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Article summary

We present a pipeline for Super-Resolution (SR) infrared mapping of icy moons, applied to Enceladus
using Cassini/VIMS data. Through navigation, photometric correction, and multi-observation
combination, we produce SR maps revealing new spectral detail, demonstrating SR’s potential for icy
moon exploration.

Abstract

The icy moons of the outer solar system have been found in the forefront of planetary exploration, due
to their diverse geomorphology coupled with numerous discoveries hinting to possible habitable
conditions. Of paramount importance for constraining the internal structure and properties of these
bodies are high-precision cartographic products, allowing for linking surface morphologies and
composition to internal activity. These cartographic products are constructed by reconciling numerous
different observations, which, due to the complexities of an orbital tour, are recorded under a great
range of different illumination and observation conditions, with varying spatial sampling. The aim of
this study is to provide a complete pipeline for producing Super-Resolution (SR) maps for icy moons, by
combining all the overlapping observations for a specific target. The development and testing of our
pipeline are carried out for Enceladus, using the hyperspectral cubes recorded by the Visual and
Infrared Mapping Spectrometer (VIMS) instrument, on board the Cassini Saturn orbiter. We first
navigate the data, calculating accurate projections that can be combined into global mosaics of
Enceladus. We then implement a global photometric correction model that compensates for the
different acquisition conditions. Finally, we combine all the overlapping observations to calculate the
new SR maps of Enceladus in the infrared. The new SR global map of Enceladus provides new insight
into the moon’s geomorphology as revealed from its surface spectral heterogeneity at finer spatial
resolution, demonstrating the capability of SR to augment our current understanding of icy moons and
help prepare for future observations.
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1 Introduction

Despite its relatively small size, Enceladus is a geologically active icy moon, with observations con-
firming the existence of active jets consisting mostly of water vapor and ice grains emanating from the
so-called “tiger-stripes”, a complex of tectonically active fissures at the moon’s South Polar Terrain (SPT)
(Porco et al., 2006; Spencer et al., 2006; J. H. Waite et al., 2006). The detection and analysis of the cry-
ovolcanic activity on Enceladus hints at the existence of an internal ocean, enriched with volatiles and
organics, in contact with the moon’s rocky core (Hansen et al., 2011; Peter et al., 2024; Postberg et al.,
2011; J. Waite et al.,2009; J. Waite etal., 2017). All these characteristics make Enceladus a prime target for
the search of habitable environments within our solar system, a status solidified by the report “Origins,
Worlds, and Life: A Decadal Strategy for Planetary Science and Astrobiology 2023-2032", a road map for
National Aeronautics and Space Administration (NASA) future missions, which identified an Enceladus
mission as a priority both in the medium-class New Frontiers 5 and 6 calls (Enceladus Multiple Flybys
mission) and as the second-highest priority in the large Flagship mission category (Enceladus Orbilan-
der mission) (National Academies of Sciences & Medicine, 2022). On the European Space Agency (ESA)
side, the “Voyage 2050 Final recommendations from the Voyage 2050 Senior Committee” report cites
Enceladus as a prime candidate for a future astrobiological mission and underlines the potential for a
dedicated mission within the Voyage 2050 time frame (Tacconi et al., 2021), which will be ESA’s fourth
Large-class mission (L4).

The vast majority of our current knowledge for Enceladus comes from the Cassini-Huygens mission,
the first dedicated mission to study Saturn’s system and one of the most ambitious missions in the his-
tory of robotic exploration of our solar system (Matson et al., 2002). Launched in 1997, the spacecraft
was inserted into Saturn’s orbit in 2004. Planned for an initial duration of 4 years, the mission was finally
extended until September 2017. The Cassini-Huygens mission was designed to explore the Saturn sys-
tem, including the icy moons, and among them Enceladus. One of the scientific instruments employed
for the study of the Saturnian system was the Visual and Infrared Mapping Spectrometer (VIMS) (Brown
et al., 2004), which performed close observations of Enceladus during 23 targeted flybys throughout the
13 years of the Cassini-Huygens mission. The VIMS instrument acquires hyperspectral images using two
independent detectors: one for the visible and one for the infrared (IR) part of the spectrum (with a total
of 352 spectral channels ranging from 0.4 to 5.1 ym), providing not only information on the composition
of the surface (e.g. Brossier et al., 2018; Clark et al., 2010; Griffith et al., 2019; McCord et al., 2008), but
also the physical state of the surface materials (e.g. Brown et al., 2006; Filacchione et al., 2016; Jaumann
etal., 2008; Newman et al., 2008; Robidel et al., 2020; Taffin et al., 2012). In this work we will only consider
the VIMS-IR instrument, which provides a spectral range from 0.85 to 5.1 ym in 256 bands.

The precision of compositional mapping and its correlation with geological features are often lim-
ited by the spatial resolution of the captured images. Indeed, spatial resolution in hyperspectral images
acquired by a spacecraft performing repeated flybys or in high-altitude orbits is highly variable and, in
the case of the VIMS instrument, rarely better than a few kilometers, which strongly limits the geological
interpretation. In the general case, high-resolution (HR) imaging data are possible during close flybys or
at low-altitude orbits but will always be limited by the bandwidth, hence data volume (Xie et al., 2021).
Having optimized to the best of our capacities the image acquisition from the hardware point of view, we
are left with post-mission signal processing techniques in order to enhance the resolution of the already
acquired images. One such solution is the implementation of Super-Resolution (SR) image reconstruc-
tion, defined as a broad set of techniques used to extract a HR image from a set of Low-Resolution (LR)
observations, finding application in various fields such as satellite and aerial imaging (Shi et al., 2017;
Zhang et al., 2014), medical image processing (Kennedy et al., 2006; Van Reeth et al., 2012), text image
analysis (Capel & Zisserman, 2000), biometrics recognition (Alonso-Fernandez et al., 2018; Nguyen et al.,
2018) and many more (Nasrollahi & Moeslund, 2014). SR methods output a HR image with a higher pixel
density than the original image, that is not just an oversampled version of it, by retrieving the high fre-
quency components expressed as non-redundant information due to the sub-pixel shifts between the
LR images.

In the context of planetary observations, SR has been implemented in a variety of observations of
Mars, either by applying the traditional multiple-image reconstruction model based on the Irani-Peleg
equation (Tao & Muller, 2016), or by employing generative neural networks to perform single-image SR
(Sun & Chen, 2022; Tao et al., 2021, 2022; Wang et al., 2021). At this point, it should be noted that Mars
poses an exception in the exploration of the bodies in our solar system, in the sense that it has had a
great number of dedicated missions resulting in a plethora of available data of high quality, due to the
combination of orbital and landing components. However, this is not the case for the high astrobiolog-
ical interest icy moons, with only a handful of dedicated orbital missions with relatively small data sets
available. The SR techniques found in the literature are specifically tailored to leverage the advantages
of their respective data sets and therefore present three main limitations when attempting to imple-
ment them in the case of icy moons: 1) they require a significant number of repeated passes of the same
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area (for multiple-image SR) or vast training sets (for single-image neural networks) that are not avail-
able for icy moons, 2) they rely on relatively homogeneous data sets whereas the available data sets for
icy moons have been acquired during flybys, under a variety of observation geometries, illumination
conditions and original sampling that need to be reconciled, and 3) they use convolution matrices (also
known as masks, which assign a new brightness value to each pixel based on its brightness and those of
its neighbors) that consist an image processing technique possibly introducing uncontrollable artifacts
that do not correspond to real surface features.

From all the above, it becomes clear that we need to devise a completely new strategy for applying
SR to icy moons. Inspired by previous work (Karkoschka et al., 2017; Karkoschka, 2015) and using as
a starting point the latest VIMS Enceladus global mosaic included in the pivotal work of Robidel et al.
(2020), the main objective of this study is to develop a general SR mapping method for icy moons, in
order to produce surface maps with increased spatial resolution. At first we describe the data set used
to develop and test our new SR methodology before moving into the detailed description of the three
fundamental steps of our methodology: navigation, photometric correction and computation of the SR
map. We present a new pipeline in Python for creating the navigation cubes necessary in merging indi-
vidual cubes into global mosaics, increasing the accuracy of the covered area and maximizing the num-
ber of pixels used. We then determine a global surface photometric function which mitigates variations
in the brightness due to the changing geometric conditions of the observations. Finally, we implement
a novel SR algorithm, which combines the information from all the overlapping pixels over a given area
to acquire products with increased spatial resolution. We finally conclude the presentation of our new
tool by applying it to the mapping of Enceladus with the VIMS instrument and discussing the potential
of using this new, SR global map to reveal geological and compositional units at finer spatial scale.

2 The VIMS data set for Enceladus

During its 13-year long mission, Cassini performed 23 targeted flybys of Enceladus (from EO to E22),
with flyby E9 not recording VIMS data. These flybys have recorded 3982 hyperspectral cubes, from which
3911 have been calibrated and included in the Nantes Cassini VIMS Data Portal at https://vims.univ-n
antes.fr/ (Le Mouélic et al., 2019a), accounting for a total of 1 582 502 pixels. The remaining unavailable
71 targeted flyby cubes correspond to two cubes (1500059679_3 in flyby E2 and 1829237951_15 in flyby
E22), for which the IR channelis not available and 69 noodles (single-sample cubes) in flybys E5 and E22,
that require special treatment. Moreover, there were 124 non-targeted flybys of Enceladus, during which
there were 7502 additional cubes recorded. In total, for Enceladus there are 147 flybys, containing a total
of 11 502 calibrated cubes, available in the Nantes VIMS Data Portal.

