailed morphol-
ogy and developing models of their origin and evolution. Detailed lineament mapping over
regional scales (tens to hundreds of km) will reveal cross-cutting relationships and therefore
will be pivotal to acquire a robust stratigraphy (e.g., Rossi et al. 2018). Lineament analy-
sis will also reveal characteristics of fault populations (e.g., length-frequency distributions,
interaction, and linkage), which are required information for the further analysis of me-
chanical stratigraphy, strain partitioning, and fault growth in ice (see Schultz et al. (2010b)
for a review of the value of fault population analysis for the understanding of lithospheric
properties and processes). Lineament mapping will also reveal the spacing between linear
tectonic elements. For example, an applied horizontal stress can induce regularly spaced
folds (buckling) with a wavelength that is a function of the thickness of the elastic litho-
sphere (Turcotte and Schubert 2002). Although the required stresses might be too large for
Ganymede (Tobie et al. 2010), other periodic spacings such as observed in grooved terrain
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on Ganymede (typical wavelengths of ∼3–17 km) will be readily measurable in JANUS im-
agery and in GALA altimetric profiles. If the periodicity in grooved terrain is indeed caused
by extensional necking instabilities, the results can be used to constrain the depth to the
brittle-ductile transition and the implied thermal gradients (Dombard and McKinnon 2001).
Images of JANUS, complemented by altimetric (GALA) and radar sounding (RIME) data,
will also help to distinguish between different models of grooved terrain formation (e.g.,
tilt-block faulting).

The analysis of topographic laser profiles acquired by GALA will be extremely useful to
characterise the geometry of structural features on the icy Galilean satellites. In particular,
the combination of laser altimetry and imaging data is a powerful tool for the mechanical
analysis of deformation features (e.g., Hauber et al. 2010). Laser altimetry profiles will be
co-registered with medium-resolution images to obtain topographic profiles with very high
vertical accuracy that cross tectonic features (e.g., furrows) at high angles and are directly
linked to spatially resolved information (necessary to interpret the morphology, which is dif-
ficult or even impossible if based on discrete laser shots alone). Topography as measured by
a laser altimeter can then be used to quantify mechanical deformation and derived properties
of the icy shell (e.g., flexural uplift of trough flanks; Nimmo and Pappalardo 2004; Giese
et al. 2008). Ideally, such information will be coupled with subsurface profiles of structural
horizons and discontinuities acquired by RIME (e.g., the brittle-ductile interface in bright
terrains; Heggy et al. 2017) (GB.1a, GB.2a).

High-Resolution and Stereo Imaging Even more high-resolution images are needed to pro-
vide critical insight into some aspects of the small-scale architecture of folds and faults.
Although the stereo coverage of JANUS will be limited due to operation aspects, it will
be sufficient to determine key properties of selected individual faults or fault populations.
One example is the determination of the displacement-length scaling of faults (Schultz et al.
2006), which has rarely been realised for icy satellites. At larger fault lengths (km to tens of
km) this can be accomplished by a combination of a sufficiently dense grid of laser altimetry
measurements by GALA and co-registered image data from JANUS, but for smaller fault
lengths (hundreds of metres to kilometres) it can only be done with gridded DEM derived
from JANUS stereo images. During the Ganymede orbital phase, the best dataset will be
acquired on selected regions of interest at an average altitude of 490 km above the surface
(see Table 1). High-resolution optical imagery obtained in the 7-30 metres/pixel range will
also enable a better understanding of how dark material is mobilised with respect to the to-
pography of tectonic structures (Prockter et al. 2010; Rossi et al. 2023), or how low-albedo
(dark) terrain changes into high-albedo (bright) terrain (which has been suggested to be the
result of motion along faults). Small-scale architectural elements of faults (e.g., relay ramps)
can also be examined in detail only with very high-resolution images obtained by JANUS.

2.3.2 Cryovolcanism

Cryovolcanism is defined as the «Eruption of liquid or vapour phases (with or without en-
trained solids) of water or other volatiles that would be frozen solid at the normal temper-
ature of an icy satellite’s surface» (Geissler 2015). It is a widespread process in the outer
Solar System and has been reported to occur in icy satellites (Europa, Ganymede, Ence-
ladus, Titan, Triton), on Pluto and its largest satellite Charon, and possibly even on aster-
oids (Ceres). As cryovolcanic eruptions might deliver materials from the interior (e.g., from
subsurface oceans) to the surface, they would represent direct evidence for interior-surface
exchange processes and, therefore, would make potential records of habitable environments
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(e.g., Kargel et al. 2000) accessible for remote sensing observations and possible future in
situ analysis. Nevertheless, it should be noted that a direct ascent of ocean water to the sur-
face of Europa is unlikely due to the very high pressures that would be required (Manga
and Wang 2007), and shallow subsurface sources may be more likely (Gaidos and Nimmo
2000). Regardless of the exact location of melted subsurface reservoirs, the search for and
analysis of potential subsurface intrusions is among the most important science objectives
of JUICE related to Europa and Ganymede (e.g., Grasset et al. 2013).

Evidence or indication for cryovolcanism comes from observations of active plumes on
Triton (Soderblom et al. 1990), Enceladus (Porco et al. 2006; Spitale and Porco 2007), Eu-
ropa (Roth et al. 2014a; Jia et al. 2018), and possibly on Ceres (Küppers et al. 2014). Optical
imagery of the surfaces can indirectly support these findings, e.g., unusually smooth areas on
Europa or “caldera-like” features on Ganymede (Schenk et al. 2001). Europa is the JUICE
target with the strongest evidence for cryovolcanism, and surface evidence consists of lobate
“flow-like features”, certain elliptical to circular lenticulae, «chaos» terrain, and low-lying,
smooth, low-albedo surfaces (Fagents 2003). The analysis of JANUS optical images and
MAJIS hyperspectral images (Poulet et al. 2024, this collection) will provide complemen-
tary information on the morphology, microtexture and composition of potential cryovolcanic
features and deposits (EA.2d). GALA will acquire two topographic profiles during the two
flybys, and any segments of the laser tracks that show flat and smooth terrain (as revealed by
relative shot-to-shot elevation differences as well as through the analysis of within-footprint
roughness; Hussmann et al. 2024, this collection) would be candidate examples of, specif-
ically, the cryovolcanic flows (EA.2e). Ideally, RIME will acquire co-located profiles that
may display supporting subsurface evidence of subsurface intrusions (e.g., basal interfaces).

Whereas early studies, based on the inspection of lower resolution images, have tenta-
tively interpreted bright terrains on Ganymede as the consequence of cryovolcanic resur-
facing (e.g., Parmentier et al. 1982; Schenk et al. 2001), later analysis of higher-resolution
Galileo images has shown that possible cryovolcanic deposits on Ganymede are rare, at best
(e.g., Geissler 2015). According to our current knowledge, scarp-bounded depressions that
appear to be the result of collapse and roughly resemble volcanic calderas on Earth (Luc-
chitta 1980), are the best candidate sites to search for cryovolcanic deposits (Solomonidou
et al. 2021). They are described as «flat-floored depressions surrounded by inward-scalloped
walls, breached on one side and typically associated with light subdued materials» by
Collins et al. (2013). Another type of potential cryovolcanic landforms are craters hosting
central domes whose formation suggests a diapiric origin, whose rise began by post impact
subsurface adjustments (e.g., Melkart crater, Lucchetti et al. 2023). Only very limited to-
pographic information is available for these landforms (Giese et al. 2017). The diameters
of the caldera-like landforms range from several kilometres to tens of kilometres, hence a
first identification together with establishing the geological context (GD.1a), once in orbit
around Ganymede, will be possible through JANUS imaging carried out at an average alti-
tude of 5100 km above the surface. These images will also be essential to search for potential
surface changes that occurred since the last look given by the Galileo mission at the caldera-
like features, but also at fractures. For a better characterization of the collapse mechanism,
the associated tectonic deformation (e.g., through the detection of margin-parallel tension
cracks), and the ages (GD.2a), however, higher-resolution images will be necessary (resolu-
tion of a few 10s m or better), which will require spacecraft pointing for selected features.
A quantitative modelling of the physical mechanisms of cryomagma ascent and eruption to-
gether with the associated surface deformation will require topographic information. GALA
measurements together with co-aligned monoscopic JANUS images will be very useful, but
ideally JANUS stereo images (with respective pointing requirements) will provide spatially
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extended Digital Elevation Models (DEM) that allow topographic mapping and modelling
of the caldera areas and surroundings (GB.2f). As for Europa, RIME profiles could reveal
subsurface structures associated with cryovolcanic deposits that may have originated at these
caldera-like collapse depressions (GB.2a, GD.1c).

Importantly, the compositional analysis of cryovolcanic deposits will be an important
objective of JUICE. Colour information coming from JANUS in different filters (Palumbo
et al. 2024, this collection) will provide constraints about the composition of such features
on Ganymede (GE.1e), which will be coupled with MAJIS data at coarser spatial resolution
(GE.1a; see Sect. 3).

2.3.3 Mass Wasting

The presence of various types of mass movement processes and associated features have
modified the surfaces of Europa, Callisto and Ganymede at a regional scale (Moore et al.
1999; Chuang and Greeley 2000). Small-scale mass movements have been detected on Eu-
ropa, primarily occurring on the steep slopes of ridges and bands, and occasionally on the
rims of impact craters. These movements result in deposits accumulating at the base of the
slope from where they detached, forming tongue-like bulges at the front of the deposit. On
Ganymede, significant sliding movements are noted on the slopes of certain recently formed
impact craters. The most prevalent mass movements observed on Callisto are lobate (flow-
like) features, typically resulting in alcoves and fan-like structures due to lateral spreading.
These flow-like movements often mix with impact ejecta, obscuring the original topography
of neighbouring regions (Parekh et al. 2023).

The study of mass wasting processes on icy satellites can improve our understanding of
frictional forces (e.g., frictional heating) and, in turn, can inform about material properties
(e.g., Singer et al. 2012) and contribute to the determination of the properties of the icy shell
(GB.1). Mass wasting may have also contributed to concentrate lag material in dark cratered
terrains (Patterson et al. 2010). Although the topographic relief of the icy Galilean satellites
is relatively small on average (though increasing from Europa to Callisto, see e.g. Giese
et al. 1998; Zubarev et al. 2017; Schenk et al. 2021; Schenk 2024), high-resolution imaging
by JANUS will allow the identification of such mass wasting deposits, e.g. at the foot of
topographic scarps such as faults (Mills et al. 2023), curved ridges, or straight segments of
polygonal impact craters (e.g., Baby et al. 2024). The initial identification of mass wasting
deposits in images of relatively lower spatial resolution should then be followed by high-
resolution images of selected deposits, if possible, in stereo. Typically, this will require
pointing geometries. Stereo coverage will enable determining the volume or the height-
runout length ratio (a measure to approximate the friction coefficients for landslides), but
in some cases topography information may also come from laser altimetry data (GALA) or
from photoclinometry. High-resolution data from JANUS (ideally a stereo-derived DEM)
can also be used to similarly investigate the effects of frictional heating on faults (Lucas
2012).

2.3.4 Impact Cratering

Impact craters and basins are among the most ubiquitous surface features on Solar System
bodies with solid surfaces, and the icy Galilean satellites are no exception. Ganymede and
Callisto arguably exhibit the largest variety of impact crater morphologies among the icy
moons (e.g., Kirchoff et al. 2024), which range from simple bowl-shaped craters to complex
craters with (1) central peaks, (2) central pits, (3) central domes, but also include (4) to-
pographically elevated ejecta blankets (pedestals) (5) and multi-ring impact basins (Schenk
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et al. 2004). These different morphologies are considered to be a function of the mechanical
properties of ice or the presence of liquids in the subsurface and thus mirror the target prop-
erties of the icy subsurface at the time of the impact event (Bray et al. 2012; Luttrell and
Sandwell 2006; Schenk 2002). In addition, the response of the lithosphere to an initial to-
pographic load on an icy satellite, i.e. relaxation processes, can reveal the thermal structure
and its evolution after the formation of the feature. For example, the fact that large impact
craters on both satellites have sharp crater rims but anomalously shallow depths, has been
interpreted as the consequence of impact crater relaxation in an ice shell where viscosity de-
creases with depth (Parmentier and Head 1981). One important goal is to assess how impact
crater morphology (complex craters with diameter larger than 25 km) can inform the anal-
ysis of the stratigraphy and evolution of Ganymede’s near-subsurface (Schenk 2002; Senft
and Stewart 2011; Bjonnes et al. 2022) and the accessibility and habitability of subsurface
oceans, including exchange processes between the surface and subsurface.

Furthermore, crater chains (= catenae) on Ganymede and Callisto, which are thought to
have been formed by the impact of a body that was broken up by tidal forces into a string of
smaller objects following roughly the same orbit (Schenk et al. 1996), have been included
in this target category. Their investigation enables us to better define the dynamical and
physical properties of the impactors in the Jovian system and their mass and size distribution.

The determination of impact crater size-frequency distributions is a vital tool for dating
planetary surfaces, which is crucial for understanding the geological evolution of these bod-
ies themselves and their context in the broader Solar System. The crater retention ages of
outer solar system bodies are model-dependent, very complicated to determine and poorly
constrained due to the lack of global-scale camera data coverage at sufficiently high spatial
resolutions of the icy satellite surfaces. One of the most important assumptions in interpret-
ing crater counts is the source, nature and origin of the primary projectile population(s),
which is still not well constrained. Another important assumption is the rate at which these
impactor populations produce craters, but also in this case research into the dynamical evolu-
tion of projectile populations is urgently needed and not yet fully addressed. Finally, scaling
laws are needed to translate the crater diameters in impact projectiles. All these points make
the determination of craters age on icy satellites controversial and difficult to constrain (e.g.,
Bottke et al. 2024). JUICE will help in revealing insight into this topic. Indeed, achieving
a nearly complete coverage of Ganymede’s and Callisto’s surfaces at homogeneous spatial
scales of about 100 m/pixel will be crucial in the identification of impact craters and, hence,
for advancing our understanding of the projectile populations and impact scenarios within
the Jovian system. As an example, determining the absolute age of the light terrain is essen-
tial for establishing the timing or period of its formation relative to Ganymede’s evolution
(Baby et al. 2024).

Several remote sensing instruments will provide data that will be useful to investigate
the surface morphology of impact craters. High resolution imagery (JANUS) and topogra-
phy data (JANUS and GALA) are needed to characterise the different morphologies and the
transitions between the crater classes in detail and to put the individual craters into a chrono-
logical context. In particular, the large impact basins (order of a few 100s km in diameter) on
both satellites are a major stratigraphic marker. The latter is essential to distinguish between
morphological characteristics established during and/or after the impact event (Luttrell and
Sandwell 2006) on the one hand and viscous crater relaxation with time on the other hand
(Bland et al. 2017; Singer et al. 2018). Subsurface information for craters and their surround-
ings will be provided by RIME, ideally coupled with knowledge on the topography (as for
all targets observed with RIME). Complementary to the information on surface morphology,
knowledge about the physical and chemical properties of the crater material will come from
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MAJIS, but also from UVS (Retherford et al., this collection) and SWI (Hartogh et al., this
collection) (see Sect. 3).

The most essential parameter is the topography or relief of impact craters (measurement
requirements for Ganymede: GB.1a, GB.1b, GB.2a-b, GD.1a, GD.1b; for Callisto: CA.1a-c,
CC.1a, CC.1b, CC.1d, CC.3b, CC.3d, CC.3e; for Europa: EB.1a-c, EB.2a-c) (e.g., Bjonnes
et al. 2022). The determination of the erosion state of a crater or basin (e.g., for Ganymede:
GD.3a) will support the interpretation of its morphology (e.g., is the present-day relief the
result of relaxation or erosion). As impact craters can – at first order – be considered as
axisymmetric targets, a topographic or radar profile through the crater centre covering the
surroundings, the ejecta, and the crater itself) would in most cases be sufficient (as opposed
to a complete coverage of the crater and ejecta area). For larger craters, this could be realised
through a series of GALA shots or a RIME radar profile in a single orbit. Accompanying
such measurements, monoscopic JANUS images obtained in the same orbit would be help-
ful to verify that the GALA and/or RIME profile indeed cross the crater centre; moreover,
images will provide essential context information.

Although impact craters of diverse morphologies are ubiquitous on both satellites and
the centres of many impact craters and basins will be crossed in nadir observation geometry,
specific flyby geometries and pointing are required to observe specific impact craters. Close
approaches of the spacecraft will help acquire data with high spatial resolution.

2.4 Coverage by JUICE Remote Sensing Instruments

The JUICE mission will enable addressing the above questions using remote sensing in-
struments in different periods. During flybys, imaging by JANUS can be planned to obtain
coverage on hemispheric scale. For example, one of the two Europa flybys (7E1) can cover
a substantial part of the satellite’s surface, obviously with widely varying image resolutions
(Fig. 4a). Close flybys will also allow GALA and RIME to measure profiles during the clos-
est approach phase (<1500 km). Another example of image planning during flybys is shown
in Fig. 4b for the Callisto flyby 18C11, illustrating the change of increasing and decreasing
image resolution as the spacecraft approaches and leaves the satellite, respectively. Com-
bined imaging in 21 Callisto flybys in principle could allow JANUS to achieve nearly global
coverage (Fig. 4c).

For Ganymede, most of the imaging coverage will be obtained during the different orbital
sub-phases (GEOa, GCO5000, GEOb, and GCO500, see Boutonnet et al. (2024)). Global
coverage at <100 m/px will be achieved especially in the GEOa+GCO5000+GEOb period
(20 December 2034 through 21 May 2035), although the solar illumination conditions will
not be optimal in the polar regions and will worsen over time in the northern hemisphere
(Fig. 5). This global coverage will enable: (i) identifying many of the landforms of interest,
(ii) mapping their spatial distribution on a global and regional scale, (iii) establishing their
relative stratigraphy by analysing, e.g., cross-cutting relationships, and (iv) determining the
absolute model ages of large geological units by measuring their crater size-frequency dis-
tributions (e.g., Dones et al. 2009; Stephan et al. 2013; Wagner et al. 2014). The information
collected during GCO5000 and previous mission phases will be essential to target selected
regions of particular interest (Stephan et al. 2021a) at ground sampling <10 m/px in the
GCO500 sub-phase, and acquire stereo image pairs for the quantitative analysis of morpho-
metric properties of landforms. Examples of such targeted image campaigns during GC500
are shown in Stephan et al. (2021a). In GCO500, GALA will measure laser altimetry pro-
files and obtain global coverage (Fig. 6; for details see Hussmann et al. 2024, this collection,
and Van Hoolst et al. 2024, this collection).
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Fig. 4 Predicted imaging coverage of the icy Galilean satellites by JANUS as obtained during flybys. (a)
Europa flyby 7E1 (2 July 2032) as currently planned. The colours show the image scale, and the percentages
as indicated in the colour scale bar to the right represent the surface coverage at the respective scale. The
phase angle ranges between 0° and 180°, incidence angle between 0° and 70°, and emission angle between
0° and 75°. (b) Callisto flyby 18C11 (13 March 2033), under a simple assumption of nadir-looking only
(no detailed planning being available at the time of writing). The phase angle ranges between 0° and 180°,
incidence and emission angles between 0° and 90°. (c) Potential coverage of Callisto as obtained after all of
the 21 flybys (21 June 2032 through 24 June 2034), under a simple assumption of nadir-looking only. The
phase angle ranges between 0° and 180°, incidence and emission angles between 0° and 90°. All images:
DLR
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Fig. 5 Predicted imaging coverage of Ganymede as achieved during the GCO5000 circular orbit sub-phase,
carried out at an average altitude of 5100 km over the surface. Extreme illumination conditions (i.e., incidence
and emission angles larger than 70° and 75°, respectively) have been filtered out. Image: DLR

Fig. 6 Model of predicted global topographic coverage by laser profiles acquired by GALA in GCO500. For
details, see Hussmann et al. (2024, this collection)

3 Surface Composition of the Icy Galilean Moons

3.1 Current Knowledge and Future Exploration

While on most icy satellites of the outer Solar System the composition is dominated by wa-
ter ice, the presence and distribution of non-water-ice materials on the surface is pivotal for
understanding the origin and evolution of the surfaces of the Galilean satellites, since the
surface material can be at least partly indicative of the composition of the interior and can
provide constraints on the environment in which these bodies formed and evolved. In the
case of the Galilean satellites of Jupiter, most of the high-resolution composition informa-
tion available to date has been collected from 1995 to 2003 by the Near-Infrared Mapping
Spectrometer (NIMS) onboard the NASA Galileo spacecraft (Carlson et al. 1992), oper-
ating in the 0.7–5.2 µm range with an average spectral sampling of 25 nm beyond 1 µm
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and a spatial resolution varying from >100 km/px to ∼2 km/px. While the NIMS observa-
tions were a big improvement over previous ground-based spectroscopic observations, they
suffered from Jupiter’s radiation environment, the instrument’s spectral resolution was low
compared to present spaceborne imaging spectrometers, and spectral mapping of the satel-
lites was achieved mostly at coarse spatial resolution (>50 km/px) due to limited downlink
rate following the failure on the deployment of the spacecraft’s high-gain antenna (Taylor
et al. 2002).

3.1.1 Water Ice

Since the early ground-based telescopic observations, water ice was known to dominate the
surface composition of the Galilean satellites Europa, Ganymede and Callisto (Kuiper 1957;
Moroz 1965). However, it was not until the Galileo spacecraft arrived at the Jupiter system
that variations in the water ice properties such as abundance, grain size and crystallinity,
could be observed and put in relation with surface age, geology, temperature, and radiation
environment. Water ice on these bodies could be studied using Galileo/NIMS by means of
diagnostic spectral signatures centred at about 0.9, 1.04, 1.25, 1.5, 2.0, and 3 µm (Grundy
and Schmitt 1998; McCord et al. 1998a, 1998b). Globally, a gradient of water ice abundance
could be observed throughout the surfaces of the icy Galilean satellites. While the geolog-
ically young surface of Europa exhibits the highest amount of water ice, the abundance
decreases toward Callisto, whose geologically ancient surface is strongly contaminated with
visually dark, non-ice materials. Ganymede’s infrared spectra suggest an intermediate global
abundance of water ice with more ice in the tectonically resurfaced bright terrain and dark
material concentrated in the ancient dark terrain – similar to Callisto’s surface (McCord
et al. 1998a, 1998b).

Individual spectral features such as a narrow temperature-dependent band at 1.65 µm and
the Fresnel reflection peak at 3.1 µm, indicate a similar trend with respect to variations in
the ice crystallinity in the uppermost (<1 mm) surface layer of the icy Galilean satellites.
Europa’s surface exhibits more amorphous ice, Callisto is dominated by crystalline water
ice, while both types are found on Ganymede (Hansen and McCord 2004; Bockelée-Morvan
et al. 2024).

The crystallinity of the surface ice is believed to reflect the radiation and temperature
environment on these bodies, with radiolytic fluxes that generally increase in the trailing
hemisphere and towards the polar regions. The radiation environment of Ganymede is in-
termediate between that of Callisto and Europa, as it has 10 times higher radiation density
than Callisto, and 32 times lower than that of Europa (Cooper et al. 2001). While charged
particles continuously impact the surface of Europa and destroy the structure of ice crystals,
diurnal temperature variations between ∼80 and ∼165 K on Callisto (Hanel et al. 1979;
Spencer 1987) cause a continuous crystallisation of the surface ice. Although Ganymede is
also affected by a strong radiation environment, its surface is partly shielded from radiation
due to the configuration of its unique magnetic field and influenced by similar variations in
surface temperature like Callisto (Moore et al. 2004; Pappalardo et al. 2004). The global
pattern of ice present on Ganymede’s surface, with amorphous ice detected in the polar re-
gions and crystalline ice dominating the equatorial region, has been interpreted to indicate
a balance between the crystallisation and disruption processes (Hansen and McCord 2004).
However, grain size and temperature alone also affect the spectral signature and can add up
or mimic spectral signatures of different crystallinity, which can complicate mapping phys-
ical ice properties on icy bodies (Stephan et al. 2021b). Very small ice grains (<70 µm)
could explain the spectral signatures in Ganymede’s polar regions, previously interpreted as
amorphous ice.
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NIMS data also indicate that ice grain sizes globally vary depending on the latitude for
both Ganymede and Callisto with ice grain sizes being the largest in the equatorial region
and decreasing toward the poles (Stephan et al. 2020). The fact that more water ice exists on
Ganymede could explain that thin polar caps could be or are formed on Ganymede and not
on Callisto.

The formation of Ganymede’s polar caps has been often related to the existence and
configuration of Ganymede’s magnetic field, which results in a region of closed magnetic
field lines around the moon’s equator, i.e., a small magnetosphere around the satellite lo-
cated within Jupiter’s magnetosphere. While the equatorial region of Ganymede is largely
protected from the impacting Jovian plasma, in the polar regions the surface can easily be
accessed by impacting particles causing brightening effects due to sputtering and local re-
deposition of water ice molecules as fine frost (Johnson 1997; Khurana et al. 2007). This is
also consistent with electron impact patterns as revealed by auroral morphology (McGrath
et al. 2013; Musacchio et al. 2017). However, Callisto, which does not have an intrinsic
magnetic field, shows a similar trend. The simplest explanation is that surface temperature
variations likely dominate the distribution of surficial water ice on Callisto (Moore et al.
2004).

3.1.2 Non-ice Materials: Salts and Hydrates

In NIMS data, non-ice materials were identified based on their spectral profiles, showing low
reflectance values at wavelengths below 3 µm combined with shallow and particularly asym-
metrical (distorted) water ice bands at 1.5 and 2.0 µm, as well as a relatively high reflectance
in the 3–5 µm range compared to pure water ice (McCord et al. 1998a, 1998b, 1999). On
Europa, these spectral characteristics are generally associated with visually dark and red-
dened areas, such as the lineae and the chaos terrains, and were initially interpreted as due
to the presence of endogenous hydrated minerals, particularly Mg- and Na-sulphates such
as hexahydrite (MgSO4 · 6H2O), epsomite (MgSO4 · 7H2O), mirabilite (Na2SO4 · 10H2O),
and bloedite (Na2Mg(SO4)2 · 4H2O), which can form by crystallisation of brines erupted
from below the surface and were predicted by formation models of Europa (McCord et al.
1998b, 1999, 2001a, 2001b, 2002; Dalton 2003; Dalton et al. 2005) (Fig. 7). Alternatively,
it was proposed that the optically reddish material of Europa was due to hydrated sulfuric
acid (H2SO4 · nH2O), resulting from the radiolysis of water and sulphur species, or from
the decomposition of sulphate salts (Carlson et al. 1999a, 1999b). Grain size and tempera-
ture affect the spectral features of hydrated salt minerals so that generally low temperatures
and fine grains produce finer spectral signatures (e.g., Dalton 2003; Dalton et al. 2005; De
Angelis et al. 2017, 2019, 2021, 2022). Determining the composition of dark lineaments
in Europa’s trailing anti-Jovian hemisphere is non-trivial using NIMS data, which have a
typical signal-to-noise ratio (SNR) ranging between 5 and 50 (Greeley et al. 2009): spectral
modelling carried out between 1 and 2.5 µm reveals that water ice and hydrated sulfuric
acid are essential endmembers, but it is difficult to separate hydrated sulphates from other
endogenic species (Cruz Mermy et al. 2023).

In recent years, space-based and large Earth-based telescopes such as the Hubble Space
Telescope (HST) and the Very Large Telescope (VLT) have been used to obtain spectra of
Europa and Ganymede. Modern telescopic data have higher spectral resolution and lower
noise than NIMS, and an intermediate spatial resolution of tens of km which is suited to
highlight regional compositional trends. These data made it possible to identify irradiated
sodium chloride (NaCl) on Europa (Trumbo et al. 2019a) and to suggest that both on Europa
and on Ganymede the contribution of chlorinated salts, ultimately sourced from the interior,
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could be larger than other endogenous chemical species such as sulphates and carbonates
(Ligier et al. 2016, 2019; King et al. 2022; King and Fletcher 2022). Recent laboratory
experiments suggest that “hyperhydrated” sodium chloride hydrates such as 2NaCl·17H2O
and NaCl·13H2O may form in the hydrosphere of Ganymede and possibly Europa and could
be transferred to the surface through convective processes (Journaux et al. 2023). If the con-
vective transport through the outer ice shell is efficient enough, disodium chloride decahep-
tahydrate (2NaCl·17H2O) is stable at ambient pressure below 235 K and may be the most
abundant NaCl hydrate on the surfaces of active icy satellites (Journaux et al. 2023). The
possible detection of 2NaCl·17H2O, for which infrared spectra still need to be acquired in
the laboratory, may reveal areas where material recently upwelled from deep in the ice shell
and ocean.

McCord et al. (2001a, 2002) and Dalton (2007) pointed out that the Europa spectra are
best matched by mixtures of hydrated mineral salts and hydrated sulfuric acid in varying
proportions. McCord et al. (2001a, 2002) suggested that the mechanism could be that the
Na associated with some salts could be easily swept out and that abundant H+ could take
its place, forming sulfuric acid. Shirley et al. (2010) and Dalton et al. (2012, 2013) showed
that on Europa the abundance of hydrated sulfuric acid on a regional scale is dominated by
the energy flux of charged magnetospheric particles. Shirley et al. (2010) also showed that
the signature of the hydrated material, or dark terrain, varies according to the type of geo-
logical unit, which means that a given unit has the same relative abundances of hydrates in
terms of mixtures of mineral salts and sulfuric acid (e.g., ridged plains give one set of abun-
dances, lenticulae give another, while chaos regions have a different composition). McCord
et al. (2010) confirmed this evidence, noting that the abundance of hydrates increases going
from the periphery towards the centre of a given geological feature, proving that the forma-
tion mechanism seems to dominate the composition. NaCl on Europa is spatially correlated
with leading-hemisphere chaos terrain, which are geologically young regions (Trumbo et al.
2022), although this portion of the satellite also displays hydrogen peroxide (H2O2), an
exogenous compound resulting from radiolysis of water ice (Trumbo et al. 2019b).

On Ganymede, the surface composition as inferred from near-IR spectroscopy is similar
to that suggested for Europa, which implies that also there, despite the outer ice crust being
much thicker, liquid brines may have reached the surface at some time. Ganymede’s dark
terrain that covers 1/3 of Ganymede’s surface is suggested to be non-ice material with en-
dogenic origin overlying brighter icy material with the possible presence of ammonia-rich
fluids in its mixture (Murchie et al. 1990; Prockter et al. 2000; Patterson et al. 2010). Ul-
traviolet spectroscopy data obtained during Juno’s close flyby of Ganymede in June 2021
also suggest an ammonia-like contaminant at low latitudes (Molyneux et al. 2022). Data
collected by the Juno/JIRAM instrument during the same flyby at an unprecedented spatial
scale of <1 km/px, covering the sub-Jovian hemisphere at low northern latitudes, revealed
that Ganymede exhibits local-scale variations in the composition of geological units that
were formed by different mechanisms or at very different times (Tosi et al. 2024). Mixtures
of chloride salts, bloedite and possibly carbonates may be the result of extensive aqueous
alteration of silicates that occurred at some point in the history of the satellite, perhaps com-
bined with hydrothermal activity in its depths (Tosi et al. 2024).

As it was proposed for Europa, there could be an exogenous contribution produced by
radiolysis and chemical reactions that take place in the first few centimetres of surface thick-
ness. However, the pattern observed on Ganymede is substantially different due to the ex-
istence of an intrinsic magnetic field that shields the surface from the impact of electrons
and heavy ions at latitudes below ∼40° (e.g., Fatemi et al. 2016; Poppe et al. 2018; Liuzzo
et al. 2020; Plainaki et al. 2020a, 2020b). In this case, endogenic non-ice materials would be
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Fig. 7 Spectra of several hydrates and brines, measured at 100 K in the range from 0.7 to 2.5 µm, compared
with a NIMS spectrum of non-ice material of Ganymede’s dark terrain sampled in Marius Regio (panel a)
and Europa’s non-icy terrain (panel b). Credits: J.B. Dalton

concentrated at low latitudes, as also suggested by the Galileo magnetometer measurements
for the presence of a conductive fluid layer (McCord et al. 2001a, 2001b; Pappalardo et al.
2004), while hydrated sulfuric acid and bloedite are more abundant at high latitudes (Ligier
et al. 2019; King and Fletcher 2022). Infrared spectra returned by the James Webb Space
Telescope (JWST) revealed that charged-particle radiation directed by Ganymede’s intrin-
sic magnetic field creates H2O2 at its polar caps (Trumbo et al. 2023). Another exogenous
contamination comes from the impact of micrometeorites and dust from the outer region
of the Jupiter system; but there is no clear compositional distinction between the leading
and trailing hemispheres as it should be in this case, while the surface composition appears
dominated by the processes that define the different geological provinces.

On Callisto, a significant absorption of OH centred at 2.7 µm suggests that at least part
of the dark material that mantles its surface is hydroxylated (Roush et al. 1990; Calvin and
Clark 1991; Hibbitts and Hansen 2001). Also on Ganymede, a component of the non-ice,
dark material might be due to phyllosilicate minerals such as smectites. Similar to hydrated
mineral salts, the spectra of hydroxylated minerals are temperature-sensitive and have a
different appearance at surface temperature values representative of the Galilean satellites
(80–165 K) than at room temperature, showing in some cases a finer structure and sharper
characteristics.

3.1.3 Non-ice Materials: Organics, Volatiles, and Clathrates

On both Ganymede and Callisto, in addition to spectral profiles attributable to mineral salts
and hydrated sulfuric acid, NIMS also identified spectral signatures centred at 3.4, 3.88,
4.05, 4.26 and 4.57 µm, respectively interpreted as the spectral counterpart of the C–H bond
in aliphatic organic compounds, of the S–H bond (possibly due to SO2–H2S mixtures), sul-
phur dioxide (SO2), carbon dioxide (CO2), and tholins, i.e. nitrogen-rich organic compounds
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that can form as a result of the prolonged action of charged particles on icy surfaces origi-
nally rich in organics (McCord et al. 1997, 1998a; Hibbitts et al. 2003). These features are
weaker on Ganymede than on Callisto. Recent JWST/NIRSpec observations revealed that
on Callisto, the absorption band at 4.57 µm is significantly stronger in the leading hemi-
sphere unlike CO2, suggesting that these two spectral features are spatially anti-associated
(Cartwright et al. 2024). The distribution of the 4.57-µm band is more consistent with na-
tive origin and/or accumulation of dust from Jupiter’s irregular satellites (Cartwright et al.
2024). Other weaker absorption characteristics could arise from organics containing CH,
CO, carbonyl sulphide (OCS), and Na-bearing minerals. Recent observations by Juno/JI-
RAM also suggest the existence of aliphatic organics on Ganymede, possibly endogenic in
origin (Mura et al. 2020; Tosi et al. 2024). While there is yet no reliable detection of organics
on Europa, a prime candidate for exobiology, the detection, characterization and mapping
of organic compounds and related products (e.g., carbonates, tholins) is a key objective of
the JUICE mission (Fig. 8). In this regard, multiwavelength spectroscopy will shed light on
the nature the dark material mantling Callisto and confirm whether there is any degree of
contamination induced by the irregular satellites, which should concern Callisto more than
Ganymede and Europa, similar to what occurs for Iapetus in the Saturn system (Tosi et al.
2010; Bottke et al. 2013).

CO2 of varying concentrations appears to exist everywhere on Callisto, except at high
latitudes. CO2 is most abundant in the trailing hemisphere and in the floor, rim and ejecta of
the major impact basins and impact craters, with younger craters showing larger abundance
of this compound (Hibbitts et al. 2002). Impactors cannot be the source of CO2, as this com-
pound sublimates rapidly at the temperatures typical of the dayside of the satellite (∼165 K
at the subsolar point). Therefore, some trapping mechanisms (e.g., ice clathrates, physisorp-
tion) are thought to favour the creation of a stable underground CO2 deposit. JWST/NIR-
Spec data confirmed that the 4.25-µm band diagnostic of complexed CO2 is stronger at low
latitudes near the apex of the trailing hemisphere, consistent with magnetospheric plasma-
stimulated radiolytic production of CO2 (Cartwright et al. 2024). A weak absorption band
of 4.38 µm probably arises from 13CO2 in the solid state. The 13CO2/12CO2 band ratios
measured using Io-subtracted data indicate that carbon isotope abundances on Callisto are
similar to Iapetus and other bodies that exhibit terrestrial-like values, suggesting that Cal-
listo’s surface is not enriched in 13C, while a possible enhancement of 13C could result from
delivery of irregular satellite dust (Cartwright et al. 2024).

Also based on recent JWST near-infrared observations, on Ganymede the 4.26-µm fea-
ture diagnostic of trapped or complexed CO2 displays variations in band centre and band
shape over the leading and trailing hemispheres, which indicate that CO2 is present in dif-
ferent physical states on the surface (Bockelée-Morvan et al. 2024). However, the band depth
is not correlated with Bond albedo and ice content in the equatorial regions. On the other
hand, in the polar region of the leading hemisphere CO2 is revealed at 4.27 µm, which is
consistent with CO2 trapped in amorphous water ice (Bockelée-Morvan et al. 2024). Unlike
Callisto, impact craters are not enriched in CO2, whose abundance on Ganymede correlates
with moderately hydrated non-ice material and appears to be dominated by local geological
processes (Hibbitts et al. 2003, 2009; Tosi et al. 2023, 2024).

Unique among the Galilean satellites, Ganymede shows evidence of the presence of oxy-
gen species trapped in the uppermost mm-thick surface layer, such as molecular oxygen
(O2) detected at visible wavelengths (Spencer et al. 1995; Migliorini et al. 2022) and ozone
(O3) detected in the near-UV (Noll et al. 1996). These species are most abundant in the
trailing hemisphere, consistent with the preferential orientation of that side of the satellite
with Jupiter’s magnetosphere, which reveals they probably arise from ionic bombardment
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of the ice surface. Ganymede’s Galileo/UVS measurements confirmed the presence of O3,
whose abundance increases with increasing latitude (Hendrix et al. 1999). This has been
interpreted as the result of an ozone cycle, with plasma bombardment creating O3 in the ice
matrix and photodissociation destroying it. Furthermore, it is hypothesised that the hydro-
sphere of Ganymede and Callisto could host gas clathrate hydrates at temperatures ranging
between 250 and 300 K (Choukroun and Grasset 2010; Journaux et al. 2020).

While Galileo/NIMS data could not safely detect CO2 at Europa mostly due to the coarse
spectral resolution combined with very low SNR longward of 2.7 µm, Trumbo and Brown
(2023) mapped the regional distribution of CO2 on Europa using observations obtained with
JWST/NIRSpec, finding an unusual double-minima CO2 feature concentrated at low lati-
tudes in Tara Regio (10°S, 75°W), a young chaos terrain, which could indicate an internal
carbon source, possibly the internal ocean. Based on the same dataset, Villanueva et al.
(2023) also identified this CO2-rich feature and measured its 12C/13C isotope ratio, confirm-
ing an internal origin.

On the surface of the icy Galilean satellites, SO2 is a typical exogenic compound believed
to originate from implantation of sulphur ions, coming from Io, into an ice-rich surface.
The presence of small amounts of SO2 is consistent with other exogenic species such as
hydrated sulfuric acid. On Callisto, the distribution of SO2 is generally mottled, with some
areas of high concentrations correlated with ice-rich impact craters (Hibbitts et al. 2000).
Large-scale patterns include the depletion of SO2 in the polar regions; and a depletion of
SO2 on the trailing side relative to the leading side is observed. High-resolution data from
Galileo/UVS (Hord et al. 1992) allowed the SO2 absorption to be mapped out also across
the surface of Europa (Hendrix et al. 1998, 2011), with a peak concentration near the apex
of the trailing hemisphere. NIMS-measured SO2 shows that it is not strongly correlated with
CO2 but has a similar sparse distribution (Hansen and McCord 2008). Unlike Callisto and
Europa, Ganymede has a much more tenuous and time-variable SO2 signature (Domingue
et al. 1998), likely as a consequence of the effective shielding operated by its magnetosphere
against sulphur ions. In support of this hypothesis, Juno/JIRAM did not detect any SO2 on
Ganymede at low latitudes and at the local scale (Tosi et al. 2024).

3.2 Characterization and Mapping of Non-water-Ice Materials

In the identification and mapping of non-ice compounds, one of the most critical aspects is
the resolution required to resolve the most diagnostic spectral signatures that are observed
in the laboratory spectra of known or expected materials on the surface of the icy Galilean
satellites, in particular hydrated materials and organics, in a broad range of spatial scales.
This ability proves crucial to separate endogenous compounds, such as hydrated mineral
salts, and exogenous compounds such as sulphur dioxide, hydrated sulfuric acid, and hydro-
gen peroxide.

The experience gained with the Galileo mission teaches that the ideal situation is when
small regions of interest or specific geological formations can be observed with imaging
spectroscopy at the maximum possible spatial and spectral resolution and in good conditions
of solar illumination and observation, providing an adequate signal-to-noise ratio (SNR).
This objective is fully complementary to the global spectral mapping obtained at a lower
spatial resolution, which is needed to provide a robust compositional context.

The mapping of the surface composition of the icy Galilean moons at different spatial
scales, with particular emphasis on the detection and mapping of non-ice compounds, is
the main objective of the MAJIS imaging spectrometer onboard JUICE. MAJIS operates in
the overall spectral range 0.49–5.55 µm by means of two channels covering respectively the
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Fig. 8 Reflectance spectral
profiles of volatiles and organics
relevant to the surfaces of the icy
Galilean satellites, as measured
in the laboratory in the
near-infrared range 1–5 µm.
From top to bottom: H2O ice
(Brown and Cruikshank 1997),
CO2 ice (Brown and Cruikshank
1997), SO2 frost (Douté et al.
2001), NH3·H2O (Brown et al.
1988), asphaltite (Moroz et al.
1998), and kerite (Moroz et al.
1998). See Poulet et al. (2024,
this collection) for more spectral
profiles relevant to MAJIS
spectroscopic investigation

VIS-NIR interval (0.49–2.34 µm, average sampling step 3.66 ± 0.17 nm) and the IR interval
(2.27–5.55 µm, average sampling step 6.47 ± 0.38 nm) (Poulet et al. 2024, this collection;
Haffoud et al. 2024). At Ganymede, MAJIS will be used to record a global context, first
by using flybys that have a variable spatial resolution along the trajectory, and especially
during the dedicated GCO5000 orbital sub-phase. MAJIS is expected to cover at least 50%
of the surface with a spatial resolution between 1 and 5 km/px (3 km/px on average) to
derive compositional trends at a spatial scale that matches the best NIMS observations of
Ganymede and is intermediate between the largely unexplored local scale and the regional
scale already known from past NIMS and telescopic observations, highlighting in more
detail both longitudinal and latitudinal gradients produced by weathering agents. During
the following GCO500 orbital sub-phase, MAJIS will observe as many regions of interest
as possible at the unexplored spatial resolution <100 m/px, following the order of priority
dictated by both scientific relevance and by the changing solar illumination, as evidenced in
the work of Stephan et al. (2021a) (Fig. 9). Correlation with detailed morphology analysis by
JANUS will allow testing the origin of non-water-ice materials and distinguishing between
exogenous and endogenous sources.

On Europa, MAJIS will acquire medium spatial resolution data (between 3 and 5 km/px)
in the inbound and outbound legs of the two flybys, mapping large areas both to characterise
the largest possible number of sites of high interest and to reveal asymmetries between the
leading and trailing hemispheres due to contamination from exogenous material. During the
closest approach phase, MAJIS data will achieve a spatial resolution <1 km emphasising the
search for organic materials, not yet identified and whose diagnostic signatures occur in the
range between 3.0 and 3.7 µm, where the low reflectance of the surface creates a remarkable
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Fig. 9 Potential coverage of Ganymede achievable by MAJIS during the circular orbital sub-phase GCO500.
MAJIS footprints are counted whenever the local solar time is between 7 h and 17 h and are shown with
a colour code related to the coverage redundancy (green to magenta). The right panels illustrate the corre-
sponding coverage of solar incidence angles, local solar time and spatial resolution wrt latitude. The northern
polar region will be largely in shadow by the time JUICE will enter the GCO500 circular orbit sub-phase.
This estimation does not consider the available data volume; therefore, it must be understood as a maximum
theoretical coverage

challenge for SNR (EA.1a, EA.2a, EA.3h, EC.3c) (Fig. 10). Callisto’s scientific objectives
are similar to those for Ganymede and Europa, but with more emphasis on the distribution of
volatiles (Hibbitts et al. 2000, 2002), with the aim of shedding light on the mechanisms that
allow for the continuous reintegration of CO2 on the surface (CB.1a, CB.1c, CB.1f, CB.2c,
CC.1c, CC.3c) (Fig. 11).

Mapping the distribution of volatiles across the surfaces of the icy moons is also a key
goal of the JUICE UVS imaging spectrograph. Important surface materials, including O2,
O3, CO2, SO2 and H2O2, have absorption features that fall partially or entirely within the
50–204 nm UVS bandpass (Retherford et al., this collection). An absorption feature at
∼180 nm, potentially related to NH3 and recently detected on Ganymede by Juno/UVS
(Molyneux et al. 2022), will also be observable by JUICE UVS. Several organic materials
additionally have distinctive spectral features in the far UV; for example, benzene absorbs
strongly around 180 nm, and methane ice absorbs at wavelengths <140 nm. The presence
of other non-ice materials, including tholins and silicates, may also be inferred from the ob-
served UV spectral slope at wavelengths >170 nm (Molyneux et al. 2020). UVS will map at
least 50% of Ganymede’s surface with spectral resolution ≤2 nm, to discriminate between
signatures of different non-ice materials, and with spatial resolution ≤3 km, to investigate
correlations with geology and/or surface processing by the Jovian magnetospheric plasma
(GE.1b, GE.2f, GE.3a, GE.4c). Similar mapping will be performed across large areas of
the surfaces of Callisto (CB.1b, CB.2d, CC.3c) and Europa (EA.1b, EA.2b, EA.3e, EC.3b),
with spatial resolution ranging from ∼10 km, to study compositional asymmetry between
the leading and trailing hemispheres, to ∼1 km or better for selected targets of highest sci-
entific interest on Europa.