The creation of a global mosaic for Enceladus can be achieved by a careful selection of the best pixels
(most resolved and under the most favorable observation conditions). However, the implementation of
the SR approach requires a delicate balance between competing incentives: excluding from the data set
unsuitable pixels, but at the same time including enough overlapping observation to allow for the suc-
cessful calculation of the SR map. This is achieved by filtering the available data down to the pixel level.
Before that and as a first rough selection, we isolate suitable data at the cube level, before moving for-
wards with our pipeline and a more detailed selection at the pixel level. This step also guarantees that we
will not be employing our computational resources for calculations on cubes that will be eventually re-
jected as a whole at the pixel level filtering. The Nantes VIMS Data Portal allows for the visual inspection
of each cube separately, along with their metadata, which facilitates the swift identification of the cubes
in the targeted and non-targeted flybys that meet the following criteria: 1) mean spatial sampling < 60
km/pixel, 2) minimum incidence angle < 80°, and 3) minimum emergence angle < 80°. Thefiltering of the
cubes at the sampling limit of 60 km/pixel, is selected so that we have enough range for follow-up test-
ing of gradually increasing maximum sampling, while remaining in the range of cubes that are resolved
enough to be useful in the context of our maps. It should be noted that this is an indication of the mean
spatial sampling of the whole cube and therefore at the level of individual pixel we can have sampling
values greater than that limit. Moreover, as we present in Section 3.1, we implemented a different ap-
proach to calculate the pixel spatial sampling. The photometric angles are constrained following Robidel
etal. (2020) in order to respect the limits of the photometric model that is implemented in the respective
section that follows. At this first stage of the data selection process, we create a data set consisting of
1198 cubes from the targeted flybys accounting for 526 811 pixels and 364 cubes from 13 non-targeted
flybys accounting for 147 784 pixels. The data set is complemented by five cubes targeting Enceladus
not available in the Nantes VIMS Data Portal, but which are nonetheless used by Robidel et al. (2020):
1604167154_1, 1635842860_1, 1635842868_2, 1669819057_1 and 1694646566_1. These five cubes are
calibrated manually using the third version of the Integrated Software for Imagers and Spectrometers
(USGS-ISIS3) and contribute 11 792 additional pixels to the data set. Even with a first order selection
at the cube level the majority of the pixels in the data set corresponds to the sky (349 768 pixels), while
53003 pixels contain the target’s limb. The total amount of usable pixels, namely those that are fully
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contained within the target, is 271 824 pixels. This data set is ingested by the SR pipeline we have devel-
oped, which is presented in the following sections and is comprised of three main steps: 1) navigation,
2) photometric correction and 3) super-resolution (SR).

3 Super-resolution (SR) global mapping of Enceladus with VIMS
3.1 Step 1: Filtering and navigation of the VIMS data set

The first step in our pipeline for creating SR mosaics for icy moons is to create a module for calcu-
lating the navigation cube for each of the hyperspectral cubes. This transformation allows us to convert
two-dimensional images at a specific wavelength (Fig. 1a) into coverage patches on the surface of the
target (Figs. 1b and 1c). The navigation allows in particular for the calculation of the longitude, latitude
and conditions of observations (illumination and observation angles, namely incidence, emergence and
phase angles, referred hereafter as the photometric angles) of a given VIMS pixel in the planetographic
reference frame of a given target. Even though navigation cubes already exist for the Cassini VIMS data
set (https://vims.univ-nantes.fr/), we implemented our own approach in order to ensure continuity in
the pipeline and increased navigational accuracy for the purposes of the registration step of SR method-
ology. The need for an accurate navigation of the hyperspectral cubes is dictated by the incentive to
create the best mosaics possible for two reasons: 1) the more accurate the projection (within intrinsic
ephemeris and spacecraft pointing error, the evaluation of which is discussed by Nicholson et al., 2020),
the better the matching of the overlapping observations in the global mosaic and finally the higher the
quality of the photometrically corrected mosaic with regards to visible seams; and 2) as we aim to com-
bine overlapping pixels of the data set to create new pixels in our SR methodology, accurate projection
of those overlapping pixels is of the utmost importance in order to make sure that we are combining
spectral information from the same area.

The first step for the calculation of the navigation cube is to extract basic information from the cal-
ibrated cube (.cub file) header, namely the samples and lines dimensions, the name of the target, the
start and stop time of the cube acquisition, the interline delay, the X- and Z-axis offsets, the sampling
mode (“NORMAL” or “HI-RES”) and the exposure duration. Considering that the infrared channel of the
VIMS instrument (VIMS-IR) operates in “whiskbroom” mode, hence recording the spectrum of only one
spatial pixel per exposure, the essence of the navigation cubes lies in the calculation of the time at which
each pixel has been recorded, by using the following cumulative time equation (as described by Brown
and Soderblom (n.d.) and in the algorithm of Seignovert et al., 2023):

At%w =ix Atintegri € [0, Sroul (1a)

At;ane =jx (Atdelay + Srow * Atinteg)rj € [0, Sijnel (1b)
IR IR

Atpixel = At%W + Dt (1c)

where At!R , the time elapsing between rows, i is the number of the row where the pixel is located, Atinteq
is the corrected integration time, s,,,, is the number of rows contained in the cube as read from the
header, At; , the time elapsing between lines, j is the number of the line where the pixel is located, At eyq,
is the delay between lines, s;,, is the number of lines contained in the cube as read from the header,
thixel 1S the time elapsing between the start time of the cube and the acquisition of the specific pixel.
The “ExposureDuration” and “InterlineDelayDuration” time values extracted from the cube’s header, are
corrected by applying a correction coefficient of 1.01725 to compensate for the drift of the instrument’s
clock (Brown & Soderblom, n.d.) (the start time of the acquisition does not require the same correction
since it is measured by the spacecraft’s clock). Finally, the time of a single pixel acquisition (assuming
instantaneous acquisition at half the integration time) is:

tixel = tstart * Atgfxez + 0.5 x Atjpteg- (2)

By combining the time equation with the geometry of each pixel within the instrument’s Field Of View
(FOV) and using this information as input for the SPICE (Spacecraft Planet Instrument C-matrix Events)
Application Program Interfaces (APIs) (Acton, 1996), along with the relevant kernels containing informa-
tion on the position and orientation of both spacecraft and target, we can calculate a “pinhole” projec-
tion of each point comprising the edges of each pixel and in this manner produce the navigation cube
corresponding to each one of the calibrated cubes, which we can then visualize as 3D projections on
the target represented in light blue (Fig. 1b) or by an equirectangular projection (Fig. 1c). The cube
1487302144 _1 (flyby EO and acquisition start time 2005-02-17T03:02:38.846) has been selected as an ex-
ample to showcase how the lines of a VIMS-IR image do not necessarily align after the navigation of the
cube, due to the relative movement of the spacecraft with respect to the surface of the target and the
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Figure 1| (a) 2D image of cube 1487302144_1 at standard wavelength 1.80401 pym, (b) the corresponding projection
in 3D of its pixels (in red) on the surface of Enceladus (in light blue) and (c) equirectangular projection, with the
colorbar representing the I/F values at 1.80401 pym.

“whisk broom” scanning acquisition mode. As far as the selected number of points per pixel edge is
concerned, we have deduced empirically that five points per edge provides a good balance between the
accurate projection of the outline of a pixel and the computational time (less than 1 minute per cube).

Regarding the shape of the target body, used in the calculation of the intercepts and photometric
angles (specified in the SPICE APIS with the keyword method), there are two options available: 1) “EL-
LIPSOID” where the target body is modeled as a triaxial ellipsoid and 2) “DSK/UNPRIORITIZED” where
a Digital Shape Kernel (DSK) is used, an integrated shape model subsystem for Digital Shape Models
(DSMs). As far as Enceladus is concerned, a DSM has been constructed by Bland et al. (2020), from a
dense photogrammetric control network using 625 Cassini Imaging Science Subsystem (ISS) images of
Enceladus. The existence of a DSMis not a prerequisite forimplementing our SR methodology but allows
for a more realistic representation of the surface of the target and therefore more accurate projections
of the pixels and more accurate values for the incidence and emission angles associated with each pixel
(difference in phase angle is zero because the phase angle is independent of the surface normal vector
that changes when transitioning from the triaxial ellipsoid to the DSM). From our investigation we de-
duce that the difference in the incidence and emission angles between the two models can be as high as
around £10° (as it can be seen in more detail in the supporting material Appendix A).

We also need to address the calculation of the pixel sampling, which can not be defined explicitly
anymore in the case of non-square pixels. The calculation, on first order, can be carried out using the
following simplified formula s, = 6d, where d is the distance between the center of the pixel and the
spacecraft in km and 6 is the angular size of the pixel in rad/pixel. The VIMS-IR has two spatial resolu-
tion modes: “NORMAL” with 1x2 spatial pixels binning resulting in Instantaneous Field of View (IFOV)
of 0.5x0.5 mrad and “HI-RES” where full detector resolution of 0.25x0.5 mrad per IFOV (no binning) was
applied (Mccord et al., 2004). Therefore, for mode=“NORMAL” the angular pixel size is 6 = 0.5 mrad/pixel
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Figure 2 | Comparison for each target pixel in our selected data set of the sampling calculated with the simplified distance formula (distance
sampling) versus the proposed evaluation of all the lengths of all the edges and the diagonals of each pixel-polygon (diagonal sampling). The
red dashed line marks the lower limit for the pixels acquired in “NORMAL” mode and the orange dashed the lower limit for the pixels acquired in
“HI-RES” mode.

and for mode=“HI-RES” itis 6 = 0.25 mrad/pixel (Clark et al., 2018). This approach in calculating the pixel
spatial sampling assumes square pixels at nadir and tends to underestimate the pixel spatial sampling of
“elongated” pixels (namely pixels close to the limb at HI-RES mode) or pixel-polygons, resulting as com-
mon overlapping areas in the SR part of the pipeline. The decreasing spatial sampling order at which the
pixels are stacked does not influence the SR calculation, which consists of a linear combination of the
overlapping pixels independently of their order, but affects the original and photometrically corrected
mosaics, which present at the topmost layer the most resolved observations and the filtering of pixels
based on their spatial sampling values. In order to take into account this limitation, we introduce a more
flexible and accurate metric for the pixel spatial sampling, by calculating all the possible distances from
each edge of the pixel projected polygon to every other edge (including the diagonals) and assigning
as sampling of the pixel the largest of these distances as the most conservative approach. All distances
are calculated in kilometers for the 3D case (flat polygons in 3D space) and therefore the spatial sam-
pling values are independent of the projection employed. A comparison of the two different methods to
calculate the pixel sampling (diagonal sampling versus distance sampling) can be seen in Figure 2, with
the lower limit for the pixels acquired in “NORMAL” mode shown in red (square pixels with the ratio of
the diagonal over the edge being equal to v/2) and the “HI-RES” mode in orange (rectangular pixels with
the large edge being twice the length of the small edge have a ratio of the diagonal over the small edge
equal to /5). This figure clearly demonstrates that the commonly used calculation based on distance
can largely underestimate the VIMS pixel sampling compared to our approach, which can assign spatial
sampling values as high as 20 times larger.

Finally, we end up with navigation cubes for each of the VIMS cubes in our selected data set, con-
taining the following geographic and geometric information for each pixel: longitude and latitude of
the center and the corners, time of acquisition, photometric angles and pixel sampling. In Figure 3 we
present the global mapping of the incidence (Fig. 3a), emission (Fig. 3b) and phase angles (Fig. 3c), as
well as the pixel sampling (Fig. 3d) for each of the VIMS cubes used in this study. Even though global
maps of Enceladus should follow the planetographic west-positive longitudes (0° to 360°W) system in
accordance with International Astronomical Union (IAU) instructions (Archinal et al., 2018), in this work
we present all the maps in the planetocentric 180°W to 180°E reference system to be consistent with
other cartographic products employed for validation and reference (Bland et al., 2018; Crow-Willard &
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Figure 3 | Global maps of (a) incidence, (b) emission, and (c) phase angles for the selected data set, and (d) pixel spatial sampling up to 50 km/pixel.

Pappalardo, 2015). The incidence and emission angles have been filtered to exclude values greater than
80° so as to avoid extreme observation and illumination conditions, as it will be explained in more detail
in the next section. The sampling values are presented for pixels up to 50 km/pixel so as not to saturate
the top layer of the map (pixels are sorted by increasing spatial sampling and plotted one on top of the
other over the same areas, hence the top layer of the map includes the most spatially resolved observa-
tions), which shows the most resolved observation. In the global maps of the incidence and emission
angles, we can observe the variation within the same cube, which is attributed to the topography stem-
ming from the incorporation of the DSM of Enceladus.

Having calculated an accurate navigation of the pixels in the data set, we can now create global
mosaics of Enceladus by assigning the relevant spectral values from the calibrated cubes to each pixel-
polygon. However, this requires two additional processing steps of the data set in the spectral dimension
of the cubes: 1) correction of wavelength shift and 2) removal of saturated parts of the spectra. To ad-
dress the wavelength shift documented by Clark et al. (2018), we calculate a linear interpolation and
resample it on a standard reference wavelength grid defined at the beginning of the mission, as already
implemented on VIMS cubes of Titan by Le Mouélic et al. (2019a). To filter the saturated part of the data
set, we implement a novel approach by taking into account the background noise recorded in each of
the cube’s backplanes, which we subtract from the total capacity of the detector to define a dynamic
saturation limit for each spectrum as a function of wavelength. The details for the wavelength shift and
saturation corrections can be found in Appendix B.

The final product at the end of this first step of the methodology is presented in Figure 4 in the form
of a global mosaic of the selected VIMS observations of Enceladus at standard wavelength 1.80401 ym
(a characteristic reflectance peak in the water-ice spectrum) in (Fig. 4a) equirectangular projection, (Fig.
4b) orthographic projection centered at the north and (Fig. 4c) south pole respectively, once the entire
data set has been corrected for the wavelength shift, signal saturation, and properly navigated.

3.2 Step 2: Production of photometrically corrected global map of Enceladus

Thefirst step in producing global mosaics of the surface of Enceladus has been achieved by calculat-
ing the new navigation cubes and projecting each pixel of each observation from lower to higher pixel
spatial sampling (in order to have the most resolved observations on top) at the surface of Enceladus.
This process is independent of the wavelength depicted and therefore can be used for mapping any
of the 256 VIMS-IR channels (or combination thereof). The global map produced in this way (Fig. 4)
does not accurately represent the surface of Enceladus, since it does not appear consistently homoge-
neous, with striking artifacts such as visible seams at the areas where two different observations over-
lap. These differences are attributed to the fact that different observations of the same area happened
at different stages of the orbital tour, presenting a variety of observation and illumination conditions. In
order to mitigate the different illumination and geometric parameters of each observation we have to
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Figure 4 | Global mosaic of the VIMS observations of Enceladus at wavelength 1.80401 pym in (a) equirectangular
projection and orthographic projection centered at the (b) north and (c) south pole, after the application of the
globalfiltering at the pixel level and data processing described in the text (including dayside surface pixels selection,
wavelength shift correction, saturated wavelengths removal and navigation).

implement a photometric correction method as a second step, which normalizes all the observations to
zero incidence, emission and phase angles. This allows us to merge, in the third and final step of our
methodology, overlapping observations under the same observation conditions, thus with comparable
and compatible radiance factor values.

The photometric correction of our data set requires the implementation of a radiative transfer model
for surface regolith of atmosphereless bodies. Among numerous models that have been implemented,
there exist two scattering theories for solid planetary surfaces that dominate the literature due to their
accuracy and relative simplicity to implement: the semi-empirical Hapke model (integral) (Hapke, 1981,
1984, 1986, 2002, 2008, 2012; Hapke & Wells, 1981) and Kaasaleinen-Shkuratov model (statistical). Since
the photometric correction of the datais an intermediate, but necessary, step in our methodology, we de-
cided not to investigate in depth different models, but instead to rely on the seminal work of Filacchione
et al. (2018b, 2018a) and Filacchione et al. (2022) and Robidel et al. (2020) that already demonstrated
the efficiency of the Kaasaleinen-Shkuratov model for Enceladus, implementing a method proposed by
Shkuratov et al. (2011), where the photometrically corrected radiance factor (r;, ) is modeled in two
parts: the disk function D(i, e, g) and the equigonal albedo A.,(g, A):

] . .
Mfmodet = (;) (i,e,9,A) = D(i, e, g)Aq(9, A) 3)
model

where i, e and g are the local incidence, emission and phase angles respectively and A the wavelength.
Different disc functions have been evaluated by Robidel et al. (2020) and it was determined the best
results, in terms of the quality of the mosaic produced, are achieved by implementing the model by
Akimov (Kaidash et al., 2009):

9
(cos B)e
cosy

g
5 (4)

) cos

D(i,e,g) = D(g, B,Y) = COS( % (V ) %)
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where y and 8 are the photometric longitude and latitude respectively:

y = arctan (cos: - Cos e'x cosg) (5)
cosexsing
cose
= arccos|——]. 6
B = ©

Having calculated the navigation cubes for all the available observations, we have available for each
pixel the ﬁ()\) and the local photometric angles i, e and g, including the impact of local topography. Due

to the fact that a VIMS pixel can contain multiple facets of the triangular tessellated model comprising
the DSM, one VIMS pixel is associated with the mean of the contained topography. In order to address the
variability of the photometric angles within one pixel, we calculate the incidence, emission and phase
angle associated with each pixel as the mean of the respective values at the pixel corners. We can then
correct for Enceladus’ surface photometric behavior by calculating the equigonal albedo per pixel and
wavelength, such as:

l,.

F(’: e, grA)
D(i,e,g)

For every wavelength we calculate the coefficients ay and a, for a linear regression (simplest but

robust approach as demonstrated by Robidel et al. (2020)) of all the points in the graph of the equigonal
albedo (A,,) as a function of the phase angle (g), also called the phase curve:

Aeq (9,2) = (7)

Aeq(9,A) = a1(A)g + ag(A). (8)

Then, the photometrically corrected values of the radiance factor at reference geometryi =e = g =
0° can be calculated by implementing the model-agnostic normalization by Xu et al. (2020) as follows

(D(Or Or 0) = 1)
I . r 0,0,0,A r i’e' ’/\
Mfeor = (f) (0,0,0,2) = rs(i,e, g,A) f’"‘"’e‘(, A) - 7(i,€,9,2) ' o)
(el 190 (i e, )1+ 2]
do

In order to ensure that we are implementing the above-described model within an acceptable range
of application (observation under extreme conditions are not eligible) and at the same time maintain
global coverage and sufficient overlapping of the pixels to apply SR at the next step, we have further fil-
tered our data set at the pixel level. With regards to the incidence and emission angles, we follow the
approach of Robidel et al. (2020), where i, e < 80°. With regards to the values of the radiance factor, we
filter using a lower and an upper limit 0.001 < Le 1, to achieve sufficient coverage in all wavelengths, in-

cluding those with fainter signals. Similarly after testing gradually increasing upper limits for the spatial
sampling of the pixels, we conclude that s, < 78 km/pixel achieves a good balance between sufficient
coverage, number of overlapping observations and the core assumption in our SR approach that each
pixelis small enough to represents a spectrally homogeneous part of the surface. At the end of this pixel-
level filtering our data set is reduced to 156 294 pixels (at standard wavelength 1.80401 ym. In Figure 5,
we create a scatter plot of the equigonal albedo (A,) as a function of the phase angle (g), for all the pix-
elsin the finalized data set. The red line represents the best linear fit of the data (phase curve) while the
color scale quantifies the Point Density Function (PDF), that indicates the relative data density at each
point. The coefficients of the best linear fit for all wavelengths can be found in the supporting material
(Appendix C).

Using the coefficient of the slope of the best linear fit in Equation (9) for every pixel in our data set,
we calculate the new photometrically corrected radiance factor value for each pixel and construct the
photometrically corrected global mosaics of Enceladus, presented in Figures 6a, 6b and 6¢. The calcu-
lation and propagation of the radiometric error is discussed in the supporting material (Appendix E). It
is therefore possible to compare with the uncorrected mosaics (Figs. 4a, 4b and 4c) and appreciate the
significant improvements of the photometrically corrected ones.

Comparing the uncorrected (Fig. 4a) and photometrically corrected (Fig. 6a) global mosaics of Ence-
ladus, we can enumerate three qualitative points that at a first glance validate the photometric model
we have implemented: 1) visible diminishing of artifacts-seams in the transition between two spatially
neighboring observation (especially when these are under very different photometric conditions), 2) a
more homogeneous global view, as it is expected from a target such as Enceladus, and 3) gain in contrast
at the local scale, that better visualizes geomorphological features, as is the case for the tiger stripes in
the south polar terrain. A quantitative validation of the photometric correction step relies on comparing
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Figure 5 | Equigonal albedo (A,,) as a function of the phase angle (g) for wavelength 1.80401 um, with the best linear
fit shown in red. Color scale represents the Point Density Function (PDF).

the spectra of overlapping pixels between the original uncorrected map and the photometrically cor-
rected map. This can be seen in Figure 7 with two overlapping pixels from two different cubes, recorded
under different observation conditions:

+ pixel 1: cube=1660437591_1, index=103, i=55.91°, €=63.09°, g=24.32°, sampling=26.94 km/pixel
+ pixel 2: cube=1858921724_1, index=101, i=74.66°, €=36.65°, g=78.24°, sampling=29.52 km/pixel

As we can observe from Figure 7, before applying the photometric correction the spectra from the
overlapping pixels are vastly different even though they describe similar areas on the surface of Ence-
ladus with similar sampling, albeit under quite different observation conditions. After the photometric
correction the two spectra present a better match (Fig. 7d), validating the photometric model in the
spectral dimension. The matching of the spectra after the photometric correction is reflected in the spa-
tial dimensions by the diminishing of the visible seams between the neighboring cubes. Of course the
photometric correction is not perfect, with the limitations of the method manifesting as small diversions
between the two spectra. These small differences can be attributed to the inherent limitation of the pho-
tometric modeland also to the fact that we are performing the correction at the global level, even though
the photometric behavior, like that of any planetary body, exhibits local variability. Additionally, the two
overlapping pixels presented do not depict the exact same area, a fact that can also contribute to the
small difference observed in the photometrically corrected spectra.