3.3 Characterization of Physical Properties of the Surface

To spectrally characterise the physical properties of water ice, a high spectral resolution
combined with good-to-adequate SNR in the spectral range 1.0–3.6 µm are mandatory. Par-
ticularly, the weak and narrow absorption bands at 1.31, 1.57 and 1.65 µm, superimposed
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Fig. 10 Acquisition sequence of MAJIS during the first flyby of Europa (flyby 7E1). Colours are related to the
spatial resolutions achievable by MAJIS in the different observing sections, indicated by the side colour bar.
Surface area shaded in dark khaki colour represents Europa’s nightside hemisphere. The observing sections
composing the sequence are as follows. a. inbound dayside global scans at low-mid resolution (3–5 km/px).
b. inbound dayside regional scans at mid-high res (0.5–3 km/px). c. Pushbroom dayside local scans at very
high resolution (0.06–0.5 km/px). d. (1, 2, 3) outbound sequences of limb scans for the exosphere at variable
resolution (1–2 km/px for d1, 5–7 km/px for d2, 8–9 km/px for d3). e. outbound nightside global scans for
hotspots search at mid resolution (∼3–5 km/px)

on the deeper bands (Grundy and Schmitt 1998; Stephan et al. 2021b) as well as the reflec-
tion peak at 3.1 µm, are needed to distinguish between abundance, crystallinity, grain size,
micro-porosity, and temperature variations of water ice on the surfaces of the icy Galilean
satellites. The best possible knowledge of variations in these properties is also essential to
correctly interpret the non-ice spectral signatures, particularly in case of hydroxylated and
hydrated minerals.

The spectral characterization of the ice properties is one of the main objectives of MAJIS.
While the visible spectral range, where water ice is highly transparent, can be used to char-
acterise the abundance of water ice on their surfaces, the NIR is essential to characterise
the physical properties of water ice (GC.4b, GE.1a, GE.3b, CB.1a). The spatial resolution
of the MAJIS observations carried out during the GCO5000 orbital sub-phase will enable
the study of the global variations in abundance, grain size, and crystallinity similar to the
available Galileo/NIMS observations. However, MAJIS will provide the first global spec-
tral coverage of Ganymede’s surface. Together with the knowledge of surface temperature
and the distribution of exogenous products, the characterization of water ice will help deci-
pher the mystery of Ganymede’s polar caps. As the north polar region of Ganymede will be
in shadow during GCO500, it will be essential to observe it in previous orbital subphases
to allow studying local ice properties, such as grain size and crystallinity, as a function of
latitude and given local topography and geological features such as fresh impact craters
(Stephan et al. 2020, 2021a). JANUS can highlight local variations in water ice abundance.
In this regard, special care must be taken when patches with both strongly ice-ich and highly
concentrated dark non-ice materials are close to each other and captured in the same image,
resulting in a very high albedo contrast.

On Ganymede and particularly on Europa, grain size and crystallinity could also provide
evidence for local surface features of recent cryovolcanic origin with possible erupted sub-
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Fig. 11 Plots of maximum diurnal coverage obtainable by MAJIS during the Callisto flybys, labelled C01 to
C21, assuming a recently predicted JUICE mission profile (CReMA 5.0). Solar incidence angle is imposed
<75° and viewing geometry in near-nadir direction (within 15° from nadir). The colour scale in each plot
represents the best spatial resolution achievable by MAJIS. The larger map in the lower-right panel displays
the potential coverage achievable by merging the coverage of all flybys with the best spatial resolution

surface liquids. For example, on Enceladus, large crystalline ice grains have been found to
dominate the ‘tiger stripes’ in the southern polar region, where ice grains crystallise from
a warm liquid (Jaumann et al. 2008; Brown et al. 2006) and geysers continuously emanate
smaller water ice particles and more into space (Postberg et al. 2009, 2011a).

On Callisto, MAJIS can verify the global grain size variations indicated by NIMS
(Stephan et al. 2020) in comparison with Ganymede, to characterise how the competition
between diurnal temperature variations and the plasma bombardment influences the surface
ice properties at global and local scale. Further deciphering the local effects of temperature
variations and irradiation by charged magnetospheric particles onto the surface ice of Cal-
listo in comparison to Ganymede is essential to correctly interpret the composition and the
formation and evolution of individual surface features on these bodies.

In the thermal range, diurnal temperature variations constrain thermal inertia of the sur-
face. The 600 and 1200 GHz channels of SWI (Hartogh et al., this collection) will sense
depths of about 2–8 mm (10–15 times the wavelength), yielding clues on the vertical varia-
tion of thermal inertia. In the Ganymede orbit phase, this will be achieved at spatial scales of
respectively about 10 km (600 GHz) and 5 km (1200 GHz) during GCO5000, and at spatial
scales of about 1 km (600 GHz) and 0.5 km (1200 GHz) during GCO500. With these two
channels the emissivity properties of the regolith can also be estimated, which in turn en-
capsulates its physical characteristics such as porosity, grain size, and composition to some
degree (GE.4b and CB.1e). In particular, the measurement of polarised thermal emission at
a range of emission angles permits the separation of physical temperature and emissivity
effects in producing the observed brightness temperatures, and the effective dielectric con-
stant may be determined, bearing information on the surface and near-subsurface density
and composition. The first dedicated study of the relevant inverse problem by Ilyushin and
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Hartogh (2020) demonstrated a reliable retrieval of the single scattering albedo and thermal
skin depth from SWI radiometric measurement. Furthermore, thermophysical and dielectric
properties of the surfaces will be correlated with the visible and infrared surface and albedo
features. Thus, in synergy with properties constrained by other instruments, thermophysical
models of the surface of the icy Galilean moons will enable to address a range of scien-
tific questions on the (regolith) surface evolution. Finally, SWI will correlate atmospheric
properties as described in Sect. 4.3 with brightness temperature maps. This will permit dis-
tinguishing between sputtering and sublimation processes, indicate potential cryovolcanic
activity, and assess sublimation mechanisms at the surface or the shallow subsurface.

In the framework of the JUICE mission, quasi-specular bistatic radar (BSR) observations
of Ganymede can be planned by using the 3GM radio science experiment in a downlink
configuration such that JUICE is the transmitter (in either X- or Ka-band), Earth is the
receiver in the specular direction of reflection, and the icy satellite is the target reflecting the
radio waves.

When a polarised radio signal impacts a natural surface, reflections are altered by its
statistical and electrical properties. The roughness, on an effective length-scale of a few
hundreds of wavelengths, produces a frequency broadening of the echo. The terrain’s per-
mittivity determines how the incoming polarised power is partially reflected with a same-
sense and orthogonal-sense of polarisation compared to transmission. Therefore, from the
reflected signal it is possible to infer physical properties of the uppermost surface layer com-
plementary to those derived by other instruments at different wavelengths (MAJIS, GALA,
RIME, SWI), such as average surface slope (roughness), near-surface dielectric constant
and, with some knowledge of surface composition and porosity (Simpson et al. 1993).

The near-surface material of the Galilean moons is expected to be mostly water ice, with
a various fraction of non-ice contaminants (Black et al. 2001). The relative permittivity of
pure water ice is 3.1 (Thompson and Squyres 1990). Any observed deviation from that value
can be explained with the presence of different surface materials, or with a different porosity
or purity of the water-ice layer (Heggy et al. 2017). If specular BSR experiments are carried
out at an incident angle close to the Brewster’s angle (for pure water ice roughly 60 degrees),
the circular power ratio equals 1. When far from this value, a polarised component of the two
will be weaker, and the computation of polarised reflected power in that sense will be more
uncertain (Simpson et al. 2011). In addition, large angles of incidence are always dangerous
for potential shadowing effects and for the failure of the traditional model relating surface
properties to echoes’ spectra (Simpson and Tyler 1981).

Before entering the Ganymede orbital phase (20 December 2034), JUICE will perform 9
flybys of Ganymede spanning equatorial regions at observation angles that rarely get close
to Brewster for water ice. The >9-month long Ganymede orbital phase is more suitable for
specular BSR observations of the moon. The coverage is longitudinally complete, and spans
between 60° North and South, with an incidence angle between 50° and 70° the 50% of the
time.

Ground-based observations of the Galilean moons suggest that surface echoes may be
dominated by an enhanced backscattering component resulting from multiple subsurface
scattering mechanisms (Black et al. 2001). Alongside traditional oblique observations, BSR
experiments may be also carried out in a near-backscatter geometry to derive information
about the geometric structure of the regolith from features of the backscatter enhancement
of the icy surface of Ganymede, such as angular width and its variation with wavelength
(Hapke 1990). When in this geometry, it is possible to distinguish enhanced backscattering
from ice from specular reflections thanks to their different polarisation properties (Black
et al. 2001; Simpson and Tyler 1991).
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For BSR experiments, ground antennas in the 64–70 m diameter range, with the ability
to receive in both X- and Ka-band, would help increase the detectability of echoes from
Ganymede, improving the accuracy and spatial resolution of the retrieved surface properties.

3.4 Connections Between Surface and Subsurface Processes

The purpose of a combination of data from several remote sensing instruments, for specific
regions of interest on the icy Galilean satellites, is to return a three-dimensional view of
those regions, impossible to achieve from individual datasets. In the case of Europa and
Ganymede, this data fusion could reveal locations where the exchange of liquid material
between the shallow subsurface and the surface was more frequent and intense in the past.
The potential deriving from such a multidisciplinary analysis is remarkable (e.g. Tosi et al.
2023).

The RIME ice penetrating radar is the key instrument to characterise the near-subsurface
of the ice crust, detecting subsurface horizons and structures with differing dielectric con-
stants up to a depth of a few km. RIME will provide constraints on the distribution and
emplacement of subsurface materials having contrasting dielectric constants, which will
be key to understanding the formation of various surface features. Combined with surface
composition as derived by MAJIS and UVS, this could confirm recent activity and the pos-
sible presence of pockets of liquid water on Europa essential to habitability. RIME obser-
vations relate to different phenomena and surface and subsurface features depending on the
icy moon under consideration. This prospecting will be supported by JANUS and GALA,
which will provide topographic information required to properly model the off-nadir reflec-
tions (clutter) (see Bruzzone et al., this collection; Van Hoolst et al. 2024, this collection for
more details).

At Ganymede, RIME will characterise the ice shell (GB.1, GB.2), explore the forma-
tion of surface features, search for past and present activity (GD.1, GD.2) and determine
the global composition, distribution, and evolution of surface materials (GE.2). In detail,
RIME will measure composition interfaces being generated by: the thermal segregation of
impurities (e.g., Pappalardo and Barr 2004) and/or abrupt changes in crystal fabric (Barr and
Stillman 2011) associated with relict Brittle-Ductile Transitions (BDT) within the ice shell
and considered as a physical indicator of heat flow causing spatial and temporal variations in
the thickness of the ice shell; the dust and insoluble impurity laden lag deposit and the solid,
cleaner ice beneath it; cryovolcanic flows (Golombek and Allison 1981; Collins et al. 1998;
Pappalardo et al. 2004) and/or absorption associated with subsurface cryomagmatic source
regions (Schenk et al. 2001; Pappalardo et al. 2004); faulting within grooved terrain by
searching for offsets horst-and-graben structures and/or domino-style tilt blocks (Golombek
and Allison 1981; Collins et al. 1998); manifestation of the impact process (Schenk et al.
2004) by observing composition interfaces, structural interfaces, offsets, and distributed sub-
surface scatterers associated with the deposition of impact ejecta and/or impact melt; frac-
turing and injection of melt; and abrupt changes in crystal size and/or fabric associated with
crater formation.

At Europa, RIME will contribute to determining the composition of the non-ice material
especially as related to habitability, and to look for liquid water under the most active sites.
Subsurface exploration will provide information about the complex geological activity of
young surfaces and the relationship with a subsurface ocean (e.g., Carr et al. 1998; Green-
berg et al. 1999), processes internal to the ice shell (Pappalardo et al. 1998; McKinnon 1999;
Pappalardo and Barr 2004; Mitri and Showman 2005; Schmidt et al. 2011) and/or arising
from tidal interactions with Jupiter (McEwen 1986; Hoppa et al. 1999a,b; Kattenhorn 2004;
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Hurford et al. 2005; Sotin et al. 2002; Mitri and Showman 2008). A key element to ex-
plore is the relationship between the distribution of non-ice material to geological features
and processes, especially material exchange with the interior (EA.2), combining JANUS,
MAJIS, UVS, and SWI observations. The search for liquid water being related to young
surfaces (Collins and Nimmo 2009), RIME, in conjunction with other remote sensing in-
struments (JANUS, MAJIS, UVS, SWI), will determine the location of active sites and their
relationship to subsurface water by detecting possible water interfaces and provide informa-
tion about the rate of material exchange between the surface and the ocean as a function of
the ice thickness (EB.1, EB.2, EB.3).

At Callisto, RIME will characterise the upper kilometres of the ice shell (CA.1), deter-
mine the composition of the non-ice material (CB.2) and search for past and potentially
recent activity (CC.1, CC.3). Subsurface radar sounding will probe the icy shell providing
a unique way to evaluate the origin and composition of the crust and the nature of the icy
mantle beneath, and insights into the processes that have contributed to the formation of
geological features (predominantly impacts and to a much lesser extent faulting). Subsur-
face sounding determines the regolith thickness at the surface and measures the depths to
relict brittle-ductile transitions within the shell. It also contributes to constraining the na-
ture and distribution of surface materials (e.g., primordial, accreted rock, or later meteoritic
debris) providing scattering measurements complementary to those returned by JUICE’s
spectroscopic instruments. These materials and their distributions will then be related to ge-
ological processes (e.g. impacts, see Greeley et al. 2000; Moore et al. 2004; Prockter et al.
2010), which will provide powerful synergy by extending compositional information from
the surface to the ice shell via detection of composition interfaces. The RIME observations,
together with JANUS-derived DEMs and GALA data, will be used to determine the forma-
tion and characteristics of tectonic and impact landforms (e.g., bombardment history and
faulting characteristics); to constrain global and regional surface ages; identify and locally
characterise compositional or structural interfaces, distributed subsurface scatterers, as well
as offsets associated with impact facies. RIME detections of up-warped subsurface reflectors
will place limits on the depths of impact excavation and post-impact deformation.

4 Near-Surface Atmospheres

4.1 Current Knowledge of the Satellites’ Atmosphere Properties from Previous
Observations and Modelling

The earliest models of the atmospheres of Jupiter’s icy moons were produced long before the
direct detection of any specific atmospheric species there. Motivated by a stellar occultation
measurement of a ∼1 bar atmosphere at Ganymede by Carlson et al. (1973) (later found to
have been an incorrect interpretation of the data), Yung and McElroy (1977) developed a
photochemical model of a sublimation-driven atmosphere comprising water group species.
They suggested that photolysis of water vapour and subsequent escape of hydrogen should
lead to a stable oxygen atmosphere at Ganymede. A similar atmosphere was also predicted
to exist at Callisto, although an oxygen atmosphere at Europa was considered less likely due
to the higher albedo there inhibiting sublimation.

The importance of sputtering to the generation of the satellite atmospheres was first
demonstrated through laboratory studies described by Lanzerotti et al. (1978). They found
that the H2O partial pressure assumed by Yung and McElroy (1977) in their Ganymede
models could be supported entirely by charged particle sputtering of H2O from Ganymede’s
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surface. Sputtering rates were expected to be higher at Europa and lower at Callisto. Further
experiments by Johnson et al. (1981), combined with analysis of plasma ion flux measure-
ments from within the Jovian magnetosphere by Voyager, confirmed that production of gas
phase species at Jupiter’s icy moons by sputtering could dominate over sublimation, de-
pending on the local surface temperature. Brown et al. (1982) then showed that the primary
species ejected from icy surfaces are H2O, O2, and H2, leading to O2-dominated atmo-
spheres as H2 readily escapes and H2O condenses back onto the surface.

Confirmation of O2 atmospheres at Europa and Ganymede was finally provided by HST
in the 1990s (Hall et al. 1995, 1998). Callisto’s O2 atmosphere, although denser than Eu-
ropa’s and Ganymede’s, was not successfully detected until 2015 (Cunningham et al. 2015).
Other water group species have also been observed – H2O vapour at Ganymede and Europa
(Roth et al. 2021; Roth 2021); H coronas at all three moons (Barth et al. 1997; Alday et al.
2017; Roth et al. 2017a, 2017b) – as well as CO2 at Callisto (Carlson 1999) and Na and K
at Europa (Brown and Hill 1996; Brown 2001). The following subsections summarise our
current understanding of the atmospheres of Europa (4.1.1), Ganymede (4.1.2), and Callisto
(4.1.3).

4.1.1 Europa

Europa’s atmosphere was first observed by Hall et al. (1995) via HST Goddard High Res-
olution Spectrograph (HST/GHRS) observations of neutral atomic oxygen emissions at
135.6 nm and 130.4 nm. Hall et al. (1995) showed that the emissions were too bright to
have been caused by resonant scattering of UV sunlight and were primarily due to electron
impact excitation of an oxygen atmosphere. From the OI 135.6 nm / 130.4 nm intensity
ratio of 1.9 it was inferred that the atmosphere is dominated by O2 since electron impact
dissociative excitation of O2 produces an intensity ratio of >2.2 for electron temperatures
(Te) in the range 5–500 eV (Kanik et al. 2003), while electron impact excitation of O and
H2O lead to smaller emission ratios of <0.4 (Kanik et al. 2001) and ∼0.2 (Makarov et al.
2004), respectively. Subsequent observations by Cassini UVIS detected an extended atomic
oxygen corona around Europa, in addition to the bound O2 atmosphere (Hansen et al. 2005).

The emission intensities measured by Hall et al. (1995) are consistent with an O2 column
density of (1.5 ± 0.5) × 1015 cm−2 and a maximum O column density of 2 × 1014 cm−2.
Further observations using HST/GHRS (Hall et al. 1998) and the Space Telescope Imag-
ing Spectrograph (HST/STIS – McGrath et al. 2009; Roth et al. 2014a, 2014b) similarly
indicated that O2 is the dominant atmospheric species at low altitudes and demonstrated
that the OI 135.6 nm / 130.4 nm emission ratio is consistently lower on the orbital trailing
hemisphere than on the leading hemisphere. Roth et al. (2016) performed a comprehensive
analysis of STIS images obtained over 20 visits between 1999 and 2015, measuring aver-
age intensity ratios of 2.3 ± 0.3 and 1.6 ± 0.1 on the leading and trailing hemispheres,
respectively. They attributed this to different atmospheric O/O2 mixing ratios of ∼0.05 on
the trailing hemisphere and ≤0.01 on the leading hemisphere. However, further work by
Roth (2021) demonstrated that the reduced 135.6 nm / 130.4 nm ratio on Europa’s trailing
hemisphere cannot be fully explained by atomic oxygen but instead requires the presence
of a persistent H2O atmosphere above the trailing hemisphere, with H2O/O2 mixing ratios
between 12 and 22.

Before the inference of a persistent H2O atmosphere at Europa, there had been sev-
eral tentative indications of transient H2O vapour, suggestive of active plumes. Roth et al.
(2014a) observed excess oxygen 130.4 nm and hydrogen Lyman-α (121.6 nm) emissions
above Europa’s southern limb, with no corresponding increase in the 135.6 nm oxygen



59 Page 30 of 94 F. Tosi et al.

emission, which is consistent with the emissions expected from electron impact dissocia-
tion of H2O. The observed emissions were consistent with water vapour plumes 200 km
high, with line-of-sight column densities of ∼ 1020 m−2. Additional plume candidates with
similar column densities were identified via ultraviolet observations of Europa transiting
Jupiter, during which regions of increased absorption above Europa’s limb were detected
(Sparks et al. 2016, 2017), although these apparent detections may also result from statisti-
cal fluctuations (Giono et al. 2020). Attempts to detect water vapour at infrared wavelengths
have proven similarly difficult, yielding only upper limits (Sparks et al. 2019) and a single
tentative detection that may originate from general outgassing (Paganini et al. 2020).

Further constraints on the density and composition of water group species may be de-
rived from measurements of absorption by Europa’s atmosphere. HST/STIS observations
of Europa transiting Jupiter in 2014 and 2015 revealed the presence of an atomic hydro-
gen corona, which was seen to absorb Jupiter’s Lyman-α dayglow (Roth et al. 2017a). The
observations were best fit using surface H densities of (1.50–2.25) × 103 cm−3 and a line-
of-sight 1/r profile, consistent with the results of Monte Carlo simulations by Smyth and
Marconi (2006), who predicted a surface density of ∼ 2 × 103 cm−3.

In addition to water group species, extended coronas of the minor species Na and K have
been detected thanks to their bright visible emissions (Brown and Hill 1996; Brown 2001).
Brown and Hill (1996) observed atomic sodium emissions at 589.592 nm and 588.995 nm
extending to at least 25 RE from Europa’s surface. Subsequent observations of a potassium
emission line at 769.896 nm indicated that the Na/K ratio at Europa is a factor of >2.5×
larger than expected if the source of the material is Io (Brown 2001), as initially suggested
by Brown and Hill (1996). However, Carlson et al. (2009) note that differing sputtering
yields and escape fractions for K and Na may lead to escape flux ratios that vary from the
source Na/K ratio, and the endogenic or exogenic nature of alkalis in Europa’s extended
corona remains an open question. The maximum column densities observed (at 5 RE) were
∼ 4 × 109 cm−2 and ∼ 1.4 × 108 cm−2 for Na and K, respectively (Brown 2001).

Models of Europa’s atmosphere are consistent with sputtering of water ice as the pri-
mary source of the neutral gases (e.g., Shematovich et al. 2005; Smyth and Marconi 2006;
Plainaki et al. 2018). Molecular oxygen is expected to be the globally dominant constituent
at low altitudes since sputtered H2O readily sticks to the surface on impact whereas O2 does
not. Sublimation of H2O is generally unimportant except near the subsolar point (Smyth
and Marconi 2006). More recent models accounting for Europa’s rotation and diurnal sur-
face temperature variations predict a dawn-dusk asymmetry in Europa’s O2 atmosphere,
with O2 accumulating on the dusk hemisphere (Oza et al. 2019). This result is consistent
with brighter aurora near dusk local time observed by Roth et al. (2016), who note that
asymmetric plasma flow could also lead to brightness asymmetries. Improved mapping of
the atmospheric emissions and characterization of the local plasma environment by JUICE
will address this question.

At higher altitudes, lighter H2 molecules dominate Europa’s atmosphere. The efficient
escape of H2 means this species is predicted to be the dominant constituent of a toroidal
cloud of neutrals distributed around Europa’s orbit (Smyth and Marconi 2006; Smith et al.
2019). Electron impact ionisation of the H2 neutrals within this cloud produces H+

2 pickup
ions, which were recently detected in the region between Europa and Ganymede by the Juno
JADE instrument (Szalay et al. 2022). The observed ion density distribution can be used
to estimate H2 loss rates from Europa, which were found to be smaller than the original
Smyth and Marconi (2006) estimates but consistent with more recent models (Cassidy et al.
2013; Dols et al. 2016; Plainaki et al. 2012; Vorburger and Wurz 2018). Dissociation of
O2 within Europa’s atmosphere by magnetospheric electron impact or ion-neutral collisions
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produces excited O atoms which are similarly expected to escape into the neutral cloud, but
this component of the cloud has not yet been detected.