In the spatial domain it is also very interesting for validation purposes to present a transect compar-
ison at an area with very high photometric angle contrasts, hence a very dramatic transition of the ra-
diance factor values of neighboring pixels due to the different observation and illumination conditions.
Such is the case for the transect extending from longitude 100°E to 180°E at latitude 1°N (using 2000
equally spaced points) as it can be seen in Figure 8. Here we present the uncorrected (top left) and cor-
rected (top right) global maps with the transect marked in red and green respectively, the radiance factor
values of the two transects with the vertical dotted lines marking transition points from one cube to an-
other (middle) and the values of the photometric angles along the transect (bottom). The efficiency of
the photometric correction becomes obvious in this case, if we observe that the sharp changes in the re-
flectance value at transition points 101°E, 106°E and 173°E (corresponding to seams in the global map)
almost disappear and the original signal with very sharp dips is smoothed out. At the same time, within
the same cube, the photometric model manages to correct the downwards trend of the reflectance fac-
tor transect of the uncorrected map (red curve), associated with the gradual increase of the incidence
angle, while conserving and even augmenting the contrast of real features within a given cube. All the
above validate the efficiency of the photometric model used to photometrically correct the Enceladus
global mosaic in order to be ingested by the next part of the pipeline.
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Figure 6 | Photometrically corrected global mosaic of the VIMS observations of Enceladus at wavelength 1.80401 ym
in (a) equirectangular projection and orthographic projection centered at the (b) north and (c) south pole.

3.3 Step 3: Weighted Average Super-Resolution (WASR) and final SR map of
Enceladus

The third and final step of our SR mapping pipeline consists of applying the SR calculation to the
filtered, navigated and photometrically corrected data set. As we have described in Section 1, the SR
approaches found in the literature cannot address the distinct nature of the problem in the context of
the images collected during a complex and varied orbital tour and therefore we have to design our own
merging and averaging technique to create global maps of augmented resolution. We start with the
mathematical formulation of our new approach to SR, namely the Weighted Average Super-Resolution

(WASR). We assume a pixel of random size and shape, with radiance factor ry = % and area A;. The core

assumption in our approach is that the radiance factor r¢ is constant within the pixel. In the general
case, each pixel covers an area of varying geological features and surface texture and composition, and
therefore of varying spectral units, but since we have no sub-pixel information on their distribution, our
assumption is the best possible case. The smaller the pixels used, the more homogeneous the area they
represent is and the closer our assumption reflects the true nature of the problem.

The remaining question is how to combine the contribution of the various intersecting sub-section
of all the overlapping pixels in order to calculate the radiance factor of the new SR pixel. The simplest
approach would be to define the radiance factor of the SR pixel (r,,) as a linear combination of the radi-
ance factor of its overlapping pixels. After testing different models, we deduce that a simple and at the
same time robust way to combine the radiance factor values of the overlapping pixels, while preserving
the signal in the spectral dimension (SR should only have an effect on the spatial dimension) is to calcu-
late the weighted average, hence the WASR method. The new radiance factor value of each SR pixel is
then calculated by the following equation:
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where w; is the weight associated with each overlapping pixel, defined as the ratio of the area of the
original pixel contained in the SR element (henceforward called a “super-cell”) (a;) over the total area of
the pixel (4;):

i = (&) (1)

where the exponent n = 1,2, 3... allows for an empirical shifting of the weight contribution to allow for
higher influence of the more resolved overlapping pixels, the higher the value of n is. This technique is
implemented to address the diffusion of information observed for n = 1 in areas where one HR pixel
is mixed with much bigger pixels. Higher values of n do not recover more super-resolved features, but
rather allow for final cartographic products with higher contrast. The higher the value of n, the more the
most resolved overlapping pixel dominates over the contribution of the rest of the overlapping pixels
approaching the photometrically corrected signal. Naturally, the higher values of n also increase the
contrast of the residual from the photometric correction seams and therefore a value of n = 2 has been
selected as a reasonable compromise.

In order to overcome the complexity of calculating overlapping geometries in 3D space, namely on
the surface of a triaxial ellipsoid representing the target body, we areimplementing the SR calculation on
the 2D projection of the photometrically corrected map. Without loss of generality we chose an equirect-
angular projection. Areas on the target body contained in specific overlapping pixels, will be contained
in the same pixels no matter the projection. Moreover, the calculated weights (w;) are not affected by the
area distortion potentially introduced by the selected projection since they are defined as ratios of the
areas. This conclusion has been validated by performing the SR calculation both in 2D and 3D (where we
calculate the area of spherical polygons) with the resulting maps being identical. The small differences
in the SR radiance factor between the 2D and 3D case (less than 1%) are associated with the size of the
polygon (small difference in area when considering flat versus spherical polygons) and show no corre-
lation with latitude. Both cases (2D and 3D) have been incorporated in the corresponding part of the
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pipeline. The ideal theoretical approach to SR, would be to create a map, where each element is in the
general case an irregular polygon, representing the common overlapping area of a distinct list of pixel
from the data set, hence a distinct combination of L values. With a number of pixelsin the order of 10° for

Enceladus, the repetitive calculation of the commFon overlapping polygons becomes a computationally
arduous process. Moreover, the complicated shape of the pixels along with their random orientation,
can cause the repetitive intersection operations to produce sliver polygons (highly elongated polygons)
that are unable to be evaluated further by the intersection operation. In order to bypass this compu-
tational challenge we implement instead the SR using a regular rectangular grid, calculating the list of
original pixels contained fully or partially within each super-cell of the new rectangular grid. As the SR
grid becomes finer, the resulting SR map becomes an oversampled version of the theoretical case. The
SR strategy described above, is presented schematically in Figure 9. In Figure 9a we present the SR regu-
lar rectangular grid in red (size of super-cells is exaggerated for clarity) on top of all the different layers of
the photometrically corrected global map of Enceladus at 1.80401 ym (binned by spatial sampling). One
super-cell of the grid is marked in bold red and traverses all the different layers of the map to signify the
contribution of all the overlapping pixels of different spatial sampling. An example of one super-cell of
size 0.25°x0.25° with all its overlapping pixels corrected at 1.80401 pym is presented in Figure 9b. In this
3D view the overlapping pixels of all the different layers are collapsed on the same plane, with the super-
cellin red. A zoom-out version of the super-cell is extruded with its radiance value being calculated as
the weighted average of the values of all the overlapping pixels.

The question that naturally arises at this pointis which grid size guarantees the best possible SR map
without undersampling the highly resolved areas of the original map and at the same time it is not com-
putationally too time-consuming. Any further increase to the grid size would not yield any better results,
since we will be oversampling within the smallest element of the original map. By testing gradually finer
rectangular gridsin the specific case of our VIMS data set for Enceladus, we deduce that a grid of 1440x720
cells, where each super-cell has a size of 0.25°x0.25°, is the optimum compromise between resolving the
smallest pixelsin the data set (found in cube 1637463200_1 with sampling 1.72 km/pixel and angular size
of approximately 0.6°x0.2°) and computational cost. Regarding the algorithmic implementation of the
WASR methodology, the initial approach consists of the sequential evaluation of the intersection of the
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Figure 9 | Schematic representation of the SR strategy with (a) an example of a SR grid in red and the different layers
of the photometrically corrected global map of Enceladus at 1.80401 ym (binned by spatial sampling) and (b) an
example of one super-cell (in red) of size 0.25° x 0.25° with all its overlapping pixels corrected at 1.80401 pym.

whole super-cell grid against each one of the pixels in the data set. The computational time required (on
a MacBook Pro with an Apple M1 Max chip and 10 cores) increases exponentially with the size of the SR
grid and for 1440x720 cells is more than 46 hours. As it becomes clear, any SR grid finer than that (to be
implemented on icy-moons data sets with smaller pixels e.g. the ones expected to be acquired by JUpiter
ICy moons Explorer (JUICE) on Ganymede ; Grasset et al., 2013) becomes impractical and requires the
implementation of parallel computation. Itisimportant to note, that the WASR method we have devel-
oped is very well suited for parallelization, since the regular global grid of 360°x180° can be segmented
into independent panels (e.g. 9 panels of 120°x60°), which can then be passed in parallel through the
SR pipeline and the results consolidated in a final global product. Another way to make the calculation
more time-efficient would be toimplement an adaptive grid, instead of the regular grid we have selected,
which will automatically increase or decrease density of the super-cells according to the size of the pixels
available in each area of the map. This approach has not been investigated in the current work and can
be part of future expansions of the methodology. Instead we have tested and implemented the Sort-
Tile-Recursive (STR) method (Leutenegger et al., 1997), a simple and efficient algorithm for a common
indexing technique for spatial data (R-tree), which decreases the computational time to a remarkable 15
minutes.

Thefinal SR cartographic products can be seen in Figure 10a, where we present the global SR map of
Enceladusin equirectangular projection at 1.80401 um for a regular rectangular SR grid of 1440x720 cells
and n = 2. Similarly we present the orthographic projections of the two maps centered at the north and
south pole in Figures 10b and 10c respectively. A first visual inspection of the new Enceladus SR map at
the global scale (macroscale) already demonstrates the capacity of our methodology to furtherimprove
the photometric correction implemented in the previous step, as visible from the further diminishing of
visible seams between different observations. A more continuous signal is achieved in the global scale
without harsh transitions/artifacts, while the natural variation due to surface features is enhanced, with
large scale structures becoming more prominent, better defined and continuous between different ob-
servations. New spectral variability is revealed, as is the case for the dark (high-absorption) features
south to a similar prominent feature centered at latitude 30°N and longitude 90°W, that has been also
identified in previous studies (Robidel et al., 2020), matching with the geological sub-unit LH smooth as
defined by Crow-Willard and Pappalardo (2015). We can also observe that due to the limited number
of overlapping pixels at the polar regions, the SR results are not as striking as in the equatorial regions.
The few seams that remain in the SR map can be traced back to imperfections in the photometric cor-
rection. Where the photometric model can not achieve good integration of neighboring observation, the
SR map will also present some visible seams between those observations. These imperfections can also
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Figure 10 | SR global mosaic of the VIMS observations of Enceladus at wavelength 1.80401 uym for the 1440x720 grid
(super-cell size 0.25°x0.25°) and n = 2 in (a) equirectangular projection and orthographic projection centered at the
(b) north and (c) south pole.
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Figure 11 | Global map of number of overlapping pixels for SR grid size 1440x720 cells (super-cell size 0.25°x0.25°).

be associated with areas where we have a very well resolved observation on top of significantly lower
sampling observation, creating a disparity between the two that can not be compensated for by the SR
model.

In Figure 11 we are visualizing for the same grid size (1440x720 cells) the number of overlapping pix-
els for each super-cell, providing a view of the density of overlaps at a global scale. As we can see, these
values vary substantially with surface location, from 224 to 2 pixels per super-cell for the highest and
lowest density. It is worth noting that the leading hemisphere has consistently a higher coverage while
the lowest number of overlapping pixels can be seen, as expected from the design of Cassini’s orbital
tour, at the polar regions. We should also underline that overlaps do not occur exclusively between dif-
ferent cubes, but due to the “whisk broom” operation mode of the VIMS-IR instrument, it is common to
observe overlaps between the pixels of different rows of the same cube (“self-overlapping”).
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Figure 12 | Mesoscale comparison for two regions (left and right columns) of photometrically corrected (a and b),
SRfor n = 2 (cand d) and Enceladus ISS global mosaic by Bland et al. (2018) (e and f). Colored arrows mark surface
features that become more prominent or retrieved altogether by SR, while in white we mark named surface features.

4 Validation of the WASR method

Beyond the visual improvement of the final cartographic product of Enceladus achieved by the SR
methodology, as described in the previous section, we have validated our approach by visual compari-
son with the ISS mosaic at the mesoscale and in a more quantitative way by comparing spectra (spectral
dimension) and transects (spatial dimension) between the photometrically corrected, the new SR and
the ISS maps.

In Figure 12 we inspect at a smaller scale the global cartographic products presented in Figures 6
and 19 at wavelength 1.80401 um for two regions: for longitude 100°W to 50°E and latitude 50°S to 10°S
(left column) and for longitude 50°W to 90°E and latitude 40°S to 0° (right column). The color scale has
been artificially constrained to the [0.5, 1] range for improved contrast of the surface features. Same
color arrows note corresponding features between the photometrically corrected map (Figs. 12a and b),
the SR for n = 2 map (Figs. 12c and d) and the high-resolution ISS mosaic by Bland et al. (2018) (12e
and f) that become more prominent or are completely retrieved by SR from the sub-pixel information
available in the different layers of the photometrically corrected map. In the first region presented (Figs.
12a, c and e), the orange arrows point to the wide trough creating the border of the geomorphological
unit defined as Central Leading Hemisphere (clh) terrain by Crow-Willard and Pappalardo (2015), which
although already visible in the photometrically corrected maps it becomes more prominent in the SR
map. Even more striking are the results of SR in retrieving parts that are not visible in the photomet-
rically corrected map from the wide trough at the south border of the Trailing Hemisphere curvilinear
(cl1) terrain (red arrows) and the narrow trough (green arrow) at the edge of the western border of the
transitional (t) unit. Lastly, we mark with the white arrow the location of the only named crater in this
area (Kamar crater), which can also be studied in more detail thanks to SR. In the second region under
investigation (Figs. 12b, d and f), we focus on the area around Labtyat Sulci. Here we can observe how
the SR method retrieves the northern part of the sulci (cyan arrows) from the combination of the overlap-
ping pixels (Fig. 12d), information completely obscured in the photometrically corrected map (Fig. 12b),
while better constraining spatially its southern extension. In this scale (global and mesoscale) we can al-
ready observe the impressive results of SR in improving the consolidation of different observations into
mosaics and in retrieving at the same time surface features at finer detail. A more thorough inspection
of the resulting cartographic product in the microscale will be presented in the following paragraphs.

We will now check the validity of the SR approach in the spectral dimension by comparing the spectra
of the selected super-cell resulting from the SR calculation with that of the most resolved pixel among
all the overlapping pixels used for the SR calculation. In Figure 13 we present the spectra comparison
for super-cell with index 374 040 (super-cells in the map are identified by an index from 0 to 1440x720-1
in compliance with the python numbering scheme). In Figure 13a we mark, in the photometrically cor-
rected map, the most resolved pixel from the list of overlapping pixels in blue (depicted in the zoom-in
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panel for clarity). In the SR map (Fig. 13b) we mark the corresponding super-cell in orange for grid size
1440x720 cells (depicted in the zoom-in panel for clarity). In Figure 13c we present the 189 photometri-
cally corrected spectra of all the overlapping pixels for the selected super-cell, the linear combination of
which comprises the new spectrum of the super-cell. In the comparison of the spectra of the super-cell
with the most resolved of its photometrically corrected overlapping pixels (Fig. 13d) we also include the
two sigma envelopes (the calculation of which is explained in Appendix E of the supporting material),
which for most of the wavelengths are negligible compared to the spectral values (as it can be seen in
the zoom-in panel). This comparison shows that the two spectra almost perfectly coincide, evident from
the near zero residuals provided in the adjacent panel, validating that the SR calculation conserves the
information in the spectral dimension. The black arrow in the bottom left figure points at part of a satu-
rated spectrum that evaded the filtering method presented in Section 3.1, but which nonetheless does
not significantly effect the final SR spectrum. As already mentioned, the SR method operates only in the
spatial dimension of the hyperspectral cartographic products. However, by inspecting the comparison
between the SR spectrum and the photometrically corrected spectrum of the most resolved (top most) of
the VIMS overlapping pixels (Fig. 13d), we observe that the SR approach introduces indirectly two major
improvements in the spectral dimension: 1) SR achieves through the weighted averaging of all the over-
lapping spectra the retrieval of the part of the spectrum of the most resolved pixel that is missing due to
saturation in the shorter wavelengths and 2) SR achieves, again through the weighted averaging of the
overlapping pixels, lower noise levels in the longer wavelengths than what would have been possible by
using only the most resolved pixel to construct our map.

The validation in the spatial dimension is presented in Figure 14, where we plot a transect extending
from longitude 100°E to 180°E at latitude 1°N, over the photometrically corrected (Fig. 14a) and SR for
n = 2 (Fig. 14b) maps, in red and green respectively. In Figure 14c we present the radiance factor values
over the transect for the photometrically corrected and SR (for n =1, 2, 3 and 4) maps, with the vertical
dotted lines marking the transition points between different cubes. Figure 14d presents the difference
between the SR radiance factor for the values of n and the corrected radiance factor, to demonstrate
that the SR values approach the photometrically corrected values for increasing n. In a similar fashion
we plot, in Figure 15, a transect extending from longitude 100°W to 50°E at latitude 80°S, in the highly
interesting and diverse south polar area with its tiger stripe (in this case we present only the SR transect
for n = 2 for clarity). In both cases, the transect on the SR map traces a much smoother profile between
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transitions compared to the transect on the photometrically corrected map manifesting as further di-
minishing of the visible seams between neighboring observations. Most importantly for validating the
SR calculation we can see that the SR transect not only maintains surface features, but introduces de-
tails at finer spatial scale than the original VIMS pixel sampling. Hence, SR provides a global cartographic
product of improved quality and greater detail at smaller scale, especially in locations where the photo-
metrically corrected map is not well resolved.

As we have demonstrated above from the transect comparison, the SR method introduces new fea-
tures (manifesting as variation in the radiance factor value) at a finer scale than the original VIMS pixel
size. The question that remainsto be addressed to complete the validation of the methodology is whether
these variations can be associated with real features and are not artifacts resulting from the combination
of the signal from overlapping pixels. The validation strategy employed involves the recalculation of the
photometrically corrected and SR resolution maps of Enceladus (as described in Sections 3.2 and 3.3 re-
spectively), after removing a selected HR cube from the data set, namely cube 1487302144_1, to be used
separately as the HR reference image. If the SR map without the HR reference manages to reproduce
small scale surface features available in the HR reference and not in the photometrically corrected map
without the HR reference, then the validation test is deemed successful. In Figure 16 we present regional
maps of the area covered by the HR reference cube 1487302144_1 at standard wavelength 1.80401 ym:
the photometrically corrected without the HR reference cube (top left), the 1440x720 super-cells SR map
resulting from the photometrically corrected map without the HR reference for n = 2 (top middle) and
the photometrically corrected HR reference cube (top right). Each map includes a transect at latitude
1°N ranging from longitude 79°E to 85°E, the radiance factor profile of which is presented in the mid-
dle panel (red for corrected without the HR reference, green for SR without the HR reference and purple
for HR reference), with the vertical dotted lines marking the borders between cubes. Because the small
scale features retrieved by the SR approach can be subtle, we present in the bottom panel the absolute
gradient values of the transect profiles (red and purple lines shifted vertically by +0.4 and -0.4 respec-
tively for clarity), in order to reveal the location of feature borders by the sharp peaks (peaks aligning
with the dotted vertical lines representing cube borders are naturally interpreted as seams-artifacts, ar-
tificially enhanced here by the gradient operation). In the bottom panel we offer the validation of the SR
approach as we can observe that peaks in purple (VIMS HR reference) are associated with peaks in green
(SRwithout the reference) in locations where the red line is flat (no feature in the corrected map without
the HR reference) as indicated by the black arrows. Naturally, the green peaks are not as prominent as
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their corresponding purple peaks, since the SR method can retrieve the HR features but of course not
with the same contrast-clarity as a HR observation. The slight shift of the location of the correspond-
ing peaks can be attributed to the fact that HR features are not retrieved in the same resolution as the
HR acquisition and therefore their borders identified by the transect peaks present at slightly different
longitude. We can also observe that SR further improves the results of the photometric correction, in
the sense that the sharp peaks associated with seams (e.g. between longitude 79°E and 80°E) further
diminish.