Juno performed a close flyby of Europa on 29 September 2022, during which JADE
directly detected H+

2 and O+
2 pickup ions down to ∼1.2 RE, allowing atmospheric neutral

densities to be inferred (Szalay et al. 2024). The derived O2 density is a factor of ∼2–4
lower than previous estimates based on UV observations, and the source rate of O2 produced
within Europa’s surface can be constrained to < 12±6 kg s−1, at the low end of previous
estimates. While the H2 column density of 1.8 ± 0.1 × 1013 cm−2 falls within the range of
previous models (Smyth and Marconi 2006; Teolis et al. 2017a; Vorburger and Wurz 2018),
the observed H+

2 altitude profile indicates that the neutral hydrogen atmosphere is dominated
by non-thermal escaping H2, in contrast to the expected thermalized population.

4.1.2 Ganymede

As at Europa, water species dominate Ganymede’s exosphere: O2, H, and H2O have been
directly observed through ultraviolet emission and absorption measurements (Barth et al.
1997; Hall et al. 1998; Feldman et al. 2000; Alday et al. 2017; Roth et al. 2021). The first
direct detection of any atmospheric species at Ganymede was achieved by the Galileo UVS
instrument, which observed Lyman-α emissions that gradually decreased in density with
increasing altitude from the surface, consistent with an atomic hydrogen corona with max-
imum surface density 1.5 × 104 cm−3 (Barth et al. 1997). The hydrogen corona was con-
firmed using HST/STIS observations (Feldman et al. 2000), and the surface density further
constrained to the range (5–8) × 103 cm−3 (Alday et al. 2017). The H may be produced
through dissociation of both H2O (Barth et al. 1997) and H2 (Alday et al. 2017; Marconi
2007).

Ganymede’s oxygen atmosphere was initially reported by Hall et al. (1998) using
HST/GHRS measurements. The observed neutral atomic oxygen 135.6 nm emission had
a double peaked spatial profile not observed at Europa, which was interpreted as evidence
of two distinct emission regions near Ganymede’s poles. Images at 135.6 nm obtained us-
ing HST/STIS confirmed that Ganymede’s oxygen emissions are concentrated in two auroral
ovals (Feldman et al. 2000). The observed location of the auroral ovals coincides with the po-
sition of the boundary between the open and closed field lines of Ganymede’s mini magneto-
sphere (McGrath et al. 2013; Greathouse et al. 2022). The observed 135.6 nm and 130.4 nm
emission intensities are consistent with an O2 column density of (0.3–5) × 1014 cm−2.

Ganymede exhibits a similar asymmetry between the leading and trailing hemisphere
in the OI 135.6 nm / 130.4 nm intensity ratio to Europa, with smaller ratios consistently
observed on the trailing hemisphere (Molyneux et al. 2018; Roth et al. 2021). This was
initially interpreted as evidence of a significant atomic oxygen component (O/O2 ratio of
∼0.1–0.15) within the trailing hemisphere atmosphere (Molyneux et al. 2018). However,
Roth et al. (2021) subsequently used disk-resolved UV images to show that the low trailing
hemisphere 135.6 nm / 130.4 nm ratio is instead due to a substantial H2O atmosphere, with
H2O/O2 = 22 ± 10 on the centre of the sunlit trailing hemisphere. The intensity ratio on
the leading hemisphere was also found to be reduced in the disk centre, requiring a H2O/O2

ratio of 3.5±1.5 near the subsolar point.
In contrast to Europa, where the H2O atmosphere may feasibly be produced by either

sputtering or sublimation of surface H2O, Ganymede’s water vapour atmosphere is more
consistent with a sublimation source, as predicted by models (Marconi 2007; Plainaki et al.
2015; Leblanc et al. 2017). Vorburger et al. (2023) showed that sublimation is the most im-
portant process to populate Ganymede’s atmosphere, and electrons impinging on the surface
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release H2 and O2 via radiolysis. Atomic O and H, which are the observed species in the
UV spectra, are mainly added to the atmosphere through the dissociation of O2 and H2 by
mostly auroral electrons. Interestingly, unpublished observations by the Herschel Space Ob-
servatory’s Heterodyne Instrument for the Far Infrared (HIFI) observed a 557 GHz signature
of water on Ganymede’s leading hemisphere only (Hartogh et al. 2013), in contrast with the
Roth et al. (2021) results.

Recently, optical auroral emissions of neutral oxygen at 630.0 nm, 636.4 nm, 557.7 nm,
777.74 nm and 844.46 nm were detected on Ganymede’s sub-Jovian hemisphere in eclipse
(de Kleer et al. 2023). From these emissions, de Kleer et al. (2023) derive an O2 column
density of (3.2–4.8) × 1014 cm−2 and upper limits of 3 × 1013 cm−2 and 2 × 1012 cm−2 for
O and H2O, respectively. The authors argue that if this low H2O abundance were due to
the collapse of a sublimated H2O atmosphere in eclipse, the UV aurora would be reduced
in eclipse, whereas the UV emission intensity has been observed to remain similar in sun-
light and shadow (Roth et al. 2021); they suggest that an alternative explanation for the low
135.6 nm / 130.4 nm emission ratio may be required. However, Roth et al. (2021) show
that the H2O component of Ganymede’s atmosphere contributes a negligible fraction of the
disk-averaged 135.6 nm emission and only ∼15% of the 130.4 nm emission, which is on
the order of the measurement uncertainty, and therefore any change in the UV oxygen emis-
sions in eclipse would be difficult to identify in current datasets. JUICE will observe the UV
emissions on both the dayside and nightside of Ganymede and provide in situ measurements
of key atmospheric species including H2O and O2, constraining the relative contributions of
sublimation and sputtering to the generation of the atmosphere.

While observations of atmospheric emissions can place constraints on atmospheric com-
position and provide some insight into expected variability, modelling work is required to
understand the global distribution and temporal evolution of the atmosphere. In general,
models agree that O2 is globally abundant near the surface, with a scale height of a few
tens of km, since O2 is heavy enough to be gravitationally bound and does not condense at
Ganymede’s surface temperatures. At higher altitudes, lighter H2 molecules are the primary
constituent. Near the subsolar point, H2O dominates; the atmosphere is collisional or quasi-
collisional in this region at low altitudes (<50 km) and collisionless elsewhere (Marconi
2007; Shematovich 2016; Leblanc et al. 2017). Models of the varying interaction between
the magnetospheres of Ganymede and Jupiter over Jupiter’s ∼10-hour rotation period (e.g.
Carnielli et al. 2020; Liuzzo et al. 2020; Plainaki et al. 2015, 2020a; Poppe et al. 2018) are
essential for understanding which surface regions are accessible to charged particles capable
of contributing to the sputter-generated fraction of the atmosphere. These simulations show
that the trailing hemisphere is shielded by Ganymede’s intrinsic magnetic field, whereas
energetic ions can access the surface at low latitudes on the leading hemisphere and in re-
gions of open field lines in the polar caps (Khurana et al. 2007). These variations in charged
particle access to the surface, along with changes in surface temperature over Ganymede’s
orbital period, are predicted to result in atmospheric asymmetries, including a dusk/dawn
asymmetry in O2 (Leblanc et al. 2017; Oza et al. 2018), which will be detectable by JUICE
if present.

4.1.3 Callisto

Callisto is expected to possess the most substantial atmosphere of Jupiter’s icy moons, but
direct detection of water group species has proven difficult. The earliest atmospheric mea-
surement at Callisto was instead the detection of CO2 by the Galileo NIMS instrument.
Carlson (1999) reported a NIMS observation of infrared limb emission in the 4.26 µm band
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of CO2 up to 100 km altitude above the surface, estimating a vertical CO2 column density
of ∼ 8 × 1014 cm−2. This CO2 atmospheric profile could be explained by sublimation of
water ice with trapped CO2 (Vorburger et al. 2015). Recent JWST/NIRSpec observations
have detected CO2 vibrational emission lines between 4.2 and 4.3 µm on both hemispheres
of Callisto (for the first time on the trailing side), confirming the global presence of CO2

gas in the atmosphere. The distribution of CO2 gas is offset from the subsolar region in
both hemispheres, suggesting that sputtering, radiolysis and geological processes help sus-
tain Callisto’s atmosphere (Cartwright et al. 2024). The Galileo Callisto flybys also detected
a dense ionosphere, which Kliore et al. (2002) argued to be consistent with the presence of
an O2 atmosphere with column density ∼ 3 × 1016 cm−2 – approximately 100× denser than
the O2 atmospheres of Ganymede and Europa.

Strobel et al. (2002) attempted to detect UV OI (130.4 nm and 135.6 nm), CI (156.1 nm),
CII (133.5 nm) and CO fourth positive band emissions at Callisto using the same HST/STIS
observation mode successfully used to map the 130.4 nm and 135.6 nm emissions at
Ganymede and Europa but found no emissions above the 15 R detection limit. The lack
of UV emissions was interpreted as a result of a strong electromagnetic interaction with
Jupiter’s magnetosphere driving ∼ 1.5 × 105 A through Callisto’s ionosphere. Strobel et al.
(2002) demonstrated that this interaction reduces the electron impact emission rate by a
factor of ∼1500.

A more recent analysis of the Callisto STIS images found faint Lyman-α emissions con-
sistent with a hydrogen corona with vertical column density in the range (6–12)×1012 cm−2

extending several Callisto radii from the surface (Roth et al. 2017b). The inferred hydro-
gen abundance was ∼2× higher when Callisto’s leading hemisphere was illuminated than
when the trailing hemisphere was in sunlight, which was interpreted as due to increased
H2O sublimation on the visibly darker leading hemisphere. However, similar observations
of Ganymede’s hydrogen corona by Alday et al. (2017) found no hemispheric asymme-
try there, despite the increased concentration of sublimated H2O on Ganymede’s trailing
hemisphere (Roth et al. 2021). Direct Simulation Monte Carlo (DSMC) models by Carberry
Mogan et al. (2022) show that the observed structure of Callisto’s hydrogen corona may be
more consistent with radiolytically produced H2 as a primary source, suggesting that the
role of H2 versus H2O in the Europa and Ganymede coronae should also be re-examined.

In 2015, the presence of an O2 atmosphere at Callisto was finally deduced from ob-
servations of the UV atomic oxygen multiplets using the HST/COS instrument. Cunning-
ham et al. (2015) observed faint 130.4 nm and 135.6 nm emissions of atomic oxygen on
the leading hemisphere and constrained the contributions from electron impact dissociation
of O2 and resonance scattering of solar 130.4 nm. The observed intensities were consis-
tent with excitation by electrons from solar photoionization rather than the Jovian mag-
netospheric electrons that produce the emissions at Ganymede and Europa. From the UV
emission intensities, Cunningham et al. (2015) derived a leading hemisphere O2 column
density of ∼ 4 × 1015 cm−2 and suggested that a denser O2 atmosphere may exist on the
trailing hemisphere. Recent detections of OI 630.0 nm and 636.4 nm emissions on Cal-
listo’s sub-Jovian hemisphere in eclipse are similarly consistent with an O2 column density
of (4.0 ± 0.9) × 1015 cm−2 (de Kleer et al. 2023).

Due to the difficulties in directly observing Callisto’s atmosphere, absolute column den-
sities remain somewhat controversial (see recent publications by Galli et al. 2022; Carberry
Mogan et al. 2021, 2022; Vorburger et al. 2015, 2019). The atmosphere of Callisto is not a
pure exosphere everywhere: above the subsolar regions with their increased water sublima-
tion rates, atmospheric densities are high enough that collisions must be taken into account
for modelling (Carberry Mogan et al. 2021). The CO2 component is generally assumed to
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Fig. 12 Predicted height profiles of densities for sublimated H2O (blue) and radiolytically produced O2 (red)
and H2 (green, magenta, orange) at Callisto for various solar zenith angles (solid lines: 0°, dashed lines: 90°,
dotted lines: 180°). Figure taken from Galli et al. (2022), based on Carberry Mogan et al. (2021)

be spherically symmetric (e.g., Carlson 1999), while H2O is expected to exhibit a strong
day-night asymmetry due to the effects of surface temperature on the H2O vapour pres-
sure (Hartkorn et al. 2017). Hartkorn et al. (2017) compared O2 densities inferred from
Galileo radio occultation observations at the terminator and HST/COS observations of the
oxygen UV emissions on the dayside leading hemisphere and demonstrated that a similar
day-night asymmetry in the O2 column density is likely also present, potentially resulting
from the temperature-dependent sputtering yield of O2 molecules. The contribution of sput-
tering to the generation of Callisto’s atmosphere in general is complicated by the presence of
a substantial ionosphere, which is expected to shield the surface from cold plasma ion sput-
tering while the hot plasma precipitation remains unaffected (e.g., Vorburger et al. 2019).
The degree of shielding may vary considerably based on Callisto’s location relative to the
centre of Jupiter’s current sheet (Galli et al. 2022; Liuzzo et al. 2019a, 2019b). The pre-
dicted JUICE trajectory used for these simulations (CReMA 5.0) includes Callisto flybys at
a range of magnetic latitudes, sampling both the upstream (trailing hemisphere) and down-
stream (leading hemisphere) plasma environments, providing the opportunity to constrain
the varying plasma-moon interaction (e.g., Galli et al. 2022). Predicted column densities for
major atmospheric species at the JUICE closest approach altitude are shown in Fig. 12.

While it is up to the JUICE mission to clarify whether Callisto is a fully differentiated
body, about half of the material on the surface is of mineral composition, typically assumed
to be compositions of CI as well as L type chondrites. Therefore, because of sputtering
by magnetospheric ions, many different species related to these minerals are expected in
Callisto’s atmosphere (Vorburger et al. 2019).
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Fig. 13 Sketch of water ice removal or turnover rates on Ganymede’s surface in units of µm yr−1. Orange
shape: effect of thermal sublimation, blue: micrometeoroid impacts, red: irradiation-related rates (dominated
by ion sputtering). Note the logarithmic scale of the rates (going from 0.1 to 1000 µm yr−1). The sketch
is centred on the equatorial plane of the anti-Jovian side. Ganymede’s leading hemisphere with respect to
Jupiter, the Jovian plasma is on the dayside to the right. The grey band and the white pole caps symbolise the
surface areas of low and high albedo. Figure reproduced from Galli et al. (2024)

4.2 Connections Between Surface Composition and Atmosphere

The surfaces of Jupiter’s icy moons act as both sources and sinks of atmospheric species.
Each satellite experiences: 1) sputtering and radiolysis caused by charged particles, 2) sub-
limation of volatile surface species, 3) micrometeoroid impact vaporisation (MIV), and 4)
photo-stimulated desorption. The latter process is usually assumed to be negligible at the
Galilean moons (see e.g. Plainaki et al. 2010), but the first three processes are relevant to
varying degrees across the surfaces of Europa, Ganymede, and Callisto as mechanisms for
the release of materials into the atmosphere and/or chemical and physical alteration of the
surface (Galli et al. 2024 and references therein). Figure 13 illustrates the relative impor-
tance of sputtering, sublimation, and MIV for the case of water ice on Ganymede’s surface.
In the following subsections we will briefly characterise these surface interaction processes
and summarise how their relative importance varies for each of the icy moons.

4.2.1 Sputtering of Surface Materials

Precipitation of ions and electrons onto the moon surfaces, or charged particle surface irra-
diation, is a major contributor to the generation of the tenuous atmosphere of Europa (e.g.,
Ip 1996; Shematovich and Johnson 2001; Shematovich et al. 2005; Plainaki et al. 2018),
Ganymede (Marconi 2007; Shematovich 2016), and Callisto (Vorburger et al. 2019). Irradi-
ation processes fall into two broad categories: sputtering and radiolysis. Sputtering describes
the ejection of surface species by an impacting energetic particle (Brown et al. 1978). Radi-
olysis describes the chemical alteration of surface species induced by the deposited energy
of the particles. The particles sputtered from the surface may be the original molecules
(e.g., H2O), molecule or atomic fragments (e.g., OH, O), or radiolysis products such as O2

and O3 (Teolis et al. 2017a; Galli et al. 2018). The detection of O2 (Spencer et al. 1995;
Migliorini et al. 2022) and O3 (Noll et al. 1996) in the surface of Ganymede, for example,
indicates radiolysis of water ice. Dark material on Europa’s trailing hemisphere is thought
to comprise radiolytically processed sulphur compounds (Carlson et al. 1999a, 1999b), and
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a possible UV signature of H2O2 on Callisto may similarly be a result of radiolysis (Hendrix
and Johnson 2008). As well as being directly sputtered from the surfaces, radiolytic products
produced in the icy surfaces of the Galilean moons can diffuse through the ice and escape to
the atmospheres.

The sputtering yield (i.e., the number of ejected neutrals per charged particle incident
on the surface) depends on the energy and mass of the impacting electron or ion, the an-
gle of impact, and the surface temperature (e.g., Famá et al. 2008). Hence, variations in the
sputtering yield between different surface regions on each icy satellite are expected, as well
as differences between moons. Although Europa has the coldest surface, it has the highest
sputtering yield since it orbits in a region where the Jovian magnetospheric plasma den-
sity and magnetic field strength are increased relative to the environment experienced by
Ganymede and Callisto. At Ganymede, the satellite’s mini magnetosphere restricts charged
particle access to the trailing hemisphere mid-latitudes but charged particles can impact the
surface on the leading hemisphere in the open field line regions near the poles (e.g., Poppe
et al. 2018). The ∼10° offset between Jupiter’s magnetic dipole axis and its rotation axis
means that all of the Galilean moons experience periodically varying plasma environments
as Jupiter rotates. JUICE PEP will detect sputtered material in the exospheres of all three
moons, determining how the sputtering yield varies temporally and as a function of surface
position.

4.2.2 Sublimation of Surface Volatiles

Solar irradiation leads to sublimation of H2O and thermal desorption of non-condensable
volatiles trapped in the regolith of the icy Galilean satellites. This process is straightforward
to quantify in terms of theory and laboratory experiments. On Ganymede, thermal subli-
mation is the dominant source of atmospheric H2O (Marconi 2007; Plainaki et al. 2015;
Shematovich 2016). Sublimation rates are highest at the equatorial regions because they en-
counter the most solar illumination, and their surface is darker compared to the polar regions.
Dayside surface temperatures on Ganymede range from ∼100 K near the poles to ∼150 K
at the subsolar point (Orton et al. 1996; Ligier et al. 2019; Galli et al. 2024). Sublimation
of H2O is strongly temperature dependent: Roth et al. (2021) found that the temperature
difference between Ganymede’s dayside trailing (∼148 K at the subsolar point) and leading
(∼142 K) hemispheres was sufficient to explain a factor of five H2O density difference ob-
served in the atmospheres above the centres of the two hemispheres. Since Callisto is darker
and presumably warmer than Ganymede, it is likely that sublimation is also the dominant
source of atmospheric H2O there. At Europa, the relative importance of sputtering and sub-
limation to the measured H2O abundance is less clear. While Roth (2021) detected an H2O
atmosphere on Europa’s warmer trailing hemisphere, the maximum surface temperature of
130 K is not warm enough to account for the inferred H2O density. However, the sputtering
yields of H2O at 130 K are also too low to sustain the observed atmosphere. Roth (2021)
suggested that secondary sublimation of sputtered H2O molecules that fall back to the sur-
face (e.g., Teolis et al. 2017a, 2017b) may explain the discrepancy. JUICE will study the
contribution of sublimation to the satellite atmospheres by performing in situ measurements
and remote observations of the daysides and nightsides during flybys of all three satellites.

4.2.3 Dust Exospheres of Europa, Ganymede and Callisto

Ganymede was the first object in the Solar System where an impact generated ballistic dust
exosphere was detected. In 1996, during a series of close flybys of the Galileo spacecraft,
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Fig. 14 Number density of dust
as a function of radial distance
from the centre of Ganymede,
Europa, Callisto, and Io,
measured by the Galileo Dust
Detector System. Adapted from
Krüger et al. (2003)

the onboard dust detector recorded a series of impact events (Krüger et al. 1999). Later mea-
surements found that all Galilean moons are enshrouded by a dust cloud (Krüger et al. 2003)
(Fig. 14). The detected particle size distribution and their dependence on altitude is consis-
tent with impact ejecta models (e.g., Krivov et al. 2003) where the most efficient impactor
population consists of micrometeorites. These are relatively large interplanetary dust parti-
cles with typical sizes of approximately 10–100 µm (Divine 1993) and typical speeds of a
few 10 km/s, which eject orders of magnitude more mass than the impacting particle in the
form of mostly smaller dust ejecta at much lower speeds (on the order of 100 m/s). Due to
the high escape speed of the Galilean moons nearly all ejected particles eventually fall back
to the surface on ballistic trajectories, enshrouding them in a permanent dust exosphere and
contributing to the regolith which is assumed to cover the moon’s surface.

Based on Galileo measurements, model predictions can be made to estimate detection
rates for in situ instrumentation onboard a spacecraft either during a flyby or in orbit (Post-
berg et al. 2011b). For example, assuming apex pointing, JUICE PEP-NIM would encounter
on the order of 10–30 dust samples lifted from Ganymede’s surface per day in a 500 km or-
bit, assuming a detection threshold radius of ∼200 nm. In a 200 km orbit this number would
go up by about a factor of ∼5. Per flyby with closest approach <500 km, 0–1 dust par-
ticles are expected to enter NIM. Upon impact in the NIM antechamber or entrance slit,
the volatiles in the dust grain will evaporate and will thus be resolved in a mass spectrum
like other neutral gas signals. However, no information on the impact speed can be derived
with NIM. The JUICE RPWI instrument can also detect micrometeorite impacts and esti-
mate dust charging. Together, these instruments will provide an improved understanding of
interactions between the surfaces of the moons and their surrounding dusty exospheres.

4.3 Atmosphere Characterization with JUICE Instruments

The diverse instruments carried by JUICE will perform complementary in situ and remote
sensing studies of the composition, structure, and variability of the atmospheres of Jupiter’s
icy moons. In situ detection and characterization of the moon atmospheric species will be
achieved by the PEP-NIM mass spectrometer, which will measure ice and mineral species
sputtered from the surfaces, as well as sublimating volatiles and any material outgassing
from the subsurface or deeper interior (GC.4e, EB.3d, CB.3c) The volatile composition
of sporadic dust grains entering NIM during the neutral gas measurements will also be
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Fig. 15 Predicted mass spectrum to be recorded by PEP/NIM at the closest distance of JUICE to Callisto
(200 km) for an integration time of 5 s. Shown are the spectra of the sublimated species (blue), the icy
sputtered species (green), the mineral sputtered species (magenta), and photon-desorbed H2O (red). Also
shown is NIM’s expected detection threshold of 1 cm−3 (instrument background) in black. Figure taken from
Galli et al. (2022)

evaluated. Other PEP instruments will provide remote sensing of the neutral atmospheres
via Energetic Neutral Atom (ENA) imaging (PEP-JNA at low energy, PEP-JENI at high
energies). Charge exchange between an energetic ion and a neutral atom results in a thermal
ion and an ENA, the latter of which travels away on a straight trajectory with the energy of
the parent ion, allowing remote sensing of the neutral environment around the icy moons by
the PEP sensors.