Similarly, in Figure 17 we validate the results of the SR methodology by comparing the transects at
latitude 1°N extending from longitudes 72°E to 90°E between the photometrically corrected (Fig. 17a),
SR (Fig. 17b) and ISS maps (Fig. 17c) by Bland et al. (2018). Since we are solely interested in feature
localization between maps of different signals and different treatment pipelines, we only present the
gradient of the three transects (Fig. 17d) for the photometrically corrected map (red line, shifted verti-
cally -1 for clarity), the SR map (green line) and ISS mosaic (purple line, divided by 1000 to scale it to
the level of the VIMS signal transects and shifted vertically +0.5 for clarity). Similarly to Figure 16, where
we compare within the same data set by removing a HR cube, the comparison with the ISS mosaic also
reveals areas where the SR method retrieves features (peaks in the green line) associated with peaks in
the ISS transect (purple line) that are not present in the photometrically corrected map (red line). Two
such cases are highlighted by the dashed black boxes.

Finally, we define a new metric for the spatial sampling of the SR map, henceforth called “effective
sampling” (s.fy), and through that the gain in spatial sampling, with regards to the original sampling of
the initial map (sy;us), defined as:

gain = SV’—MS. (12)

Seff
The method for calculating the effective sampling for each super-cell is detailed in the supporting
material (Appendix D). In Figure 18 we present the global map of Enceladus at grid size 1440x720 cells
with the color-map corresponding to the values of the gain in spatial sampling achieved by SR compared
to the original VIMS sampling. From these results we showcase that 13% of the super-cells have gain up
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to twice the original VIMS sampling, while 32% of the super-cells have gain greater or equal to 5. Thus,
we demonstrate that the majority of the super-cells in the SR map achieve a good improvement in the
original VIMS sampling even in the conservative approach we have selected for the calculation of the
effective sampling of the SR map. A question that naturally arises is that since there are super-cells with
gains as high as 20 (20 times better sampling than the native VIMS sampling in that area), we should be
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Figure 18 | Global map of Enceladus of gain in spatial sampling achieved by SR at grid size 1440x720 cells.

able to resolve features at very small scale using SR. However, under closer examination of the global
map (Fig. 18), we understand that these super-cells are very limited in number and generally isolated,
surrounded by super-cell with significantly smaller gain. Beyond the extreme cases, the higher values
in gain are associated with areas where the original VIMS sampling values are relatively low. Contrary,
areas overwell resolved cubes exhibit gain values closer to one. In this context, the gain values calculated
are consistent with the visible spatial improvement between the photometrically corrected and the SR
global maps.

5 Spectral diversity of the new SR map of Enceladus

The main scope of this paper has been to present in detail the methodology we have developed for SR
mapping of icy moons in order to provide improved cartographic and spectroscopic products with finer
detail at smaller spatial scales. This methodology has been developed as a tool to offer the opportunity
to reanalyze data sets from previous and current missions, optimize the planning of future observations,
and ultimately help gain new insight in the connection between geomorphology, composition and phys-
ical state of icy moons surface. This information is crucial in constraining important scientific questions
regarding their internal structure, evolution and potential habitability.

In order to investigate the spectral diversity and the variations in the physical state of Enceladus
surface regolith with our new SR mapping technique, we create a new false color composite SR maps
of Enceladus with different characteristic wavelengths at each one of the different color channels Red
(R), Green (G), Blue (B), similarly to Robidel et al. (2020): R: 3.09689 ym/ 1.65567 pym, G: 2.00167 pym, B:
1.80401 ym. In Figure 19a we show the global RGB composite map of Enceladus in equirectangular pro-
jection for a SR grid of 1440x720 cells and in orthographic projection centered at the north and south
poles in Figures 19b and 19c respectively. The blue channel is normalized for the maximum and mini-
mum valuesin the corresponding wavelength, while the green and red channels are normalized between
their minimum values and 0.4, in order to better portray their dynamic range.

The selection of the wavelengths for each color channel in the RGB composite is based on the char-
acteristics of the water-ice spectrum, which largely dominates the surface of Enceladus. The water-ice
spectrum is characterized by absorption bands at 1.25, 1.5, 1.65 and 2 um, with their existence, position,
shape, intensity and width being indicative of the structure of the water-ice regolith as well as its tem-
perature and grain size (Brown et al., 2006; Jaumann et al., 2008; Newman et al., 2008; Robidel et al.,
2020; Scipioni et al., 2017). As a general rule the depth of the absorption bands increases with water-ice
abundance and particle size (Filacchione et al., 2012; Jaumann et al., 2008). Finally, a strong indicator of
the crystallinity of the water-ice compared to amorphous ice are the 1.65 pym absorption band and the
so called “Fresnel” peak at 3.1 ym, that are more prominent for crystalline ice (Newman et al., 2008).
The degree of crystallinity is an important characteristic, since it can be associated with younger areas
or plume depositions if we consider that crystalline ice converts to amorphous ice under the influence
of high-energy particle bombardment (Brown et al., 2006).

As we can observe the composite map is dominated by the green-blue channels (controlled by wave-
lengths 2.00167 pm and 1.80401 pm), an expected result considering that Enceladus is primarily com-
posed of water-ice. The red channel (controlled by the 3.09689 ym/ 1.65567 pum ratio) is very promi-
nent at the location of the fractures close to the south pole, indicating crystalline water-ice. Lighter
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Figure 19 | Composite RGB SR global mosaic of the VIMS observations of Enceladus for the 1440x720 grid (super-cell
size 0.25°x0.25°) and n = 2 in (a) equirectangular projection and orthographic projection centered at the (b) north
and (c) south pole. Color channels are controlled by R: 3.09689 pm / 1.65567 um, G: 2.00167 um and B: 1.80401 um.

hues of green-blue are overlaid on the cratered terrain, whereas stronger reddish tones cover in a spa-
tially contained way the tiger stripes. Similarly other fractures on the surface of Enceladus and large
regions among the youngest terrains bear the characteristic reddish hue also visible in the area surround-
ing the south polar terrains and somewhat centered at leading and trailing hemispheres. In particular,
the reddish prominent feature in the maps is a high absorption area, both in the G (2.00167 pm) and B
(1.80401 pm) channels, centered at latitude 30°N and longitude 90°W, that has been also identified in
previous studies (Robidel et al., 2020), matching with the geological sub-unit Leading Hemisphere (LH)
smooth as defined by Crow-Willard and Pappalardo (2015). For the same channels we can also observe
higher % values (lower absorption) in the Cratered Terrains dividing at the sub- and anti-Saturn hemi-

spheres, as well as north of the Leading Hemisphere Terrain (LHT) and Trailing Hemisphere Terrain (THT)
units and in pockets at the border between the THT and the South Polar Terrain (SPT) (units as defined
by Crow-Willard & Pappalardo, 2015).

In Figure 20 we present the same color composite map overlaid on the ISS global mosaic (Bland
etal.,2018), allowing for a direct association of the different colors of spectralinformation with the highly
resolved surface geomorphology of the ISS map. In this manner we can observe how the higher radiance
factor valuesin the R (3.09689 pm/ 1.65567 um) channel, associated with crystalline water-ice, cover the
tiger stripes, where in white we mark the location of plumes identified by Kempf et al. (2010) (1, II, I,
etc.), the area surrounding the SPT and then spread to higher latitudes coating the leading and trailing
hemispheres all the way to the north polar area. In the same figures we can observe the prominent
comparatively low absorption of the cratered terrain between the leading and the trailing hemispheres,
consistent with an older in age terrain as justified by the existence of the numerous impact craters.
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Figure 20 | Composite RGB SR map of Enceladus at grid size 1440x720 cells, overlaid over the ISS global mosaic by
Bland et al. (2018). Color channels are controlled by R: 3.09689 pm/ 1.65567 um, G: 2.00167 ym and B: 1.80401 ym. In
white we mark five geomorphological sub-units (ls-LH smooth, clh-central LH, cl3-southern curvilinear, nl-northern

lineated and part of the cl1-TH curvilear) from Crow-Willard and Pappalardo (2015). Numbered points in the south
polar terrain indicate the location of plumes identified by Kempf et al. (2010) (1, II, lIl, etc.).

In Figure 20 we moreover mark in dashed white lines five units from Crow-Willard and Pappalardo
(2015): LH smooth (ls), central LH (clh) southern curvilinear (cl3), northern lineated (nl) and part of the TH
curvilinear (cl1). The unit ls is visibly associated with a prominent spectral feature centered at latitude
30°N and longitude 90°W. This feature is defined by a combination of higher absorption in the green
(2.00167 pm) and blue (1.80401 pm) channels and a stronger signal in the red channel (3.09689 pm/
1.65567 um). These indications characterize a potentially younger surface with larger ice grains and in
crystalline form. Similar in appearance on the composite map, we identify new sub-units within the
geomorphological unit clh that can be observed in more detail thanks to the new SR map. The location
of these sub-units (redder hues in the composite map) is consistent with the location of wide trough
presented by (Crow-Willard & Pappalardo, 2015).

Moreover, we examine the relationship between the geomorphological unit cl3 of Crow-Willard and
Pappalardo (2015), that surrounds the south polar terrain, and the information of the SR composite map.
As we can observe in Figure 20, the western border (between longitudes 180°W and 50°W) of the geo-
morphological unit cl3 coincides almost perfectly with the fractured area encircling the south pole ex-
hibiting a strong signal in the red channel (3.09689 pm/ 1.65567 pm) indicative of crystalline water-ice.
In contrast and as we follow the border of gecomorphological unit cI3 to the east, we can identify intru-
sions that appear spectrally similar to the older inter-hemisphere cratered terrain, which overlay areas
shown in the ISS background map to be significantly less fractured than the western parts of the cl3 unit
that encloses the south pole and are highlighted with dark red hues. Finally, the units cl1 and nl marked
in Figure 20 enclose the spectrally distinct corridors separating the cratered plains to the west from the
striated planes to the east and two crated plains in the north (distinctly brighter) respectively.

6 Discussion

Inthe preceding sections we have described our novel SR methodology foricy moons by sequentially
describing the method, validating it and presenting the results of each one of its three main steps: 1)
Navigation, 2) Photometric correction and 3) SR. In this section we will discuss the improvements and
choices made compared to existing methodology and explain its limitations.