For Callisto, the PEP measurement opportunities and goals were described by Galli et al.
(2022). The baseline predicted trajectory (CReMA 5.0) foresees 21 Callisto flybys, with
closest approaches both on the dayside and the nightside. The 13 flybys with a closest ap-
proach below 1000 km will be crucial to detect heavy neutrals and ions in-situ (see Fig. 15
for a simulated spectrum at an altitude of 200 km). Nevertheless, neutral measurements will
be started at distances >40 RC away from Callisto to better constrain the putative neutral
torus and the extended hydrogen corona. At the same time, remote ENA measurements
will provide global images of the interaction of Callisto’s surface and atmosphere with the
plasma environment and thus give important context. Fortunately, the background rates due
to radiation levels in the Jovian magnetosphere at Callisto will be much lower than near
Europa or Ganymede (Galli et al. 2022).

The JUICE remote sensing instruments will similarly perform comprehensive studies of
the icy satellite atmospheres. The JUICE UVS bandpass of 50–204 nm encompasses emis-
sion lines of key atmospheric species including the neutral O (130.4 nm, 135.6 nm) and H
(121.6 nm) emissions previously observed at Jupiter’s icy moons by HST. UVS will perform
disk scans during the inbound and outbound phases of satellite flybys to map these emis-
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sions and study their variability with local time, longitude and latitude, and local magnetic
environment (GC.4a, EC.2a, CB.3b). Long stares at the sunlit limbs of the satellites will be
used to search for faint emissions of potential minor atmospheric species including N, C,
CO (fourth positive band), H2 (Lyman and Werner bands), S, Cl, Ca, and Mg. UVS will
also perform stellar occultation measurements, during which stellar spectra are collected as
the line-of-sight from UVS to the star moves through a satellite atmosphere. The presence
of any UV-absorbing species such as H2O, O2, CO2, H2, CH4, and C2H2 will modify the
observed stellar signal in a predictable way, allowing the concentrations and distributions of
these materials to be constrained. Similar but less frequent solar occultation measurements
will facilitate searches for species absorbing at wavelengths <100 nm, where stellar flux
is low due to extinction by the interstellar medium. Absorption of Jupiter’s dayglow by the
satellite atmospheres as the moons transit across Jupiter’s disk will also be performed. These
transit observations will be used to search for regions of increased Lyman-α absorption on
the satellite limb indicative of localised H2O from potential plume activity.

MAJIS will use limb scans to map non-LTE emissions of atmospheric species including
H2O (2.4–3 µm), CO2 (4.26 µm) and O2 (1.27 µm), allowing retrieval of density profiles
(GC.4b, EC.2b, CB.3a). The instrument is also sensitive to auroral emissions in the visible
wavelength region – Hα at 656.3 nm and OI at 557.7 nm, 630.0 nm, 636.4 nm (GC.3d).
The relative intensities of these emissions and the UV aurora measured by UVS will pro-
vide tighter constraints on atmospheric composition and density, as well as the density and
energy of the electrons exciting the emissions. Stellar occultation measurements will be
used to determine the distribution of atmospheric species that absorb light in the visible
to near-infrared spectral region. Where possible, stellar occultations will be performed si-
multaneously with UVS, although only a small number of stars provide adequate flux at
both UV and IR wavelengths (usually unresolved multiple star systems rather than single
stars). MAJIS will also search for active plumes by observing forward scattered light from
possible plume grains along the satellite limbs at high phase angle (see Sect. 4.4); similar
observations by UVS and JANUS may also contribute to this goal. JANUS will contribute
to atmospheric studies via global imaging of the sodium exosphere at Europa (EC.1d) and
monitoring of optical auroral emissions at all three icy satellites.

SWI will complement the other remote sensing studies with observations of rotational
transitions of water and its isotopes, and several other molecular species including CO,
HCN, O2, SO2, and potentially also their main ionic counterparts, in the frequency ranges
530–625 and 1080–1275 GHz at high spectral resolution (∼ 107). SWI will study the atmo-
spheric structure (density, temperature and winds), isotopic composition, and distribution of
the water atmospheres of Ganymede, Callisto, and Europa from the surface to altitudes of
a few hundred km (GC.4c, EB.3g, EC.2e, CB.3f). From measurements of the exact posi-
tion and shape of the molecular lines, parameters such as the regions of transition between
collision and non-collision dominated parts of the satellite atmospheres, as well as wind
and temperature profiles, may be derived. SWI can also measure the ortho-to-para ratio of
gaseous water, which serves as a proxy for the conditions under which the water formed.
While SWI will map the atmosphere with high spatial resolution maps, limb stares and limb
scans during the various flybys and GCO, its scanning mechanism also allows routine ob-
servations of the Jovian moons at almost any time from the orbit around Jupiter. On average,
SWI will dedicate one hour per day to observations of the different moons. It will be sensi-
tive enough to sample the moon’s atmospheric conditions as a function of solar illumination
on the leading and trailing sides. The spatial resolution of this long baseline of observations
will vary with time and range from point source observations to moderate resolution maps of
surface and atmosphere emissions. In particular, 3D radiative transfer models demonstrate



59 Page 40 of 94 F. Tosi et al.

(Wirström et al. 2020) that sets of five-point cross maps of Ganymede in the 557 GHz water
transition for a range of phase angles should allow us to determine the dominating source
for the water atmosphere, thermal sublimation or sputtering. The long-term monitoring from
the Jovian orbit will thus provide a global perspective on the neutral atmospheres around the
moons and help to set up synergies with and for other instruments in preparation of the vari-
ous flybys and GCO, so as to focus on potential regions of interests discovered during these
campaigns.

In addition to broad atmospheric studies by the in situ and remote sensing instruments
discussed above, other JUICE instruments will contribute to more specific atmospheric sci-
ence goals. RPWI will measure the mass and size distribution of charged dust particles
within the satellite exospheres (GE.2c, EC.1c, CB.1f, CB.2f), studying how they are acceler-
ated towards the surface where they contribute to sputtering of material into the exospheres.
JMAG may detect magnetic field perturbations due to atmospheric inhomogeneities: for ex-
ample, models by Blöcker et al. (2016) show that Alfvén winglets are expected to develop
within Europa’s Alfvén wing if plume activity occurs near the north or south pole of Europa.

3GM will probably not be able to contribute to measuring the density or temperature
profiles of the neutral atmospheres at Callisto, Ganymede, or Europa. This is illustrated by
Fig. 16 showing the refractivity profile calculated for radio occultations near Callisto (panel
A) and Ganymede (panel B) (black line, evaluated for the number density and the chemical
species expected according to Liang et al. 2005 and Marconi (2007) compared with the
expected uncertainty (red dotted line) for 3GM measurements. The latter was computed
using the algorithm developed by Bourgoin et al. (2022), assuming a radio link stability
of 3 × 1013 at 1 s integration time. The uncertainty is several orders of magnitude larger
than the predicted value for the refractivity. For Europa, assuming CReMA 5.0, suitable
radio occultation opportunities were not identified. However, being the expected refractivity
(computed from the neutral number density reported in Johnson et al. (2009)) similar to the
one of the other two moons, similar results and conclusions are expected.

4.4 Potential Plume Detection and Characterization (Both Direct Detection and
Inferred from Surface Features at Europa and Ganymede)

Several pieces of evidence for water plumes at Europa have been reported over the last
decade, but conclusive proof of active plumes has not yet been achieved. The question thus
remains an active research topic. The first tentative detection came in the form of HST
observations of auroral emissions consistent with electron impact dissociation of localised
H2O vapour (Roth et al. 2014a). Additional HST observations of shadowy features on the
limb of Europa as it transited Jupiter were interpreted as absorption of Jupiter dayglow by
water plumes (Sparks et al. 2016, 2017, 2019), though this interpretation is disputed (Giono
et al. 2020). Furthermore, magnetic field perturbations detected during the E12 and E26
flyby by the Galileo mission have been shown to be consistent with the presence of water
plumes (Blöcker et al. 2016; Jia et al. 2018; Arnold et al. 2020). Dropouts of energetic
protons during E26 were reported to be caused by the plume from Arnold et al. (2020) by
Huybrighs et al. 2020; however, an artefact in the data prevents a definitive conclusion (Jia
et al. 2021; Huybrighs et al. 2021). Infrared Keck telescope detections of H2O have also
been interpreted as a potential plume eruption (Paganini et al. 2020). If plumes are present,
their activity appears to be intermittent and unrelated to Europa’s orbital position (Roth et al.
2014b; Paganini et al. 2020). Recently, JWST searched for plumes at Europa but yielded no
detection of water, carbon monoxide, methanol, ethane, or methane fluorescence emissions
(Villanueva et al. 2023). During the Juno close flyby of Europa occurred in September 2022,
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Fig. 16 Predicted refractivity height profile of Callisto (panel A) and Ganymede (panel B) (black line), com-
pared to the expected measurement’s uncertainty (red dotted line) of the 3GM radio science experiment
(figure courtesy of A. Caruso)

data collected by the JunoCam framing camera (Hansen et al. 2024) and by the plasma wave
instrument (Kurth et al. 2023) did not find evidence of active plume eruptions.

Any ongoing or very recent plume activity at Europa would be detectable through at-
mospheric observations by JUICE and may also result in surface features observable by
the remote sensing instruments. Freshly deposited water ice will appear brighter than older
terrain that has been processed by the impinging Jovian plasma or experienced thermal
segregation, where ice sublimating from warmer, darker regions is preferentially deposited
in cooler, brighter regions (Spencer 1987). The size distribution of ice grains on the sur-
face could also be an indicator for recent plume activity, but it is also an important and
ill-constrained parameter for modelling plumes (Quick and Hedman 2020). Fresh H2O de-
posits will be detectable by UVS and MAJIS via characteristic UV and IR spectral features,
as well as appearing as bright regions in JANUS visible images. Belgacem et al. (2020)
identified two potential regions of fresh water ice in Voyager and New Horizons images
of Europa’s leading hemisphere that may be related to plume activity. Although there are
currently no constraints on any non-water constituents of the plumes, by analogy with the
Enceladus plumes (Dougherty et al. 2006) it is possible that they would contain darker ma-
terials such as salts and organics, which may be detected on the surface. This low-albedo
plume material may be responsible for dark deposits observed around lenticulae and along
lineae on Europa (Fagents et al. 2000; Quick et al. 2013), the distribution and composition
of which will be studied by MAJIS, JANUS and UVS.

Similarly, JUICE will search for evidence of past or present plume activity on
Ganymede’s surface, focusing on paterae – small, scalloped-edged depressions potentially
linked to cryovolcanism (Lucchitta 1980; Schenk and Moore 1995; Kay and Head 1999;
Schenk et al. 2001; Spaun et al. 2001), which are currently the only known surface features
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indicative of activity. JUICE will study the origin and formation of these features using
high-resolution imaging and spectral imaging (JANUS, UVS, MAJIS, SWI) together with
laser altimetry (GALA) and subsurface radar (RIME) measurements (Stephan et al. 2020).
We note that the recent flyby of Ganymede by Juno (Hansen et al. 2022) identified 10 pre-
viously unknown paterae in the region covering Phrygia Sulcus, Sicyon Sulcus, and eastern
Perrine Regio (∼10°E–50°W longitude and 10°S–50°N latitudes), bringing the total to 47
known paterae across the full surface (Ravine et al. 2022). This suggests that either the
features are atypically concentrated in specific surface regions, potentially providing clues
as to their history, or more remain to be discovered by JUICE. While Ganymede’s paterae
appear ancient, improved constraints on their ages and formation mechanisms will help us
to better understand whether ongoing cryovolcanism is likely. Any ancient plume material
present may be identified by correlating potentially endogenic materials such as salts and
ammoniated species with the geology, while the age of such material may be constrained
by comparing the observed reflectance spectra to pristine and irradiated sample spectra.
Salts, for example, develop characteristic colour centres when exposed to charged particle
radiation, leading to the identification of NaCl on Europa (Trumbo et al. 2019a). Any ongo-
ing plume activity will be characterised using the same methods described for the Europan
plumes in the remainder of this Section. A recent search for active water plumes via attenu-
ation of Jupiter’s Lyman-α airglow as Ganymede transited Jupiter placed an upper limit for
localised (plume) H2O column densities of (2–3) × 1016 cm−2 (Roth et al. 2023), which is
similar to the plume column density derived by Roth et al. (2014a) at Europa.

UVS will search active outgassing at plumes using different methods. Emissions from
excited atomic oxygen and hydrogen, which might be indicative of electron-impact dissoci-
ation of plume molecules, are used as diagnostic in global scans. This method is analogous
to the plume aurora observations by HST (Roth et al. 2014a). In addition, UVS will probe
continuum absorption by H2O (or other gases) during star occultations and Jupiter transits,
similar to the Enceladus plume gas observations by Cassini UVIS (e.g., Hansen et al. 2019,
2020).

Ongoing plume activity will also be targeted by SWI with daily monitoring of the moons.
SWI will have the sensitivity to detect H2O plumes from large distances, and even more so
during flybys and GCO phases which may allow detection of other species from confirmed
active sources. The clues that a given measurement is dominated by molecules from a tran-
sient source come from a) horizontal and/or vertical gradients on the measured densities
and b) directly through the resolved line shapes at 600 or 1200 GHz, i.e., their amplitudes
and Doppler shifts, as they will be statistically different from the baseline established dur-
ing quiescent atmospheric conditions. Since SWI targets low excitation rotation lines it may
also be able to detect transient sources more directly from observations at the terminator in
nadir or limb geometry, and even over the cold night-time surface over the un-illuminated
hemisphere.

The possibility that ongoing plume activity could transport material from Europa’s sub-
surface, or from water reservoirs contained in the ice layer, creates an unprecedented oppor-
tunity to sample Europa’s subsurface environment and investigate its habitability. PEP-NIM
and PEP-JDC are suitable for directly detecting H2O and H2O+ from Europa’s water plumes
and separating it from atmospheric H2O and H2O+ based on the observed density distribu-
tion (Huybrighs et al. 2017). If the locations of plume activity identified in previous tentative
detections are accurate guides to the plume distribution, the coverage of the southern hemi-
sphere JUICE flyby is most suitable to detect the presumptive plume sources, since most are
located on Europa’s southern hemisphere (Fig. 17). Due to its location, the potential plume
reported by (Roth et al. 2014a) is the most likely to be detected even when the plume mass
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flux is as low as 1 kg/s (Fig. 17 and Winterhalder and Huybrighs (2022)). If the plume flux is
larger than 1 kg/s, the formation of a canopy shock due to collisions between plume particles
may limit the height of the plume and reduce the H2O density along the JUICE trajectory
(Dayton-Oxland et al. 2023). This could result in a reduction of the region over Europa’s
surface within which plumes would be separable from the H2O atmosphere by JUICE by
up to a half. Lowering the flyby altitude would result in an increase in the signal strength of
detected plume particles by an order of magnitude in the non-collisional and low mass flux
case (Fig. 18) and would increase the likelihood of flying through or below the canopy shock
in the collisional and high mass flux case. Flying below the shock decreases the risk of los-
ing detection coverage, decreased density and duration (Dayton-Oxland et al. 2023). A flyby
with a closest approach of 400 km that passes directly over a plume would encounter the
plume for several minutes (see Fig. 19), which is much longer than the PEP-NIM integration
time (5 s), giving good temporal (and therefore spatial) resolution of samples of the plume.
Measurements of the structure of the plume would provide an empirical constraint on plume
models, by which we can investigate the underlying physics and typical characteristics of
Europa’s plumes (Dayton-Oxland et al. 2023).

Besides direct in situ detections of plume particles, other in situ instruments can also be
used to infer the presence of plumes. JMAG could be used to infer the presence of plumes
from magnetic field perturbations, while PEP-JENI could detect plumes through dropouts
of energetic ions and ENA emissions (e.g., Huybrighs et al. 2020, 2021). RWPI could detect
enhancements in the ionospheric density related to potential plumes. Furthermore, remote
sensing observations can be used to detect plumes, both during flybys and in more distant
limb stares and disk scan observations. UVS will search for localised hydrogen and oxy-
gen auroral emission associated with plumes that are being bombarded by magnetospheric
plasma, as well as localised absorption of stellar or solar light or Jupiter airglow by H2O dur-
ing occultation and transit events. MAJIS is similarly capable of remote mapping of H2O
in Europa’s exosphere, and SWI will also investigate the distribution and variability of exo-
spheric H2O, searching for localised, transient enhancements of water vapour. Evidence for
a recently terminated plume eruption could be detected via remote sensing of the surface
(heavy molecules close to the eruption site resulting in localised surface enrichments) or in
the global exospheric composition as a ratio to O2 (Teolis et al. 2017b).

Finally, MAJIS, JANUS and UVS can potentially search for active plumes by observing
solar light scattered by plume grains along the satellite limb. This technique is most effective
in high phase angle configurations, similar to those yielding the first images of Enceladus’
plumes (Porco et al. 2006) and their subsequent imaging by both the Cassini/ISS camera
(Porco et al. 2014) and the Cassini/VIMS spectrometer (Hedman et al. 2009). Here, we
provide an assessment of the feasibility of this plume detection technique at Europa and
Ganymede, using MAJIS as a case study. We note that this technique will likely be dif-
ficult for UVS due to the lower solar flux at UV wavelengths and low particle scattering
efficiencies, but the method has previously been used by the Lyman Alpha Mapping Project
(LAMP) – a UVS sister instrument on NASA’s Lunar Reconnaissance Orbiter – to place
limits on the lunar dust population (Feldman et al. 2014).

The scattering efficiency of a plume is a function of the microphysics of its grains, the
solar phase angle, and wavelength (λ), and all these quantities must be considered when
evaluating the possibility of a direct detection by MAJIS. The enhancement of light scatter-
ing close to the forward direction is a well-known feature for grains of size larger than the
wavelength. Figure 20A shows the single scattering phase functions of water ice grains at
λ = 1.2 µm for three grain radii in the range 0.5–20 µm (evaluated through the Mie theory
applied to lognormal distributions and refractive index from Mastrapa et al. 2008). For ref-
erence, the grain radius at Enceladus inferred from VIMS analysis is in the range 2–5 µm
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Fig. 18 Density encountered by
the spacecraft if an active plume
source was present right beneath
the closest approach point. As
expected, the signal increases as
the spacecraft’s closest approach
point moves closer to the moon’s
surface. [Reproduced from
Winterhalder and Huybrighs
(2022)]

Fig. 19 JUICE trajectory through a model 100 kg/s collisional plume, with closest approach at an altitude
of 400 km. The time that JUICE encounters the plume (∼10 mins) well exceeds the PEP-NIM integration
time (5 s), therefore the plume structure (e.g. the canopy shock) can be discerned, allowing to empirically
constrain plume models and study internal plume physics. [Reproduced from Dayton-Oxland et al. 2023]

(Hedman et al. 2009). The fact that both the intensity and the width of the forward scattering
lobe are quite dependent on the grain size parameter (2 πr

λ
), may allow limb satellite imaging

at different phases to help constrain the microphysics of eventual plumes but in any case,
observations at smaller phase angles are much less likely to succeed. Information about the
grain size distribution may also be gained by comparison with complementary observations
by UVS and JANUS, due to the wavelength dependency.

To determine a suitable phase angle threshold for MAJIS, we consider the Cassini/VIMS
dataset about the Enceladus plume. A preliminary analysis is shown in Fig. 20B, where a
collection of VIMS plume reflectance levels at λ = 2.2–2.4 µm is plotted as a function of
phase angle, along with the cases where no plume signal is detected. Although the selected
VIMS data refer to a rather wide range of spatial resolutions (10–100 km/px), a detection
threshold on phase angle between 135°–140° can be envisaged.

An additional parameter affecting the chance of plume detection by MAJIS is the achiev-
able spatial resolution, which directly impacts the filling factor of the MAJIS pixel (angular
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Fig. 20 Panel A: Variation of water ice scattering phase function with respect to grain size, evaluated at
1.2 µm wavelength through the Mie theory for lognormal distributions with effective radius of 0.5 µm (dotted
line), 5 µm (dashed line), and 20 µm (dot-dashed line). The angular values on the grid represent the phase
angle, hence the light source is at the left (star symbol). All curves are normalised to their maximum value,
which is at 180° phase angle. Panel B: Enceladus plume reflectance level (∼1.0–2.4 µm) resulting from a
preliminary overview of a sample of Cassini/VIMS data as a function of solar phase angle (orange circles).
Cases of non-detection are reported as upper limits in blue

Fig. 21 Effect of spatial resolution on the appearance of plumes on Enceladus’ South Pole. Panel a:
Cassini/ISS image taken on 21 Nov 2009 at 145° solar phase angle, with a pixel scale of about 0.8 km/px
(published in Porco et al. 2014). Panel b: The same image of Panel A degraded in resolution to simulate a
view at 5 km/px. Panel c: Enceladus plumes imaged by Cassini/VIMS at near-infrared wavelengths (about
1–2 µm), nearly simultaneously to the image in Panel A, but with a resolution of about 33 km/pixel. Panel
d: Another near-infrared VIMS image of Enceladus plumes at a resolution of about 40 km/pixel along the
vertical direction. In all panels, dashed orange lines indicate different tangent altitudes above the satellite
limb (solid line)
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Table 2 Opportunities for high phase angle views of Europa and Ganymede during the Jupiter tour mission
phase, based on a recently predicted JUICE trajectory (CReMA 5.0)

UTC range Phase (°) MAJIS resolution (km/px) Target

2032-JUL-02 16:53 – 2032-JUL-02 17:23 138 1.6 Europa

2032-JUL-16 22:46 – 2032-JUL-16 23:16 140 1.5 Europa

2032-JUL-18 03:08 – 2032-JUL-18 03:18 135 93 Europa

2034-JUN-29 10:32 – 2034-JUN-29 15:06 140 86 Europa

2034-AUG-14 13:19 – 2034-AUG-14 17:50 149 90 Europa

2034-OCT-28 05:10 – 2034-OCT-28 09:38 143 83 Europa

2034-DEC-06 07:13 – 2034-DEC-06 11:33 143 89 Europa

2032-FEB-13 23:17 – 2032-FEB-13 23:37 147 1.3 Ganymede

2032-APR-11 04:25 – 2032-APR-11 04:45 150 1.2 Ganymede

2032-MAY-09 19:02 – 2032-MAY-09 19:24 143 2.5 Ganymede

2032-JUN-02 21:33 – 2032-JUN-02 22:00 164 1.1 Ganymede

2033-NOV-27 05:53 – 2033-NOV-27 06:28 153 0.6 Ganymede

2034-JAN-17 20:34 – 2034-JAN-18 05:17 140 78 Ganymede

2034-JUN-06 05:04 – 2034-JUN-06 06:16 156 1.5 Ganymede

2034-SEP-05 17:30 – 2034-SEP-05 17:53 135 76 Ganymede

2034-SEP-27 03:22 – 2034-SEP-27 03:45 135 78 Ganymede

2034-NOV-16 12:12 – 2034-NOV-16 12:42 135 56 Ganymede

2034-DEC-14 17:21 – 2034-DEC-14 17:46 135 96 Ganymede

resolution = 150 µrad). The tentative detections at Europa suggest a vertical extension of
200 km (Roth et al. 2014a). In the absence of constraints at the more massive Ganymede,
our analysis also assumes this scale length as an upper limit for any plumes that may exist
there.

However, the typically narrow shape of plumes, and their possible apparent shortening
due to satellite surface curvature, can make the scattered light signal dilute into background
sky at lower altitudes. One example of the effect of spatial resolution on images can be seen
in Fig. 21, where Cassini images in the visible (ISS) and in the near infrared (VIMS) at dif-
ferent resolution levels are shown. While investigating plume structures requires resolution
of at least 5–10 km/px, VIMS detected plume signals at a resolution as low as 30–40 km/px.
However, the extrapolation of these values to the Galilean’s case is not straightforward, since
the activity level of Enceladus plumes is quite high and the gravity is much lower, resulting
in a very diffuse feature like the E-ring which is not observed in the Jovian system.