Following the well-established paradigm for the format of the VIMS navigation cubes (Le Mouélic
et al., 2019b; Penteado & Trilling, 2015), we have created our own version of the navigation cubes intro-
ducing four important improvements in the navigation code: 1) we develop the code in Python aligning
with the state-of-the-art in scientific coding and allowing for the exploitation of the abundance of online
resources and open-source packages, 2) each pixel is treated as a polygon with a predefined number of
vertices and not as a rectangle (as is the common approach) for increased accuracy in the projection, a
characteristic necessary for the accurate merging of the overlapping pixels, 3) we include a DSM for Ence-
ladus for increased accuracy in the calculation of the navigation and 4) we introduce a new more flexible
metric for calculating the spatial sampling of the pixels. Despite these improvements, the accuracy of
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the navigation remains bounded by the accuracy of the SPICE kernels employed for the calculation of the
location of the pixels on the surface of the target. Nonetheless, the inspection of the global mosaics of all
steps (uncorrected, photometrically corrected and SR) presents a good continuity of the surface features
among different observations, suggesting that any potential navigation error is smaller than the VIMS re-
solving capacity. As noted before, an accurate navigation is an integral part of the SR methodology as
it ensures that we are always mixing pixels corresponding to the same areas. As the spatial sampling of
the observation improves (as is expected to be the case for the observations of JUICE), so does the need
for increased accuracy in the navigation of the observations (e.g. more accurate kernels).

Even though we have implemented an existing methodology for the photometric correction of the
Enceladus global mosaic, we have further expanded on the pivotal work of Robidel et al. (2020) in the
following ways: 1) evaluation of the whole Enceladus data set available at the Nantes VIMS Data Portal
and not just 355 selected cubes, allowing for increased statistics, 2) filtering of the data to be used at the
pixel level, 3) holistic treatment of the saturation issue, 4) treatment of pixels as polygons with a pre-
determined number of vertices instead of rectangles, 5) addition of a DSM for Enceladus, instead of the
triaxial ellipsoid, allowing for more accurate values for the photometric angles used in the photomet-
ric model, 6) calculation of the linear coefficients for all the bands of the instrument, and 7) calculation
of radiometric error for each photometrically corrected % value. Similarly to the navigation step, an ef-

fective photometric correction of the overlapping observations is critical for the implementation of SR,
ensuring that we are combining pixels under the same observation and illumination conditions. The
limitations of this step are dictated by the photometric model which offers a statistical treatment of the
photometric behavior at the global scale. This approach works sufficiently well for a relatively homo-
geneous surface as is the case for Enceladus, but might require segmentation or complete substitution
by a radiative-transfer based model for different targets. The limitations of the photometric correction
model are manifesting in the photometrically corrected map as a few remaining visible seams between
neighboring observations.

In the third and final step we have demonstrated how the combination of all the different layers of
overlapping pixels can produce the SR global mosaic with further diminished seams and finer detail at a
smaller scale thatis not available in the photometrically corrected map and corresponds to real features.
Isolating the SR step from the limitations propagated by the previous steps, a first order constraint ap-
pears to be the number of overlapping pixels associated with each super-cell and therefore the number
of observations over the same area. A first attempt to quantify the effectiveness of SR has been made
by defining the effective sampling, which as explained in Appendix D can have certain limiting assump-
tions. At the same time, the distribution of the spatial sampling and the radiance factor of the overlap-
ping pixels can potentially have an effect on the identification of the areas of the map where SR works
better compared to others. This multi-variable dependency of the effectiveness of SR requires further
investigation, that can not only contribute to further understand the limitations of implementing our SR
methodology on existing data sets, but can also help define observation strategies for maximizing the
scientific returns of future missions such as JUICE.

7 Conclusion

In this work, we have developed and validated a complete and modular pipeline for producing SR car-
tographic products of icy moons, with a specific application to Cassini-VIMS observations of Enceladus.
Our methodology integrates three key steps: 1) accurate pixel-level navigation, 2) global photometric
correction, and 3) a novel Weighted Average Super-Resolution (WASR) approach, designed to address
the unique challenges posed by heterogeneous, hyperspectral data sets acquired during multiple fly-
bys.

By treating VIMS pixels as polygons rather than idealized rectangles and by incorporating a digi-
tal shape model of Enceladus, we significantly improve the geometric accuracy of the projected data.
The global photometric correction, based on the Kaasalainen-Shkuratov formalism, effectively miti-
gates illumination-related artifacts and produces homogeneous mosaics suitable for subsequent super-
resolution processing. The WASR method then exploits the sub-pixel spatial offsets among overlapping
observations to construct global maps with enhanced spatial detail without introducing artificial spec-
tralinformation. Finally, we validate the WASR approach through multiple complementary tests, includ-
ing spectral conservation, transect analyses, a high-resolution reference cube and high-resolution 1SS
mosaic comparison. The effective sampling gain analysis further quantifies the spatial improvement
achieved, showing that a substantial fraction of the surface benefits from significant spatial sampling,
hence resolution, enhancement.

The resulting SR maps of Enceladus reveal improved continuity across observations, reduced pho-
tometric seams, and enhanced visibility of geological features, including tectonic structures and terrain
boundaries previously obscured by resolution limitations. These hyperspectral cartographic products
are now ready to be used in combination with spectral analysis models to retrieve compositional and
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physical properties of the surface of Enceladus at finer spatial scale than anticipated with the current
Cassini VIMS dataset.

The pipeline presented here is fully transferable to other icy moons and to future hyperspectral data
sets, including those expected from the JUICE mission. More broadly, this work demonstrates that mean-
ingful SR mapping can be achieved for planetary bodies with limited and heterogeneous observational
coverage, providing a powerful tool for maximizing the scientific return of existing and future missions.
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Appendix

A Digital Shape Model (DSM)

During the incorporation of the DSM in the calculation of the navigation cubes for VIMS, we have
investigated the difference associated with modeling the target body with a DSM instead of a triaxial
ellipsoid. In Figure Al we present the topography (difference between the radius of the DSM and the
triaxial ellipsoid), while in Figures A2 and A3 we present the difference in the calculated incidence and
emission angles respectively. The phase angle does not change significantly between the DSM and the
ellipsoid as expected (only five pixels in the whole data set present an absolute difference greater than
0.001°).
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Figure A1 | Topography of the DSM model of Enceladus.
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Figure A2 | Difference in incidence angle between the DSM and ellipsoid shape models in Enceladus global color

map.
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Figure A3 | Difference in emission angle between the DSM and ellipsoid shape models in Enceladus global color
map.

31 PLANETARY RESEARCH | volume 12026



PLANETARY RESEARCH | ARTICLE | Super-resolution maps of icy moons

32

B VIMS data wavelength shift and saturation

As introduced in Section 3.1, during the course of the Cassini mission it has been discovered that the
VIMS instrument suffers from a wavelength shift, the origin of which has still not been entirely under-
stood. The VIMS wavelength shift is fully documented in Clark et al. (2018). The original VIMS calibration
pipeline used a wavelength grid and the Full Width at Half Maximum (FWHM) as measured during its
thermal vacuum testing before launch (Brown et al., 2004). This means that the VIMS response func-
tion in previous Radiometric Calibrations (notably RC17), that was measured preflight on the ground,
does not take into account the gradual shift of wavelengths, resulting in artifacts in radiometrically cali-
brated spectra thatincrease with time (Clark etal., 2018). In contrast, the last iteration of the Radiometric
Calibration (RC19) takes into account the observed wavelength shift of VIMS, making the RC19 a time-
dependent radiometric calibration. Each calibrated cube contains in its header a list (annotated with the
keyword “Center”) that contains the new shifted wavelengths associated with each spectral band saved
in the cube. These wavelengths deviate more and more as the mission progresses with the first band
drifting from a central wavelength of 0.88461 um, at the beginning of the mission, to 0.89461 uym, at the
end of the mission, and the last band from 5.12382 ym to 5.13382 pm, hence more than half of the typi-
cal spectral band FWHM in the VIMS infrared channel. In the context of implementing our SR approach,
which requires the combination of the spectral information of overlapping pixels acquired at different
times, we need to make sure that we are not mixing different wavelengths contained in the same band
as the result of the shift. The solution is for each spectrum, namely for each pixel used in our maps,
to calculate a linear interpolation and resample it on a standard, reference wavelength grid defined at
the beginning of the mission (Clark et al., 2018), as already implemented on VIMS cubes of Titan by Le
Mouélic et al. (2019a). Since the wavelength associated with the first band shifts to longer wavelengths
as the mission progresses and in order to interpolate the spectra from the whole mission over the same
wavelength range, we remove the first standard wavelength and interpolate the spectra over a range
of 0.900753 pym to 5.122500 pm with 255 bands. During the wavelength shift correction, from a total
of 201 044 pixels we identify and remove 8709 pixels that have recorded no spectrum (all 256 infrared
bands missing from the calibrated cube). From the remaining 192,335 pixels, 133 977 pixels have bands
missing, 59% of which are only missing up to 10 bands. In order to maximize the number of pixels, we
decided to include them in the data set by maintaining the parts of the original spectrum that are miss-
ing, ensuring that we do not introduce artifacts through the interpolation of the missing bands. One of
the advantages of the SR pipeline we have developed is that it can consolidate spectra with internally
missing values by averaging at each wavelength only the available information. This in turn guarantees
maximum utilization of the available data.