A first analysis of a recent predicted JUICE trajectory (CReMA 5.0) shows that the best
conditions for plume detection in terms of both phase (>135°) and spatial resolution (<30
km/px) are met only in the two Europa flybys in July 2032 and in six opportunities for
Ganymede (see Table 2). During the Jovian tour mission phase, additional high phase angle
opportunities are encountered for both targets, but with spatial resolutions worse than 80
km/px for Europa and 60 km/px for Ganymede. These conditions correspond to full disk
images of the satellites (diameter smaller than 40 and 90 pixels respectively for Europa and
Ganymede), that may only allow detection of rather dense plumes in single pixels.

Detection limits for plume detectability with MAJIS at Ganymede have been quantita-
tively investigated in Plainaki et al. (2020a, 2020b) for three mission phases (a distant flyby,
a close flyby, and a high-altitude orbit like GCO5000), as a function of MAJIS exposure



59 Page 48 of 94 F. Tosi et al.

Fig. 22 Detection limits of a
water ice plume on Ganymede in
three different JUICE mission
phases: distant flyby (panel a),
close flyby (panel b), high orbit
(panel c). Red, orange, and green
lines indicate the plume column
density detectable with SNR
values of 1, 2, or 3, respectively
(as average value in the
0.8–1.0 µm range), compared to
the Enceladus plume density
range [Reproduced from Plainaki
et al. 2020b]

times and plume column densities. For the calculation, spherical homogeneous particles
with a pure water composition and 3 µm effective radius are considered. Figure 22 shows
the detectability of the column density with a signal-to-noise of 1, 2 or 3. The models show
that the detection of possible plumes would be more favourable in case of a close flyby
(Fig. 22b), which ensures the best conditions of resolution and phase angle suitable for low
density plumes detection (1–2 orders of magnitude less dense than the Enceladus plumes),
with low exposure times. In the other two cases analysed in Plainaki et al. (2020a, 2020b)
plume detection is more uncertain because of inadequate spatial resolution (distant flyby;
Fig. 22a) or long integration times (GCO5000; Fig. 22c). These predictions are prelimi-
nary due to the use of a modelled instrument response and will be refined using in-flight
measurements of the instrument performance.

Appendix: Excerpt of the JUICE Science Requirement Matrix

This Appendix presents an excerpt of the JUICE Science Requirements Matrix (SRM) in-
cluded in the JUICE Science Requirements Document (SciRD, ESA Document: JUI-EST-
SGS-RS-001, Issue 2, Rev 5). This SRM provides details for the codes find in the main text
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of the manuscript in terms of science objectives, investigations and measurement require-
ments expected to be achieved by JUICE at Ganymede (Table 3), Europa (Table 4), and
Callisto (Table 5), respectively.

Table 3 Ganymede

Objectives Investigations Measurement Requirements Instruments

Characterise
the extent of
the ocean and
its relation to
the deeper
interior.

GA.1 Determine the
amplitude and
phase of the
gravitational tides.

GA.1a. Measure spacecraft acceleration to resolve 2nd
degree gravity field time dependence. Recover k2 at
the orbital frequency of Ganymede with an accuracy
of 5 · 10−4 (real) or 1 · 10−3 (complex) by performing
range-rate measurements (accuracy ∼0.01 mm/s at
60 sec integration time) to determine spacecraft orbit
to better than 1-meter (rms) over several tidal cycles.
Determine the position of Ganymede’s center of mass
relative to Jupiter during the lifetime of the mission to
better than 10 meters, by performing range
measurements with an accuracy of 20 cm end-to-end
and range-rate measurements (accuracy ∼0.01 mm/s
at 60 sec integration time) to determine spacecraft
orbit to better than 1-meter (rms) throughout the
lifetime of the orbiter.

3GM

GA.1b. Measure topographic differences from
globally distributed repeat ranging measurements, to
recover spacecraft altitude at crossover points to
1-meter vertical accuracy by contiguous global
ranging to the surface with 10-cm accuracy.

GALA

GA.2 Characterise the
space plasma
environment to
determine the
magnetic
induction
response from the
ocean.

GA.2a. Measure three-axis magnetic field components
(at 32 to 128 Hz with a resolution of 0.1 nT) over a
range of orbital phases to determine the induction
response at multiple frequencies (related to satellite
orbital and Jupiter rotation time scales).

JMAG

GA.2b. Determine the distribution functions for
electrons and ions (first order mass resolution) with an
angular and energy coverage sufficient to determine
the cold plasma density and velocity to constrain
contributions from currents not related to the surface
and ocean. Identify open and closed field lines with a
latitudinal accuracy of ≤1° in Ganymede circular orbit
by measuring electrons in opposing directions with a
time resolution of ≤20 s.

PEP

GA.2c. Measure electric field vectors at DC to
1.6 MHz better than <1 mV/m accuracy. Measure the
vector magnetic field variations at 0.1 Hz–20 kHz.
Together with electron and ion density (10−4 to 105

/cm3) measurements with better than 20% accuracy,
determine conductivity and electrical currents.
Measure electron temperature (0.01–100 eV) and the
ion drift speed (<200 km/s).

RPWI
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Table 3 (Continued)

Objectives Investigations Measurement Requirements Instruments

GA.3 Characterise
surface motion
over Ganymede’s
tidal cycle.

GA.3a. Measure topographic differences (tidal
amplitudes) with respect to the reference ellipsoid
from globally distributed repeat measurements at
varying orbital phase, with better than or equal to
1-meter vertical accuracy, to recover h2 to 0.01 (at the
orbital frequency) by contiguous global ranging to the
surface with 10-cm accuracy.

GALA

GA.3b. Measure spacecraft acceleration to resolve the
position of the spacecraft to better than 1-meter (rms)
by performing range-rate measurements with an
accuracy ∼0.01 mm/s at 60 sec integration time to
determine spacecraft orbit to better than 1-meter (rms)
over several tidal cycles.

3GM

GA.3c. Provide supplementary measurements of the
S/C differential lateral position relative to the ICRF2
background extragalactic radio sources with the
accuracy of 100–10 µas (1 sigma) over integration
time 60–1000 s.

PRIDE

GA.4 Determine the
satellite’s
dynamical
rotation state
(forced libration,
obliquity and
nutation).

GA.4a. Determine the amplitude of physical
longitudinal librations and the orientation of the spin
pole by determining surface elevations and the
orientation of the global shape at varying orbital phase
of Ganymede (different true anomalies with respect to
Jupiter), with up to 1-meter vertical accuracy, short
along-track distance between the laser spots (few tens
of meters) and by taking continuous tracks.

GALA

GA.4b. Acquire multiple images of the same surface
target at varying orbital phase, to determine satellite’s
surface relative rotational position with better than
10 m horizontal accuracy. This would allow an
independent evaluation of the mean spin pole, the
forced nutation of the spin pole and the amplitude of
the forced libration of Ganymede’s surface through
fitting data with rotation models.

JANUS

GA.4c. Perform range measurements with an accuracy
of 20 cm end-to-end and range-rate measurements
(accuracy ∼0.01 mm/s at 60 sec integration time) to a)
determine the spacecraft position during circular
orbits with an accuracy < 10 cm radial, < 10 m along
track, <10 m (1–2 meters) out of plane (orbital frame
of reference), to provide the appropriate referencing to
laser altimeter measurements and optical imaging; and
b) determine Ganymede’s physical librations in
longitude and pole position in the putative body-fixed
frame to accuracies about 10–20 m.

3 GM

GA.5 Investigate the
core and rocky
mantle.

GA.5a. Resolve the gravity field to degree and order
12 or better by performing range-rate measurements
(accuracy ∼0.01 mm/s at 60 sec integration time) to
determine spacecraft orbit to better than 1-meter (rms).

3GM

GA.5b. Perform topographic measurements to resolve
coherence with gravity to degree and order 12 or
better, with better than or equal to 1-meter vertical
accuracy, by contiguous global ranging to the surface
with 10-cm accuracy.

GALA
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Table 3 (Continued)

Objectives Investigations Measurement Requirements Instruments

GA.5c. Measure three-axis magnetic field components
(at 32 to 128 Hz with a resolution of 0.1 nT) to
determine whether there is a induction response at the
Jupiter rotation rate.

JMAG

GA.5d. Perform astrometric determination of the rate
of change of Ganymede’s orbit by acquiring multiple
images of the moon from a distance including
background stars with a position accuracy of at least
1 km.

JANUS

GA.5e. Provide supplementary measurements of the
S/C differential lateral position relative to the ICRF2
background extragalactic radio sources with the
accuracy of 100–10 µas (1 sigma) over integration
time 60–1000 s.

PRIDE

Characterise
the ice shell.

GB.1 Characterise the
structure of the icy
shell including its
properties and the
distribution of any
shallow
subsurface water.

GB.1a Obtain profiles of subsurface thermal,
compositional and structural horizons down to a few
kilometers (maximum depth from 1 to 9 km
depending on the crust properties), with better than
50-km profile spacing, and with vertical resolution
ranging from ∼50 meters to 1% of the target depth;
Estimate subsurface dielectric properties and the
density of buried scatterers in targeted regions.

RIME

GB.1b. Obtain topography with a few tens of meters
along-track resolution and better than or equal to 1
meter vertical accuracy. The maximum distance
between ground-tracks (usually obtained in equatorial
regions because of the polar orbit) shall be less than
5 km (goal: a few hundred meters). Determine surface
roughness on the scale of 50 m or better from the laser
return pulse.

GALA

GB.2 Correlate surface
features and
subsurface
structure to
investigate
near-surface and
interior processes.

GB.2a. Subsurface sounding: maximum depth from 1
to 9 km depending on the crust properties), with better
than 50-km profile spacing, and with vertical
resolution ranging from ∼50 meters to 1% of the
target depth, in order to:- Obtain profiles of subsurface
dielectric horizons and structures down to a few kms -
Estimate subsurface dielectric properties and the
density of buried scatterers in targeted regions.-
Perform globally distributed profiling of subsurface
thermal, compositional and structural horizons down
to a few kms.- Determine the thermal emission flux by
identifying thermally-controlled subsurface horizons
within the ice shell

RIME

GB.2b. Measure topography at better than or equal to
1-km horizontal scale, better than or equal to 5-meter
vertical resolution and with a few tens of meters
along-track resolution, over the areas co-located with
subsurface profiles sounding data.

GALA
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Table 3 (Continued)

Objectives Investigations Measurement Requirements Instruments

GB.2c. Measure surface reflectance in the wavelength
range from 0.4 to greater than or equal to 5 microns of
targeted features at better than or equal to 125 m/px
spatial resolution, with spectral resolution sufficient to
distinguish sulfuric acid hydrate from Mg- and
Na-enriched salt hydrates; better than 5 nm from 0.4
to 2.0 microns and better than 10 nm from 2.0 to
greater than or equal to 5 microns).

MAJIS

GB.2d. Measure surface reflectance in the wavelength
range from 0.1 to 0.2 microns of targeted features at
better than or equal to 1 km/px spatial resolution, with
< 2 nm from 0.1 to 0.2 microns.

UVS

GB.2e. Perform radiometric-polarized measurements
in the 600 GHz band with spatial resolution of at least
5 km and under different off-nadir angles in order to
constrain the thermophysical properties of the ice,
regolith and ice-regolith mixtures down to a few cm.
Determine the thermal emission flux by measuring
global surface thermal emission at a spatial resolution
of at least 10 km/px.

SWI

GB.2f. Perform detailed three-dimensional surface
morphological characterization of targeted features
through imaging at better than or equal to 30-meter
horizontal scale and 15-meter vertical accuracy across
selected targets. For generation of DTM for RIME
data interpretation, measure topography along
subsurface profiles with horizontal resolution better
than 300 m/px and vertical resolution better than 50 m.

JANUS

Characterise
the local
environment
and its
interaction
with the
jovian mag-
netosphere.

GC.1 Globally
characterise
Ganymede’s
intrinsic and
induced magnetic
fields, with
implications for
the deep interior.

GC.1a. Measure three-axis magnetic field components
at 32 to 128 Hz with a resolution of 0.1 nT.

JMAG

GC.1b. Determine the distribution functions for
electrons and ions (first order mass resolution) with an
angular and energy coverage sufficient to determine
the cold plasma density and velocity to constrain
contributions from currents not related to the surface
and ocean. Determine the particle precipitation pattern
by imaging the backscattered neutrals in Ganymede
Circular Orbit in the tens eV to few keV range with an
angular resolution ≤7°. Identify the open-closed field
line boundary and its variability with an latitudinal
accuracy of ≤1° in Ganymede circular orbit by
measuring electrons in opposing directions with a time
resolution of ≤20 s.

PEP

GC.1c. Measure electric field vectors at DC to
1.6 MHz better than <1 mV/m accuracy. Measure the
vector magnetic field variations at 0.1 Hz-20 kHz.
Together with electron and ion density (10−4 to 105

/cm3) measurements with better than 20% accuracy,
determine conductivity and electrical currents.
Measure electron temperature (0.01-100 eV) and the
ion drift speed (0.1–200 km/s).

RPWI
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Table 3 (Continued)

Objectives Investigations Measurement Requirements Instruments

GC.2 Characterise the
particle
population within
Ganymede’s
magnetosphere
and its interaction
with Jupiter’s
magnetosphere.

GC.2a. Measure three-axis magnetic field components
at 32 to 128 Hz with a resolution of 0.1 nT.

JMAG

GC.2b. Measure the distribution of bulk plasma and
bulk ion drift speed with 10 second resolution;
Determine electron and ion density 10−4–105/cm3,
electron temperature (0.01- to 100-eV), bulk ion drift
speed (<200 km/s), as well as suprathermal electrons
(non-Maxwellian distribution). Constrain ion
temperature (0.02 to 20 eV). The acceleration of
particles by Alfvén- and plasma waves requires
electric field vector (DC-1.6 MHz), density
fluctuations (δn/n, DC-10 kHz) and magnetic field
vector (0.1–20 kHz) measurements, and monitoring of
radio waves (80 kHz–45 MHz).

RPWI

GC.2c. Determine the distribution functions of
electrons and ions with a sufficient angular and energy
coverage to derive the moments (density, velocity,
pressure) with a 10 second resolution and first order
mass analysis. Determine plasma composition with
the mass resolution M/�M greater than 20. Measure
the volatile content of the exosphere, over a mass
range better than 300 Daltons, mass resolution better
than 500. Determine the particle precipitation pattern
by imaging the backscattered neutrals in Ganymede
Circular Orbit in the tens eV to few keV range with an
angular resolution ≤7°.

PEP

GC.2d. Measure Ganymede’s aurora emissions with
sufficient spatial resolution to characterise the
variability of the atmosphere and provide a
complementary observation of the open/closed field
line boundary through two-dimensional
spectral-spatial images. Perform observations in the
wavelength range of 120- to 200-nm to measure OI
(135.6 nm, 130.4 nm) and H Ly alpha with a spectral
resolution of at least 2 nm to derive information on the
energy and energy flux of the incoming particles.

UVS

GC.3 Investigate the
generation of
Ganymede’s
aurorae.

GC.3a. Determine the distribution functions of
electrons and ions with a sufficient angular and energy
coverage to derive the moments (density, velocity,
pressure) with a 10 second resolution and first order
mass analysis. Determine the spatial-temporal
variability of particle precipitation by imaging the
backscattered neutrals in Ganymede Circular Orbit in
the tens of eV to few keV range with an angular
resolution ≤7°. Determine the variable Jovian
magnetospheric environment local to Ganymede by
imaging ENAs in the 10-100’s keV range produced
with an angular resolution ≤10° (first order mass
resolution) with a time resolution of 1 h. Measure the
volatile content of the exosphere, over a mass range
better than 300 Daltons, mass resolution better than
500.

PEP
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Table 3 (Continued)

Objectives Investigations Measurement Requirements Instruments

GC.3b. Measure three-axis magnetic field components
at 32 Hz (required rate depends on the expected orbital
velocity such that the magnetic field vector is sampled
at least once per 300 km).

JMAG

GC.3c. Perform multi-wavelength spectral and
monochromatic imaging of Ganymede’s aurora in the
wavelength range of 120-200 nm with a spectral
resolution of ≤2 nm. Requires a temporal resolution
of 1-minute and a spatial resolution ≤2.6-km/px.

UVS

GC.3d. Perform multi-wavelength spectral and
monochromatic imaging of Ganymede’s aurora in the
wavelength range from 0.4 to at least 5 microns with a
spectral resolution of better than or equal to 5 nm from
0.4 to 2 mm; better than or equal to 10 nm from 2 to at
least 5 mm; Requires a temporal resolution of
1-minute and a spatial resolution better than 1 km/x.

MAJIS

GC.3e. Measure electric field vectors/polarization (DC
to 45 MHz), including electrostatic acceleration
structures. Determine electron and ion density
(10−4–105/cm3), bulk ion drift speed (<200 km/s), as
well as suprathermal electrons. Measure small scale
density perturbations (δn/n, DC to 10 kHz). Determine
the presence of electrostatic and electromagnetic wave
emissions of importance for the auroral energy
transfer (DC to 20 kHz). Measure radio waves from
auroral acceleration regions (1 kHz-45 MHz).

RPWI

GC.4 Determine the
sources and sinks
of the ionosphere
and exosphere.

GC.4a. Obtain two-dimensional spectral-spatial
images in the wavelength range of 120 to 200 nm to
determine column densities of atmospheric species at
better than or equal to 1 km/px spatial resolution.
Spectral resolution: ≤ 1 nm from 120 to
200 nm;Perform long-term and
high-temporal-resolution monitoring in context of
magnetospheric variations. Determine the
composition, distribution and physical characteristics
(grain-size, crystallinity, physical state) of volatile
materials on the surface in the spectral range 100
–200 nm, including potential measurements of water
ice, O2, O3, H2O2, carbon dioxide ices and other
species. Spectral resolution: better than or equal to 2
nm. Perform stellar occultations in the wavelength
range from 100 nm to 200 nm to search for absorption
and/or emission signatures of atmospheric species
(e.g., H2O, O2). Cover 100 to 200 nm at ≤ 1 nm
resolution, and latitude and longitude resolution of ≤
30°. Perform scans perpendicular to the limb from
∼5 km above the surface to the surface of the satellite
in the wavelength range of 100–200 nm with spectral
resolution of 2 nm to measure or search for emission
from O (135.6 nm) and other species in the
atmosphere.

UVS
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Table 3 (Continued)

Objectives Investigations Measurement Requirements Instruments

GC.4b. Obtain two-dimensional spectral-spatial
images in the wavelength range of 0.4- to 5-microns to
determine column densities of atmospheric species at
better than or equal to 1 km/px spatial resolution.
Spectral resolution: better than or equal to 5 nm from
0.4 to 2 µm; better than or equal to 10 nm from 2 to at
least 5 µm. Perform long-term and
high-temporal-resolution monitoring in context of
magnetospheric variations. Determine the
composition, distribution and physical characteristics
(grain-size, crystallinity, physical state) of volatile
materials on the surface in the spectral range 1–5
microns, including measurements of water ice, O2,
O3, H2O2, carbon dioxide ices and other species.
Spectral resolution: better than or equal to 10 nm.
Perform stellar occultations in the wavelength range
from 0.4 to 5.0 microns to search for absorption
and/or emission signatures of atmospheric species
(e.g., water and oxygen). Perform scans perpendicular
to the limb from ∼5 km above the surface to the
surface of the satellite in the wavelength range of 1.0
to 5.0 microns (spectral resolution better than or equal
to 5 nm from 1.0 to 2.0 microns and better than or
equal to 10 nm from 2.0 to greater than or equal to 5.0
microns) to measure or search for emission from O2
(1.27 microns), H2O, CO2 (4.26 microns) and other
species in the atmosphere.

MAJIS

GC.4c. Determination of the oxygen and hydrogen
isotopic composition of surface water ice along
sub-solar longitudes at about 5 km spatial resolution
through observations in the 600 GHz band. Determine
the vertical temperature profile from the ground up to
at least 200-km altitude with about 5 km vertical
resolution by measurement of H16

2 O and H18
2 O in the

600 GHz band. Determine the distribution of water
vapour from water line observations in the 600 GHz
band.

SWI

GC.4d. Perform radio occultations to measure the
neutral atmosphere and ionosphere.

3GM

GC.4e. Measure neutrals coming off Ganymede with a
mass range up to 300 Daltons and a mass resolution of
up to 500. Determine the distribution functions of
electrons and ions with a sufficient angular and energy
coverage to derive the moments (density, velocity)
with a 10 second resolution and mass resolution
sufficient to distinguish between key magnetospheric
and ionospheric pickup ions. Measure neutral
exospheric composition with sufficient accuracy and
to sufficient mass resolution to identify major volatile
species with mixing ratios better than 1%. Determine
the particle precipitation zones by imaging the
sputtered and backscattered neutrals from the surface
in the 10’s eV to few keV range with an energy
resolution ≤100% and angular resolution ≤7°.

PEP
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Table 3 (Continued)

Objectives Investigations Measurement Requirements Instruments

GC.4f. Measure three-axis magnetic field components
at 32 to 128 Hz with a resolution of 0.1 nT.

JMAG

GC.4g. Determine the plasma density and temperature
of the ionosphere, ion drift speeds (dynamics) in the
ionosphere, and the electric field vector with accuracy
better than 0.1 mV/m. Measure electron and ion
density (10−4–105/cm3) and electron temperature
(0.01–100 eV), as well as the ion ram speed
(<200-km/s). Constrain ion temperature (0- to 20-
eV). Determine the ionizing Extreme Ultraviolet flux.
Determine the electric field vectors (near DC to
1.6 MHz). Determine the presence of suprathermal
electrons and plasma inhomogenities (δn/n,
0–10 kHz). Determine energy transport by Alfvén-
and plasma waves between populations, by measuring
the electric (DC-45 MHz) and magnetic field
(0.1 Hz–20 kHz) vectors. Monitor cut-off frequencies
with distance from Ganymede of natural Jovian radio
emissions (80 kHz-45 MHz).

RPWI

GC.4h. Provide supplementary multi-static
measurements of occultation radio signal for
characterisation of the ionosphere and neutral
atmosphere.

PRIDE

Understand
the formation
of surface
features and
search for
past and
present
activity.

GD.1 Determine the
formation
mechanisms and
characteristics of
magmatic,
tectonic, and
impact landforms.

GD.1a. Determine the distributions and morphologies
of surface landforms at regional and local scales.
Constrain the regional and global stratigraphic
relationships among landforms by determining surface
color characteristics at ∼100 m/px scale in at least 3
colors with near-uniform lighting conditions and solar
phase angles less than or equal to 45 degrees.
Characterise selected 20-km x 20-km (or larger) areas
at 10 m/px. Characterise small-scale
three-dimensional surface morphology, at better than
10 m/px over targeted sites, with vertical resolution of
better than or equal to 5-meter (1-meter as a goal).
Requires context coverage at 10x bigger scale and not
worse than 10x coarser resolution. Globally
characterise the morphology at least at a spatial
resolution of 400 m/px (desired 100 m/px) to provide
context for higher resolution data.

JANUS

GD.1b. Altimetric profiles over targeted sites to at
least 5 meter vertical resolution and a few tens of
meters along-track resolution between ground-spots.
The distance between different tracks shall be less
than 1 km horizontal resolution (goal: a few hundred
meters).

GALA

GD.1c. Obtain profiles of subsurface dielectric
horizons and structures down to a few kilometers
(maximum depth from 1 to 9 km depending on the
crust properties), with better than 50-km profile
spacing, and with vertical resolution ranging from
∼50 meters to ∼1% of the target depth; Estimate
subsurface dielectric properties and the density of
buried scatters in targeted regions.

RIME
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Table 3 (Continued)

Objectives Investigations Measurement Requirements Instruments

GD.2 Constrain global
and regional
surface ages.

GD.2a. Determine the distributions and morphologies
of surface landforms at regional and local scales.
Constrain the regional and global stratigraphic
relationships among landforms by imaging at ∼100
m/px in at least 3 colors with near-uniform lighting
conditions and solar phase angles less than or equal to
45 degrees. Characterise the morphology of targeted
features through imaging at better than 10 m/px spatial
scale.

JANUS

GD.2b. Acquire high spatial resolution observations
(better than or equal to 125 m/px) from 0.4 to 5.0
microns (spectral resolution: better than or equal to
5 nm from 400 nm to 2.0 microns; better than or equal
to 10 nm from 2.0 to greater than or equal to 5
microns) on the leading hemisphere, particularly on
the subjovian quadrant, with emphasis on the spectral
differences between geologic features and the
surrounding areas. Medium spatial resolution (2.5–10
km/px) on large areas to map leading/trailing
asymmetries due to contamination by exogenic
material.

MAJIS

GD.2c. Acquire high spatial resolution observations
(≤ 1 km/px) from 100 nm to 200 nm (spectral
resolution: ≤ 2 nm from 100 to 200 nm) on the leading
hemisphere, particularly on the subjovian quadrant,
with emphasis on the spectral differences and slopes
between geologic features and the surrounding areas.
Medium spatial resolution (≤ 5 km/px) on large areas
to map leading/trailing asymmetries due to
contamination by exogenic material.

UVS

GD.2d. Globally identify and locally characterize
physical and dielectric subsurface horizons down to a
few kms, (maximum depth from 1 to 9 km depending
on the crust properties with vertical resolution ranging
from a minimum of ∼50 meters to 1% of the target
depth) by obtaining subsurface sounding profiles with
better than 50 km spacing.

RIME

GD.3 Investigate
processes of
erosion and
deposition and
their effects on the
physical
properties of the
surface.

GD.3a. Characterise the morphology of targeted
features through imaging at better than 10 m/px spatial
scale.

JANUS

GD.3b. Determine the particle precipitation zones by
measuring (in-situ) the precipitating electrons and ions
(major magnetospheric species) in the 10’s eV to MeV
energy range, and by imaging the sputtered and
backscattered neutrals from the surface in the 10’s eV
to few keV range with an energy resolution ≤100%
and angular resolution ≤7°. Measure sputtered
exospheric products over a mass range better than 300
Daltons, mass resolution better than 500.

PEP

GD.3c. Measure three-axis magnetic field components
at 32 to 128 Hz and with a resolution of 0.1 nT to
observe ion cyclotron waves; relate these waves to
neutral ionization and plasma pickup in order to
constrain sputtering rates.

JMAG
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Table 3 (Continued)

Objectives Investigations Measurement Requirements Instruments

GD.3d. Measure the DC electric field vector
(DC-1 kHz) to monitor electrostatic acceleration
structures and Alfvén waves that accelerate charged
particles toward surface. Determine charge level on
dust population by measuring the electron and ion
densities (10−4–105/cm3), and the spacecraft
potential at +/−100 V at 1 V accuracy.

RPWI

GD.3e. Perform measurements in the wavelength
range of 1 to 5 microns with a spectral resolution
better than or equal to 5 nm to characterise water ice
bands at 1650 nm, 2000 nm, 3100 nm and 4530 nm
(e.g. grain size), and hydrated salts and sulfuric acid
hydrate at a spatial resolution better than 1 km.

MAJIS

Determine
global
composition,
distribution
and evolution
of surface
materials.

GE.1 Characterise
surface organic
and inorganic
chemistry,
including
abundances and
distributions of
materials.

GE.1a. Identify and map non-water-ice materials
(including organic compounds and radiolytic
materials) over a wide range of spatial scales (from 5
km/px to 1 km/px or better), in the overall spectral
range of 0.4 to greater than or equal to 5 microns and
with a spectral resolution better than or equal to 5 nm
from 400 nm to 2.0 microns and better than or equal to
10 nm from 2.0 to greater than or equal to 5 microns.
At least 50% coverage with spatial resolution between
2 and 3 km/px. Identify globally distributed bulk
material composition by measuring grain size,
porosity, crystallinity, and physical state of water ice
in the spectral range from 1.0 to 4.0 microns with a
spectral resolution better than or equal to 10 nm and
over a wide range of spatial scales (from 10 km/px to
100 m/px or better) and illumination conditions.

MAJIS

GE.1b. Identify and map non-water-ice materials
(including organic compounds and radiolytic
materials) over a wide range of spatial scales (from 5
km/px to 1 km/px or better), in the overall spectral
range of 100 – 200 nm and with a spectral resolution
of ≤ 2 nm. At least 50% coverage with spatial
resolution ≤3 km/px.

UVS

GE.1c. Identify globally distributed bulk material
composition by measuring grain size, porosity,
crystallinity, and physical state of water ice from
polarized continuum observations of the surface in the
600 GHz band under different off-nadir angles.

SWI

GE.1d. Constrain the dielectric permittivity of the
surface material by bistatic radar observations.

3GM

GE.1e. Image at resolution better than 10 m/px with
an image width of ∼2 km. Obtain repeat coverage to
facilitate stereo analysis of targeted features.

JANUS

GE.1f. Characterise the composition of sputtered
surface products over a mass range better than 300
Daltons, mass resolution better than 500. Image the
sputtered and backscattered neutrals from the surface
in the 10’s eV to few keV range with an energy
resolution ≤100% and angular resolution ≤7°.

PEP
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GE.1g. Provide supplementary multi-static
measurements of radio occultation radio signal for
estimates of dielectric properties of the surface.

PRIDE

GE.2 Relate
compositions and
properties and
their distributions
to geology.

GE.2a. Acquire global imaging at 400 m/px in four
colors (e.g. 0.4, 0.5, 0.7, and 0.9 µm). Obtain
three-color (e.g. 0.4, 0.7, 0.9 µm) and monochromatic
coverage for selected large areas at up to or better than
100 m/px. Acquire image mosaics at a uniform spatial
resolution and illumination angle (e.g.
mid-morning/mid-afternoon). Characterise the
morphology through imaging at better than 10 m/px
spatial scale over regions of high interest. For
generation of DTM for RIME data interpretation,
measure topography along subsurface profiles with
horizontal resolution better than 300 m/px and vertical
resolution better than 50 m.

JANUS

GE.2b. Identify surface modifications due to external
plasma and particle interactions by measuring (in-situ)
the precipitating electrons and ions (major
magnetospheric species) in the 10’s eV to MeV energy
range, and by imaging the sputtered and backscattered
neutrals from the surface in the 10’s eV to few keV
range with an energy resolution ≤100% and angular
resolution ≤7°. Measure neutral exospheric
composition with sufficient sensitivity and to sufficient
mass resolution to identify major volatile species with
mixing ratios better than 1%.

PEP

GE.2c. Detect dust and determine its mass and size
distribution with electric field (DC to 45 MHz).
Determine charge level on dust population by
measuring the electron and ion densities
(10−4–105/cm3), and the spacecraft potential at
+/−100 V at 1 V accuracy. Measure the DC electric
field vector (DC-1 kHz) to monitor electrostatic
acceleration structures and Alfvén waves that
accelerate charged particles toward surface.

RPWI

GE.2d. Identify and locally characterize subsurface
compositional horizons and structures by obtaining
profiles of subsurface dielectric horizons and
structures (maximum depth from 1 to 9 km depending
on the crust properties with vertical resolution ranging
from a minimum of ∼50 meters to 1% of the target
depth), with better than 50-km profile spacing;
estimate subsurface dielectric properties and the
density of buried scatterers in targeted regions.

RIME

GE.2e. Measure topography with at least 5 meter
vertical resolution and a few tens of meters along-track
resolution between ground-spots. The distance
between different tracks shall be less than 1 km
horizontal resolution (goal: a few hundred meters)
over the areas co-located with subsurface profiles.

GALA
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GE.2f. Map non-water-ice materials (including
organics and products of radiolysis and ion
bombardment, e.g. H2O2, O3, H2CO, H2CO3) and
their association with known geologic features over
the wavelength range of 100 nm to 200 nm with
spectral resolution better than or equal to 2 nm.
Requires at least 50% coverage with spatial resolution
≤3 km/px.

UVS

GE.2g. Map non-water-ice materials (including
potential organics and products of radiolysis and ion
bombardment, e.g. H2O2, O3, H2CO, H2CO3) and
their association with known geologic features over
the wavelength range of 400-nm to greater than or
equal to 5.0 microns with spectral resolution better
than or equal to 5 nm from 400 nm to 2.0 microns;
better than or equal to 10 nm from 2.0 to greater than
or equal to 5.0 microns. Requires at least 50%
coverage with spatial resolution between 2 and 3
km/px. Determine the origin and evolution of
non-water-ice materials by making measurements in
the wavelength range from 0.4 to at least 5.0-microns
with a spectral resolution better than or equal to 10 nm
and a spatial resolution better than or equal to 125
m/px of representative features. Co-register with
higher-resolution monochromatic images at better
than or equal to 100 m/px (see GE.2a).

MAJIS

GE.3 Investigate surface
composition and
structure on open
vs. closed field
line regions.

GE.3a. Map several known or expected tracer species
of weathering effects induced by the magnetosphere
(e.g., H2O, CO2, NH3, O3, H2O2, H2SO4 hydrate,
etc.) over the wavelength range of 100 to 200 nm with
spectral resolution ≤ 5 nm. Requires at least 50%
coverage with spatial resolution ≤ 3 km/px.

UVS

GE.3b. Map several known or expected tracer species
of weathering effects induced by the magnetosphere
(e.g., H2O, CO2, NH3, O3, H2O2, H2SO4 hydrate,
etc.) over the wavelength range of 1.0 to 2.0 µm with a
spectral resolution better than or equal to 5 nm and 2.0
to at least 5 µm with a spectral resolution less than or
equal to 10 nm. Requires at least 50% coverage with
spatial resolution between 2 and 3 km/px. Map the
distribution of the state of water ice (crystalline vs.
amorphous) as a function of the latitude, in the
spectral range from 1.0- to 4.0-µm with spectral
resolution less than or equal to 10 nm. Map targeted
features to assess local conditions (albedo) in the 0.4-
to 1.0-µm range. Requires at least 50% coverage with
spatial resolution between 2 and 3 km/px.

MAJIS

GE.3c. Measure three-axis magnetic field components
at 32 to 128 Hz and with a resolution of 0.1 nT at
different orbital phases and distances less than 0.5
moon radii.

JMAG



Characterization of the Surfaces and Near-Surface Atmospheres of. . . Page 61 of 94 59

Table 3 (Continued)

Objectives Investigations Measurement Requirements Instruments

GE.3d. Global monochromatic imaging at 400 m/px
with selected features mapped in 4 colors (e.g. 0.4-µm,
0.5-µm, 0.7-µm, 0.9-µm) at 100 m/px. Targeted
imaging at a resolution of better than 30 m/px over
regions of interest.

JANUS

GE.3e. Identify open and closed field lines with an
latitudinal accuracy of ≤1° in Ganymede circular orbit
by measuring electrons in opposing directions with a
time resolution of ≤20 s. Measure neutral exospheric
composition with sufficient sensitivity and to sufficient
mass resolution to identify major volatile species with
mixing ratios better than 1%. Determine the particle
precipitation zones by measuring (in-situ) the
precipitating electrons and ions (major
magnetospheric species) in the 10’s eV to MeV energy
range, and by imaging the sputtered and backscattered
neutrals from the surface in the 10’s eV to few keV
range with an energy resolution ≤100% and angular
resolution ≤7°.

PEP

GE.3f. Measure electron and ion density
(10−4–105/cm3) and electron temperature (0 to
100 eV), as well as constrain ion temperature (0 to
20 eV) on open versus closed field lines. Determine
charge level on dust population by measuring the
electron and ion densities (10−4–105/cm3), and the
spacecraft potential at +/−100 V at 1 V accuracy.
Measure the DC electric field vector (DC-1 kHz) to
monitor electrostatic acceleration structures and
Alfvén waves that accelerate charged particles toward
surface.

RPWI

GE.4 Determine volatile
content to
constrain satellite
origin and
evolution.

GE.4a. Measure the stable isotopes of C, H, O, and N
in the major volatiles (e.g. H2O, CH4, NH3, CO,
CO2, SO2), and measure the noble gases Ar, Kr, and
Xe, with mass resolution better than 500. Characterise
the composition of sputtered desorbed volatiles over a
mass range better than 300 Daltons with mass
resolution better than 500.

PEP

GE.4b. and the 17O/16O and 18O/16O ratio in water
ice from limb observations of water rotational
transitions in the 600 GHz band. Identify globally
distributed bulk material composition from polarized
continuum observations of the surface in the 600 GHz
band under different off-nadir angles.

SWI

GE.4c. Identify and map non-water-ice materials over
a wide range of spatial scales (from 5 km/px to 1
km/px or better), in the overall spectral range 0.1–0.2
micron and with a spectral resolution better than or
equal to 2 nm, suitable to discriminate various
volatiles known or expected to exist on the surface.
Requires at least 50% coverage with spatial resolution
≤ 3 km/px.

UVS
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GE.4d. Identify and map non-water-ice materials over
a wide range of spatial scales (from 5 km/px to 1
km/px or better), in the overall spectral range 0.4 to
greater than or equal to 5 µm and with a spectral
resolution better than or equal to 5 nm from 0.4 to
2.0 µm and better than or equal to 10 nm from 2.0 to
greater than or equal to 5 µm, suitable to discriminate
various volatiles known or expected to exist on the
surface. Requires at least 50% coverage with spatial
resolution between 2 and 3 km/px. Identify globally
distributed bulk material composition in the spectral
range from 1.0 to at least 5.0 µm with a spectral
resolution better than or equal to 10 nm and over a
wide range of spatial scales (from 10 km/px to 100
m/px or better).

MAJIS

Table 4 Europa

Science
Objectives

Science Investigations Measurement Requirements Instruments

EA.
Determine
the
composition
of the non-ice
material,
especially as
related to
habitability

EA.1 Characterise
surface organic
and inorganic
chemistry,
including
abundances and
distributions of
materials, with
emphasis on
essential elements
for habitability
and potential
biosignatures.

EA.1a. Measure surface reflectance of large areas
across the dayside, at a spatial resolution between 2.5
and 10 km/px, through a spectral range from 0.4 to
2.0 µm with a spectral resolution of better than or
equal to 5 nm, and from 2.0 µm to at least 5 µm with a
spectral resolution better than or equal to 10 nm.
Targeted characterization of selected sites of very high
interest should be at a spatial resolution of better than
or equal to 100 m-1 km/px.

MAJIS

EA.1b. Measure surface reflectance of large areas
across the dayside, at a spatial resolution <50 km/px,
through a spectral range of at least 110 to 200 nm with
≤ 3-nm spectral resolution. Targeted characterization
of selected sites of very high interest should be at a
spatial resolution of better than or equal to ∼1 km/px.

UVS

EA.1c. Characterise the composition of sputtered
surface products over a mass range better than 300
Daltons, mass resolution better than 500. Image the
sputtered and backscattered neutrals from the surface
in the 10’s eV to few keV range with an energy
resolution ≤100% and angular resolution ≤7°.

PEP

EA.1d. Correlate surface composition and physical
characteristics (e.g., grain size) with geologic features
through 3-color mapping at resolution of better than 2
km/px over the dayside, including selected sites of
very high interest at spatial resolutions better than 0.5
km/px.

JANUS
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EA.2 Relate material
composition and
distribution to
geological
features and
geological
processes,
especially
material exchange
with the interior.

EA.2a. Measure surface reflectance of large areas
across the dayside, at a spatial resolution between 2.5
and 10 km/px, through a spectral range from 0.4 to
2.0 µm with a spectral resolution of better than or
equal to 5 nm, and from 2.0 µm to at least 5 µm with a
spectral resolution better than or equal to 10 nm.
Targeted characterization of selected sites of very high
interest should be at a spatial resolution of better than
or equal to ∼100 m-1 km/px.

MAJIS

EA.2b. Measure surface reflectance of large areas
across the dayside, at a spatial resolution <50 km/px,
through a spectral range of at least 110 to 200 nm with
≤ 3-nm spectral resolution. Targeted characterization
of selected sites of very high interest should be at a
spatial resolution of better than or equal to ∼1 km/px.

UVS

EA.2c. Characterize subsurface dielectric horizons
and structures down to a few kms (maximum depth
from 1 to 9 km depending on the crust properties and
with vertical resolution ranging from ∼50 meters to
1% of the target depth) by means of subsurface
profiles of selected sites of at least 30-km in length.

RIME

EA.2d. Determine the distributions and morphologies
of surface landforms at regional and local scales,
through monochromatic imaging with resolution
better than or equal to 0.5 km/px. Constrain regional
and global stratigraphic relationships by determining
surface color characteristics at better than 2 km/px
scale in at least 3 colors with near-uniform lighting
conditions and solar phase angles less than or equal to
45 degrees, over large areas across the dayside.
Measure topography on the order of 0.5 km/px spatial
scale and better than or equal to 50 meter vertical
resolution over regions of high interest, and along
subsurface profiles for generation of DTM for RIME
data interpretation.

JANUS

EA.2e. In regions co-located with subsurface profiles:
Acquire precise topography with a vertical resolution
of 1 m along-track at 100-meter (goal: a few tens of
meters) horizontal resolution. Determine surface
roughness on the scale of 80 to 40 m or better during
flybys from the laser return pulse.

GALA

EA.2f. Perform radiometric-polarized measurements
in the 600 GHz band and under different off-nadir
angles to constrain the thermophysical properties of
the ice, regolith and ice-regolith mixtures down to a
depth of a few cm.

SWI

EA.2g. Measure the volatile content of potential
outgassing sources from the shallow subsurface or
deeper interior and relate them to the origin and
evolution of the satellite, over a mass range better than
300 Daltons, mass resolution better than 500.

PEP
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EA.3 Characterization
of the
backscattered and
sputtered material
from the surface

EA.3a. Measure the stable isotopes of C, H, O, and N
in the major volatiles (e.g. H2O, CH4, NH3, CO,
CO2, SO2), measure the noble gases Ar, Kr, and Xe,
with mass resolution better than 500, and characterise
the composition of sputtered desorbed volatiles over a
mass range better than 300 Daltons and mass
resolution better than 500. Determine the particle
precipitation by measuring (in-situ) electrons and ions
(major magnetospheric species) in the 10’s eV to MeV
energy range. Image the sputtered and backscattered
neutrals from the surface in the 10’s eV to few keV
range with an energy resolution ≤100% and angular
resolution ≤7°.

PEP

EA.3b. Determine the plasma waves and cold plasma
characteristics with good time resolution (<10 s).
Determine mass and size distribution of dust for sizes
>1 µm. Measure electron and ion density
(10−4–105/cm3) and electron temperature
(0.01-100 eV), as well as the ion ram speed
(<200-km/s). Constrain ion temperature (<20 eV).
Determine the presence of suprathermal electrons and
plasma inhomogenities (dn/n, 0–10 kHz). Determine
energy transport by Alfvén- and plasma waves
between populations, by measuring the electric
(DC–45 MHz) and magnetic field (0.1 Hz–20 kHz)
vectors.

RPWI

EA.3c. Measure three-axis magnetic field components
at 32 to 128 Hz and with a resolution of 0.1 nT to
observe ion cyclotron waves; relate these waves to
neutral ionization and plasma pickup in order to
constrain sputtering rates.

JMAG

EA.3d. Measure ionospheric electron density profiles
for different locations and infer correlations with solar
zenith angle, magnetospheric location and surface
characteristics.

3GM

EA.3e. Measure surface reflectance of large areas
across the dayside of Europa, at a spatial resolution
<50 km/px, through a spectral range of at least 110 to
200 nm, with ≤ 3 nm spectral resolution, along with
targeted characterization of selected sites of very high
interest at a spatial resolution of better than or equal to
∼1 km/px.

UVS

EA.3f. Determine the distributions and morphologies
of surface landforms at regional and local scales,
through monochromatic imaging with resolution
better than or equal to 0.5 km/px. Constrain regional
and global stratigraphic relationships by determining
surface color characteristics at better than 2 km/px
scale in at least 3 colors with near-uniform lighting
conditions and solar phase angles less than or equal to
45 degrees, over large areas across the dayside.
Determine surface color characteristics at ∼500 m/px
scale in at least 3 colors.

JANUS
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EA.3g. Measure surface reflectance of large areas
across the dayside, at a spatial resolution between 2.5
and 10 km/px, from 0.4 to 2.0 µm with a spectral
resolution of better than or equal to 5 nm, and from
2.0 µm to greater than or equal to 5 µm with a spectral
resolution better than or equal to 10 nm, along with
targeted characterization of selected sites of very high
interest at a spatial resolution of better than or equal to
∼1 km/px.

MAJIS

EB. Look for
liquid water
under the
most active
sites

EB.1 Surface and
Subsurface
exploration of the
icy crust below
young and
resurfaced areas to
look for water
reservoirs

EB.1a. Identify and locally characterise subsurface
thermal or compositional horizons and structures
related to the current or recent presence of water or
brine, by obtaining profiles of subsurface dielectric
horizons and structures down to a few kms (maximum
depth from 1 to 9 km depending on the crust
properties and with vertical resolution ranging from
∼50 meters to 1% of the target depth).

RIME

EB.1b. In regions co-located with subsurface profiles:
Acquire precise topography with a vertical resolution
of 1 m along-track at 100-meter (goal: a few tens of
meters) horizontal resolution.

GALA

EB.1c. Determine the distributions and morphologies
of surface landforms at regional and local scales,
through monochromatic imaging with resolution
better than or equal to 0.5 km/px. In regions
co-located with subsurface profiles: Measure
topography on the order of 0.5 km/px spatial scale and
better than or equal to 50-meter vertical resolution.

JANUS

EB.2 Determine
minimal thickness
of the icy crust on
most active
regions

EB.2a. Identify and locally characterise subsurface
thermal or compositional horizons and structures
related to the current or recent presence of water or
brine, by obtaining profiles of subsurface dielectric
horizons and structures down to a few kms (maximum
depth from 1 to 9 km depending on the crust
properties and with vertical resolution ranging from
∼50 meters to 1% of the target depth).

RIME

EB.2b. In regions co-located with subsurface profiles:
1) Acquire precise topography with a vertical
resolution of 1 m along-track at 100-meter (goal: a
few tens of meters) horizontal resolution.

GALA

EB.2c. In regions co-located with subsurface profiles:
Measure topography on the order of 0.5 km/px spatial
scale and better than or equal to 50-meter vertical
resolution.

JANUS

EB.3 Search for
possible active
regions on the
surface of Europa
(plumes etc.)

EB.3a. Identify and locally characterise subsurface
thermal or compositional horizons and structures
related to the current or recent presence of water or
brine, by obtaining profiles of subsurface dielectric
horizons and structures down to a few kms (maximum
depth from 1 to 9 km depending on the crust
properties and with vertical resolution ranging from
∼50 meters to 1% of the target depth).

RIME
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EB.3b. Characterise the detailed three-dimensional
surface morphology of targeted features at a few 10s
of meters horizontal scale and 1 meter vertical
accuracy across the target, co-located with subsurface
profiles.

GALA

EB.3c. Determine surface color characteristics at
∼500 m/px scale in at least 3 colors, colocated with
subsurface profiles. Measure topography on the order
of 0.5 km/px spatial scale and better than or equal to
50 meter vertical resolution over regions of high
interest.

JANUS

EB.3d. Determine the distribution function of
electrons and ions with sufficient angular and energy
coverage to derive plasma density and velocity.
Measure ion composition with first-order mass
resolution. Measure the volatile content of potential
outgassing sources from the shallow subsurface or
deeper interior and relate them to the origin and
evolution of the satellite, over a mass range better than
300 Daltons, mass resolution better than 500.

PEP

EB.3e. Measure three-axis magnetic field components
at 32 to 128 Hz and with a resolution of 0.1 nT to
observe ion cyclotron waves; relate these waves to
neutral ionization and plasma pickup in order to detect
and constrain neutral sources.

JMAG

EB.3f. Determine plasma wave, electrodynamics and
cold plasma characteristics with good time resolution
(< 10 s). This requires the full range of measurements
of electric field vectors (DC-45 MHz), magnetic field
vectors (0.1-20 kHz), density perturbations (δn/n,
DC–10 kHz), electron and ion densities
(10−4–105/cm3), electron temperature (0.01-100 eV),
ion drift speed (<200 km/s), spacecraft potential
(+/−100 V), and the mass and size distribution of
dust for dust >1 µm. The DC electric field
measurements need an accuracy better than 1 mV/m.

RPWI

EB.3g. Search for high gradients in the water
exosphere near the surface by measuring the rotational
ground state of water vapour at 557 GHz

SWI

EC. Study the
active
processes

EC.1 Study the
interaction
between the local
environment and
(a) the Europa
torus, (b) the
effects of
radiation on
surface chemistry,
and (c) sputtering
processes

EC.1a. (a) Determine the global, relative variability
and distribution of Europa neutral torus (and possible
plasma component) through remote ENA imaging in
the 10’s eV - 100 keV range (first order mass
resolution) with ≤7° angular resolution on 10 h time
scales. Determine the local pitch-angle distributions of
ions in the 10-100’s keV range of major
magnetospheric ion species. Measure plasma electron
densities. (b)-(c) Determine the particle precipitation
by measuring (in-situ) the electrons and ions (major
magnetospheric species) in the 10’s eV to MeV energy
range, and by imaging the sputtered and backscattered
neutrals from the surface in the 10’s eV to few keV
range with an energy resolution ≤100% and angular
resolution ≤7°.

PEP
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EC.1b. Measure three-axis magnetic field components
at 32 Hz and obtain 180 degrees plasma pitch angle
coverage with time resolution of seconds to determine
temporal and spatial changes of field-aligned vs.
trapped particle distributions.

JMAG

EC.1c. Determine plasma wave, electrodynamics and
cold plasma characteristics with good time resolution
(< 10 s). This requires the full range of measurements
of electric field vectors (DC-45 MHz), magnetic field
vectors (0.1-20 kHz), density perturbations (δn/n,
DC-10 kHz), electron and ion densities
(10−4–105 /cm3), electron temperature
(0.01-100 eV), ion drift speed (<200 km/s), spacecraft
potential (+/−100 V), and the mass and size
distribution of dust for dust >1 µm. The DC electric
field measurements need an accuracy of 1 mV/m.

RPWI

EC.1d. Determine surface color characteristics at
∼500 m/px scale in at least 3 colors. Global view by
imaging of the sodium exosphere with a spatial
resolution of better than 20 km/px

JANUS

EC.2 Observe the limb
for activity

EC.2a. Perform stellar occultations and measure
atmospheric emissions plus surface reflectance at
better than or equal to 1 km/px spatial resolution in the
wavelength range of 100 to 200 nm with < 2 nm
spectral resolution. Obtain limb views for stellar
occultations, including bulk photometric light curves
for plume searches, and obtain surface profiles with
less than or equal to 25-km spacing. Perform scans
perpendicular to the limb from ∼5 km above the
surface to the surface of the satellite in the wavelength
range of 100 nm to 200 nm (spectral resolution of
2 nm) to measure or search for emission from O
(135.6 nm) and other species in the atmosphere.

UVS

EC.2b. Perform scans perpendicular to the limb from
∼5 km above the surface to the surface of the satellite
in the wavelength range of 0.4 micron to greater than
5.0 microns (spectral resolution better than or equal to
5 nm below 2.0 microns and better than or equal to
10 nm from 2.0 to at least 5.0 microns) to measure or
search for emission from O2 (1.27 microns), H2O,
CO2 (4.26 microns) and other species in the
atmosphere.

MAJIS

EC.2c. Determine the distribution of water vapour
from water line observations in the 600 GHz band.

SWI
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EC.3 Look for surface
changes w.r.t.
Galileo
observations

EC.3a. Detailed morphological characterization of
targeted features at better than or equal to 50 m/px
spatial scale, and solar incidence angles between 30°
and 70°, ideally with stereo. Co-located with imaging
at approximately 10 times wider swath and not worse
than 10 times coarser resolution. Correlate surface
composition and physical characteristics (e.g., grain
size) with geologic features through 3-color mapping
at resolution of better than 2 km/px over the dayside of
Europa, including selected sites of very high interest at
spatial resolutions better than 0.5 km/px.

JANUS

EC.3b. Measure surface reflectance of large areas
across the dayside of Europa, at a spatial resolution
<50 km/px, in the UV

UVS

EC.3c. Measure surface reflectance of large areas
across the dayside of Europa, at a spatial resolution
between 2.5 and 10 km/px, from the Vis to the IR.

MAJIS

Table 5 Callisto

Objectives Investigations Measurement Requirements Instruments

CA.
Characterise
the outer
shells,
including the
ocean.

CA.1 Explore the
structure and
properties of
Callisto’s icy crust
and liquid shell.

CA.1a. Measure subsurface dielectric properties and
estimate density of buried scatterers in targeted
regions by obtaining profiles of subsurface dielectric
horizons and structures down to a few kms (maximum
depth from 1 to 9 km depending on the crust
properties and with vertical resolution ranging from
∼50 meters to 1% of the target depth).

RIME

CA.1b. In regions co-located with subsurface profiles:
Acquire precise topography at 1 meter vertical
resolution along-track at 100-meter (goal: a few tens
of meters) horizontal resolution.

GALA

CA.1c. Measure topography on the order of 0.5 km/px
spatial scale and better than or equal to 50 meter
vertical resolution over regions of high interest and
along subsurface profiles for generation of DTM for
RIME data interpretation.

JANUS

CA.2 Characterise the
space plasma
environment to
determine the
magnetic
induction
response from
Callisto’s ocean.

CA.2a. Measure three-axis magnetic field components
at 32 to 128 Hz with a resolution of 0.1 nT across
multiple flybys at different orbital phases to determine
the induction response at multiple frequencies (related
to satellite orbital and Jupiter rotation time scales).

JMAG

CA.2b. Determine the distribution functions for
electrons and ions (first order mass resolution) with an
angular and energy coverage sufficient to determine
the cold plasma density and velocity to constrain
contributions from currents not related to the surface
and ocean.

PEP
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Table 5 (Continued)

Objectives Investigations Measurement Requirements Instruments

CA.2c. Measure electric field vectors from DC to
1.6 MHz better than <1 mV/m accuracy. Measure the
vector magnetic field variations at 0.1 Hz-20 kHz.
Together with electron and ion density (10−4 to
105/cm3) measurements with better than 20%
accuracy, determine conductivity and electrical
currents. Measure electron temperature (0.01-100 eV)
and the ion drift speed (<200 km/s).

RPWI

CB.
Determine
the
composition
of the non-ice
material

CB.1 Characterise
surface organic
and inorganic
chemistry,
including
abundances and
distributions of
materials and
volatile
outgassing.

CB.1a. Identify and map non-water-ice materials
(including organic compounds and radiolytic
materials) over a wide range of spatial scales (from 5
km/px to 100 m/px or better), with a spectral
resolution (better than or equal to 5 nm from 0.4 to
2.0 µm and better than or equal to 10 nm from 2.0 to
greater than or equal to 5 µm) suitable to discriminate
various compounds known or expected to exist on the
surface. Determine bulk material composition, grain
size, porosity, crystallinity, and physical state of water
ice in the spectral range from 1 to 4 microns with a
spectral resolution better than or equal to 10 nm over a
wide range of spatial scales (from 10 km/px to 100
m/px or better) and illumination conditions.
Determine the composition, distribution and physical
characteristics (grain-size, physical state) of volatile
materials on the surface. Determine the origin and
geologic evolution of non-water-ice materials,
including the role of geologic processes by making
observations in the wavelength range from 0.4 to at
least 5 µm with a spectral resolution better than or
equal to 10 nm and spatial resolution better than or
equal to 1 km/px of representative features.
Observations need to be co-registered with
higher-resolution panchromatic images.

MAJIS

CB.1b. Acquire two-dimensional spectral-spatial
images in the range 100 to 200 nm with a spectral
resolution better than or equal to 2 nm and a spatial
resolution from 5 km/px to 1 km/px or better.
Determine the composition, distribution and physical
characteristics (grain-size, physical state) of volatile
materials on the surface, including measurements in
the wavelength range of 100- to 200 nm at 2 nm
spectral resolution to identify O3, H2O2 and other
species.

UVS

CB.1c. Measure the volatile content (i.e. water, carbon
dioxide, methane, ammonia, and noble gases) of
potential outgassing sources from the near subsurface
or deeper interior over a mass range better than 300
Daltons with a mass resolution better than 500.
Characterise the composition of sputtered surface
products over a mass range better than 300 Daltons,
mass resolution better than 500. Image the sputtered
and backscattered neutrals from the surface in the 10’s
eV to few keV range with an energy resolution
≤100% and angular resolution ≤7°.

PEP
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Table 5 (Continued)

Objectives Investigations Measurement Requirements Instruments

CB.1d. Image at medium-resolution (∼100’s m/px) to
characterize large parts of the surface in four spectral
band passes (e.g. 0.4, 0.67, 0.76, 1.0 µm) in the
wavelength range of 350 nm to 1.0 µm including
multiphase coverage for measurements of surface
physical properties. Acquire high-resolution (better
than 50 m/px) imaging of selected targets. Requires
repeat pass coverage of areas of interest to assess
temporal variations. Determine the origin and
geologic evolution of non-water-ice materials,
including the role of geologic processes by making
high-resolution panchromatic images (<1 km/pxl) of
representative features.

JANUS

CB.1e. Identify globally distributed bulk material
composition from polarized continuum observations
of the surface in the 600 GHz band under different
off-nadir angles.

SWI

CB.1f. Characterize the ionized part of the volatile
outgassing by measuring the electron and ion densities
(10−4–105/cm3) and ion drift speed (<200 km/s)
close to Callisto with good time resolution (< 10 s).
This requires also measurements of electric field
vectors (DC–45 MHz), magnetic field vectors
(0.1–20 kHz), density perturbations (δn/n,
DC–10 kHz), electron temperature (0.01-100 eV),
spacecraft potential (+/−100 V), and the mass and
size distribution of dust for dust >1 µm. The DC
electric field measurements need an accuracy better
than 1 mV/m.

RPWI

CB.2 Relate material
composition and
distribution to
geological and
magnetospheric
processes.

CB.2a. Map large parts of the surface at medium
resolution (∼100’s m/px) in four spectral band passes
(e.g. 0.4 µm, 0.67 µm, 0.76 µm, 1.0 µm) in the
wavelength range of 350 nm to 1.0 µm.

JANUS

CB.2b. Identify surface modifications due to external
plasma and particle interactions by measuring (in-situ)
the precipitating electrons and ions (major
magnetospheric species) in the 10’s eV to MeV energy
range, and by imaging the sputtered and backscattered
neutrals from the surface in the 10’s eV to few keV
range with an energy resolution ≤100% and angular
resolution ≤7°. Determine the variable Jovian
magnetospheric environment local to Ganymede by
imaging ENAs in the 10-100’s keV range produced
with an angular resolution ≤10° (first order mass
resolution) with a time resolution of 1 h. Measure
neutral exospheric composition with sufficient
sensitivity and to sufficient mass resolution to identify
major volatile species with mixing ratios better than
1%. Requires open source positive ion spectrum to
characterize the composition of ionospheric plasma,
open source neutral spectrum for density profiles of
sputtered species, and closed source neutral spectrum.

PEP
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Table 5 (Continued)

Objectives Investigations Measurement Requirements Instruments

CB.2c. Measure the surface reflectance in the
wavelength range from 0.4 to at least 5 µm to identify
surface composition and relate it to geologic units and
weathering processes. Identify and map the
distribution of products of radiolysis and ion
bombardment (e.g. H2O2, O3, H2CO, H2CO3) over
the wavelength range from 1.0 to 2.0 µm at better than
or equal to 5 nm spectral resolution and from 2.0 to
greater than or equal to 5 µm at better than or equal to
10 nm spectral resolution.

MAJIS

CB.2d. Measure the surface reflectance in the
wavelength range from 0.1 to 0.2 µm to identify
surface composition and relate it to geologic units and
weathering processes. Identify and map the
distribution of products of radiolysis and ion
bombardment (e.g. H2O2, O3, H2CO, H2CO3) over
the wavelength range of 100 to 200 nm with spectral
resolution better than or equal to 2 nm.

UVS

CB.2e. Perform radiometric-polarized measurements
in the 600 GHz band and under different off-nadir
angles to constrain the thermophysical properties of
the ice, regolith and ice-regolith mixtures down to a
depth of a few cm.

SWI

CB.2f. Detect dust and determine its mass and size
distribution with electric field (DC to 45 MHz).
Determine charge level on dust population by
measuring the electron and ion densities
(10−4–105/cm3), and the spacecraft potential at
+/−100 V at 1 V accuracy. Measure the DC electric
field vector (DC-1 kHz) to monitor electrostatic
acceleration structures and Alfvén waves that
accelerate charged particles toward surface.

RPWI

CB.2g. In regions co-located with subsurface profiles:
Acquire precise topography at 1 meter vertical
resolution along-track at 100-meter (goal: a few tens
of meters) horizontal resolution.

GALA

CB.2h. Measure subsurface dielectric properties in
targeted regions by obtaining profiles of subsurface
dielectric horizons and structures down to a few kms
(maximum depth from 1 to 9 km depending on the
crust properties and with vertical resolution ranging
from ∼50 meters to 1% of the target depth).

RIME
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Table 5 (Continued)

Objectives Investigations Measurement Requirements Instruments

CB.3 Characterize the
ionosphere and
exosphere of
Callisto.

CB.3a. Identify and determine column densities of
atmospheric species across the globe at 1 km spatial
resolution or better using stellar occultations. Requires
coverage in the wavelength ranges of 0.4 to 2.0 µm
with spectral resolution better than or equal to 5 nm
and 2.0 to 5.0 µm with a spectral resolution better than
or equal to 10 nm. Obtain global, two-dimensional,
spectral-spatial images at better than 50 km/px spatial
resolution in the wavelength range of 0.1- to
5-microns to measure CO2, C, O, CO, O+ and other
species in absorption and/or emission. spectral
resolution better than 10 nm for wavelengths greater
than 1.0-micron. Map atmospheric emissions by
scanning perpendicular to the limb from ∼300 km
above the surface to the surface of the satellite (at steps
of 5 km). Requires measurements in the wavelength
range 1.0 to 2.0 µm at better than or equal to 5 nm
from and 2.0 to 5 µm at better than or equal to 10 nm.

MAJIS

CB.3b. Identify and determine column densities of
atmospheric species across the globe at 1 km spatial
resolution or better using stellar occultations. Requires
coverage in the wavelength ranges of 100- to 200- nm
at 1 nm spectral resolution. Obtain global,
two-dimensional, spectral-spatial images at better than
50 km/px spatial resolution in the wavelength range of
100- to 200-nm to measure CO2, C, O, CO, O+ and
other species in absorption and/or emission. Requires
spectral resolution of 2 nm. Map atmospheric
emissions by scanning perpendicular to the limb from
∼300 km above the surface to the surface of the
satellite (at steps of 5 km). Requires measurements in
the wavelength range of 100 to 200 nm at 2 nm
spectral resolution.

UVS

CB.3c. Measure neutral exospheric composition with
sufficient accuracy and to sufficient mass resolution to
identify major volatile species with mixing ratios
better than 1%. Determine positive ion spectrum of
sputtered ions with M/�M ≥ 20. Determine the
particle precipitation distribution by measuring
(in-situ) the precipitating electrons and ions (major
magnetospheric species) in the 10’s eV to MeV energy
range,and by imaging the sputtered and backscattered
neutrals from the surface in the 10’s eV to few keV
range with an energy resolution ≤100% and angular
resolution ≤7°.

PEP
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Table 5 (Continued)

Objectives Investigations Measurement Requirements Instruments

CB.3d. Determine the plasma density and temperature
of the ionosphere, ion drift speeds (dynamics) in the
ionosphere, and the electric field vector with accuracy
better than 0.1 mV/m. Measure electron and ion
density (10−4–105/cm3) and electron temperature
(0.01-100 eV), as well as the ion ram speed
(<200-km/s). Constrain ion temperature (0- to 20-
eV). Determine the ionizing Extreme Ultraviolet flux.
Determine the electric field vectors (near DC to
1.6 MHz). Determine the presence of suprathermal
electrons and plasma inhomogeneities (dn/n,
0–10 kHz). Determine energy transport by Alfvén-
and plasma waves between populations, by measuring
the electric (DC-45 MHz) and magnetic field
(0.1 Hz–20 kHz) vectors.

RPWI

CB.3e. Measure three-axis magnetic field components
at 32 to 128 Hz with a resolution of 0.1 nT across
multiple flybys at different orbital phases.

JMAG

CB.3f. Determine the distribution of water vapour in
the atmosphere from water line observations in the
600 GHz band. Determine the hydrogen and oxygen
isotopic ratios of water.

SWI

CB.3g. Characterize and map the ionosphere by
performing radio occultations over as wide a range of
longitude space as possible.

3GM

CC. Study the
past activity

CC.1 Determine the
formation and
characteristics of
tectonic and
impact landforms.

CC.1a. Acquire precise topography at 1 m vertical
resolution and better than 1 km horizontal resolution
with selected targets at 100-meter (goal: a few tens of
meters) horizontal resolution. In regions co-located
with subsurface profiles: Acquire precise topography
at 1 meter vertical resolution along-track at 100-meter
horizontal resolution.

GALA

CC.1b. Characterize large parts of the surface at
medium resolution (∼100’s m/px) in four spectral
band passess (e.g. 0.4 µm, 0.67 µm, 0.76 µm, 1.0 µm)
in the wavelength range of 350 nm to 1.0 µm.
Requires solar illumination at mid-morning to
mid-afternoon local times. Acquire high-resolution
(better than 50 m/px) imaging of selected targets.
Measure topography on the order of 0.5 km/px spatial
scale and better than or equal to 50 meter vertical
resolution over regions of high interest.

JANUS

CC.1c. Measure surface reflectance in the wavelength
range from 0.4 to greater than or equal to 5 µm with
spectral resolution better than or equal to 5 nm from
0.4 to 2.0 µm and better than or equal to 10 nm from
2.0 to greater than or equal to 5 µm and spatial
resolution better than or equal to 20 km/px. Requires
targeted high spatial/high spectral observations of
important geologic units and terrain types.

MAJIS
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Table 5 (Continued)

Objectives Investigations Measurement Requirements Instruments

CC.1d. Identify and locally characterize subsurface
compositional horizons and structures by obtaining
profiles of subsurface dielectric horizons and
structures down to a few kms (maximum depth from 1
to 9 km depending on the crust properties and with
vertical resolution ranging from a minimum of ∼50
meters to 1% of the target depth) to estimate
subsurface dielectric properties and the density of
buried scatterers in targeted regions.

RIME

CC.2 Investigate the
interior of
Callisto, with a
special emphasis
on its degree of
differentiation.

CC.2a. Derive information on the static shape by
measuring range to the surface during multiple fly-bys.

GALA

CC.2b. Image the limb for shape determination by
acquiring multiple images at better than 1 km/px
resolution. Perform astrometric determination of the
rate of change of Callisto’s orbit by acquiring multiple
images of Callisto from a distance including
background stars with a position accuracy of at least 1
km. Determine the mean spin pole direction
(obliquity) to better than 1 km by developing a
geodetic control network (∼20 points) at a resolution
better than 500 m/px.

JANUS

CC.2c. Determine the static gravity field at low order
by measuring the range-rate from spacecraft tracking
during multiple flybys to derive the 2nd degree gravity
field and local potential anomalies. Requires
range-rate measurements with an accuracy
∼0.01 mm/s over 60 s integration time. If tracking is
available for all the flybys, the gravity field may be
stimated up to degree 3 and the Love number k2 with
an accuracy of 6E-2

3GM

CC.2d.

CC.3 Constrain global
and regional
surface ages.

CC.3a. High spatial resolution observations (better
than or equal to 1 km/px) from 0.4 to 5 µm (spectral
resolution: better than or equal to 5 nm from 0.4 to
2.0 µm, better than or equal to 10 nm from 2.0 to
greater than or equal to 5 µm), with emphasis on the
spectral differences between geologic features
(multi-ring basins, craters) and the surrounding areas.
Medium spatial resolution (better than or equal to 10
km/px) on large areas to map leading/trailing
asymmetries.

MAJIS

CC.3b. Perform detailed morphological
characterization of selected features through imaging
at better than or equal 50 m/px spatial scale.
Determine the distribution and morphology of impact
craters by mapping in four colors (visible to near-IR)
for large areas at scales ∼400 m/px and in a single
color at regional scales (∼100 m/px) with
near-uniform lighting conditions and solar phase
angles less than or equal to 45 degrees.

JANUS
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Table 5 (Continued)

Objectives Investigations Measurement Requirements Instruments

CC.3c. High spatial resolution observations (better
than or equal to 1 km/px) from 0.1 to 0.2 micron
(spectral resolution: ≤ 2 nm), with emphasis on the
spectral differences between geologic features
(multi-ring basins, craters) and the surrounding areas.
Medium spatial resolution (better than or equal to 10
km/px) on large areas to map leading/trailing
asymmetries.

UVS

CC.3d. Identify and locally characterize subsurface
compositional horizons and structures by obtaining
profiles of subsurface dielectric horizons and
structures down to a few kms (maximum depth from 1
to 9 km depending on the crust properties and with
vertical resolution ranging from ∼50 meters to 1% of
the target depth) to estimate subsurface dielectric
properties and the density of buried scatterers in
targeted regions.

RIME

CC.3e. In regions co-located with subsurface profiles:
Acquire precise topography at 1 meter vertical
resolution along-track at 100-meter (goal: a few tens
of meters) horizontal resolution.

GALA
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