Another issue that was discovered upon careful examination of the VIMS Cassini data set is that of
pixel saturation. The VIMS data set of Enceladus, similarly to the other icy moons observed by Cassini
VIMS (Dalle Ore et al., 2021), contains RC19 calibrated cubes (.cub files), which can exhibit saturation in
the shorter wavelengths of the infrared channel. This is particularly relevant for a highly reflective sur-
face, as in the case of Enceladus. Contrary to previous calibration pipelines, where the saturated part of
the spectrum has been removed (RC17), the current available data set exhibits a reconstruction of the
spectrum which introduces spectral artifacts, which left untreated will inexorably lead to the introduc-
tion of artifacts into the SR cartographic products and any further spectral analysis we will implement
using them. Hence it is of outmost importance, before moving to the next steps of our methodology,
to guarantee the exclusion from the data set of the saturated parts of the spectrum. The initial strat-
egy tested relied on the horizontal exclusion of a specific range of the spectrum at shorter wavelengths,
where saturation effects seemed to be most prominent, for all pixels included in the data set. However,
this approach greatly increases the potential useful parts of the spectra that are being discarded, since
it does not consider the dependency of the saturation on the exposure time. Moreover, a relatively high
exposure time can also not be used as an indicator of saturation for a given pixel, because in the same
cube, where all pixels have the same exposure time, there can be found a variety of illumination and ob-
servation conditions, resulting in both saturated and non-saturated pixels. We should also consider that
shorter wavelengths can be critical in implementing radiative transfer models to retrieve surface com-
position and physical properties (Mermy et al., 2023) and therefore removing completely these parts
of the spectrum from our cartographic products can greatly limit their applicability for spectral anal-
ysis. As described by Mccord et al. (2004) VIMS uses 12-bit digitization, and therefore can record up to
2'2-1 = 4095 digital numbers (DN). However, taking into account the background noise (bns) that needs
to be subtracted from the total capacity of the detector, saturation occurs at *3550 DN for the VIMS-IR
channel. This approach properly quantifies the saturation limit instead of relying on a qualitative eval-
uation of each spectrum separately, but also fails to take into account the dependency of the saturation
limit on wavelength and exposure time. Instead of using a mean background noise and hence the same
saturation limit across different pixels and wavelengths, we propose to subtract from the maximum ca-
pacity of the detector the background noise values that can be found in the backplanes of each VIMS cube
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Figure B1 | Examples of saturated (left) and non-saturated pixels (right) in the data set: cube=1487294146_1, sam-
ple=26, line=15 and cube=1489049741_1, sample=1, line=24 respectively. The top row presents the calibrated spec-
tra and the bottom row their corresponding raw data. The top left figure presents the results of removing the satu-
rated part of the spectrum (continuous line represent the remaining spectrum and the dotted line the original cal-
ibrated spectrum) using three different saturation limits (constant 3550 DN, 4095-bns and 0.97-(4095-bns)) shifted
vertically for clarity. The bottom left figure presents the corresponding raw data of the saturated spectrum with the
red dotted line marking the constant saturation limit of 3550 DN, the dotted orange line the 4095-bns and the orange
envelope the 3% margin. The embedded panelin the bottom left figure presents a zoomed-in view of the saturated
raw signal and its relationship with the different saturation limits examined.

(limit=4095-bns). In this way we ensure that the implemented limit is specifically tailored to each pixel as
afunction of wavelength and therefore ensures maximum identification/utilization of the non-saturated
part of each spectrum. In Figure B1 we present the raw (bottom left) and corresponding calibrated data
(top left) for an example of a saturated spectrum from cube=1487294146_1, sample=45, line=15. The
top left figure presents the results of removing the saturated part of the spectrum, with the continuous
line representing the remaining spectrum after removal of the saturated part and the dotted line the
original calibrated spectrum, for three different saturation limits: constant 3550 DN, limit=4095-bns and
0.97-(4095-bns). The spectra are shifted vertically for clarity. For reference, we also present on the right
panels of the same figure the raw and corresponding calibrated data for a non-saturated spectrum from
cube=1489049741_1, sample=1, line=24. Taking the more conservative approach (considering the arti-
factsin the spectrum presenting as absorption bands can lead to erroneous detection of species) we add
a 3% margin on the saturation limit as defined above to ensure the exclusion of the saturated part of the
spectrum.

By implementing the above mentioned strategy to the entirety of the Enceladus data set, we can pro-
duce global cartographic products free of saturation in every wavelength, while maximizing the number
of pixels and wavelength range preserved. In Figure B2 we demonstrate the global statistics, hence the
significantinfluence, of the saturation issue by presenting the percentage (left vertical axis) and absolute
number (right vertical axis) of the saturated pixels for different exposure groups (from top to bottom: all
pixels, exposure > 0.6 sec, 0.4 sec < exposure < 0.6 sec, 0.2 sec < exposure < 0.4 sec and exposure < 0.2
sec). The identification of the saturated part of the spectrum is presented for two different saturation
limits: for the constant across wavelength limit = 3550 DN (continuous blue line) and for the proposed
dynamic limit = 0.97-(4095-bns). From Figure B2 we can deduce that for short wavelengths up to more
than 50% of the pixels in the data set can exhibit saturation, while the effect of saturation can extend up
to longer wavelengths up to 2.5 um. At the same time, the binning of the pixels for different exposure
time ranges reveals the relationship between saturation and exposure time, with both the main lobe
at short wavelengths and secondary lobes (centered at 1.8 ym and 2.25 pm) gradually diminishing the
lower the exposure time. Finally, we note thatimplementing a constant DN limit fails to capture the satu-
ration occurring around 1, 1.25 and 1.34 ym, which can only be addressed by implementing the dynamic
filter we are proposing.

PLANETARY RESEARCH | volume 1|2026



PLANETARY RESEARCH | ARTICLE | Super-resolution maps of icy moons

100 "
o all pixels —— |imit=3550 DN K0}
) i [J]
X -== limit=0.97*(4095-bns) | x
a 100000 =
R *
0
u exposure > 0.6 sec r20000 )
L S K]
= X
o o
X T #
0
100
v 0.4 sec < exposure =< 0.6 sec u
£ 5000 ¢
o a
R #*
===L0
v 0.2 sec < exposure < 0.4 sec 20000 »
X E
2. o
R #
- 0
% exposure < 0.2 sec 1100000 %
X X
o o
X y H
0 0

1.6 1.8 2.0 2.2 2.4
standard wavelength (um)
Figure B2 | Percentage (left vertical axis) and absolute number (right vertical axis) of the saturated pixels for different
exposure groups (from top to bottom: all pixels, exposure > 0.6 sec, 0.4 sec < exposure < 0.6 sec, 0.2 sec < exposure
< 0.4 sec and exposure < 0.2 sec) and different saturation limits (for the continuous blue line limit = 3550 DN and for
the dashed orange line limit = 0.97-(4095-bns)).
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C Photometric correction coefficients

As described in Section 3.2, we perform the photometric correction for each wavelength separately
and therefor calculate the coefficient of the linear fit (a,, a;) as a function of wavelength (A). In Figures C1
and C2 we present these coefficients as a function of wavelength. From Figure C1 the physical meaning
of the constant in the linear fit becomes evident as the consolidated equigonal albedo at zero phase
angle for the whole surface of Enceladus (ay), exhibit the characteristic absorption bands of a surface
dominated by water-ice. In Figure C3 we present the correlation of the coefficients of the linearfit (a,, a4)
with the color map representing the corresponding wavelength.
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Figure C1 | Photometrical correction model intercept a, of the best linear fit as a function od standard wavelength
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Figure C2 | Photometrical correction model slope a, of the best linear fit as a function of standard wavelength A.
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a, of the best linear fit. The color map represents the corresponding standard wavelength A
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D Effective sampling

Quantifying the spatial sampling for non-rectangular pixels is not a straight-forward process and
therefore we have defined a relevant metric for the effective sampling of the SR maps. The effective
sampling can be thought of as the smallest element in the SR map, that introduces a difference in the
brightness value. In the theoretical case, this corresponds to a SR map made up of polygons, each one
of which corresponds to a common overlapping area of pixels from the original data set. The super-cells
consist of an interpolation grid and cannot be used to define the spatial sampling of the resulting SR
calculation. Hence we need to calculate the effective sampling of each super-cellin our grid. In the gen-
eral case, every super-cell is associated with two types of overlapping pixels: 1) fully overlapping pixels,
that completely contain within their borders the super-cell and 2) partially overlapping pixels, that have
a common overlapping area with the super-cell without fully containing it. In Figure D1 we present an
example of the fully (top panelin red) and partially (bottom panelin orange) overlapping pixels for super-
cell with index 691,639. In green we note the super-cell while the shaded blue area corresponds to the
common overlapping area of the fully overlapping pixels.

Opting for the most conservative approach, the calculation of the effective sampling for each super-
cell of the SR map, is carried out by evaluating, from the list of overlapping pixels related to each super-
cell, the pixels that fully overlap with it. By definition, the pixel-polygons that fully contain the super-cell
will always define a common overlapping polygon (shaded blue in the example of Figure D1). We define
this common overlapping polygon as the “effective” polygon and the maximum distance between any
two of each of its edges the effective sampling (as calculated for the VIMS pixels in Section 3.1) associated
with the specific super cell. From the 1036 800 super-cells in the 1440x720 grid 37 have only partially
overlapping pixels and therefore do not define a common overlapping polygon. In these cases we set
gain = 1, meaning that SR preserves the original VIMS sampling of the specific area. Moreover, due to
the conservative approach selected in calculating the effective sampling, 20 423 super-cells (less than
2% of the total super-cells) result in gain < 1, due to the exclusion of the partially overlapping pixels
from our calculation, which would further increase the gain from the SR method. In this case we also
define gain = 1. This does not mean that these super-cells are less resolved than the most resolved VIMS
observation over that same area, rather than the calculation of their effective sampling is limited by the
definition of the metric used.
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Figure D1 | Example of fully (in red) and partially (in orange) overlapping pixels for super-cell with index 691,639
(top and bottom panel respectively). In green we note the super-cell while the shaded blue area corresponds to the

common overlapping area of the fully overlapping pixels.
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E VIMS radiometric error

Throughout the implementation of our pipeline, we are interested not only in the spectral values
themselves, but also in their accompanying error. Various methodologies have been employed in the
literature to quantify the radiometric error of the VIMS data, such as the adoption of the error as a fixed
percentage of the signal (Mermy et al., 2023) or statistical evaluation of the error as the standard devi-
ation of the ensemble of spectra contributing to specific bins (Coutelier et al., 2021; Filacchione et al.,
2010). In this work we have followed the approach by Es-Sayeh et al. (2023) to calculate the radiometric
noise (o,f) associated with the spectral values of each pixel in the Enceladus VIMS data set by adding the
various sources of noise. The radiometric error of the radiance factor of the calibrated cubes can then
be propagated to the photometrically corrected and SR radiance factor values for each pixel. From the
theory of statistics we know that the error of a function f(of) with n variables x;, is a function of the error

of each parameter g, and the partial derivatives :—f as follows (Ku, 1969):
Xi

n of ) 1/2
i=1
By implementing Equation E1 to Equation 9 and Equation 10, we get respectively:

1/2

2 2 2 2
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and
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(% w;)

where O the one sigma error of the photometrically corrected radiance factor (ry, ), 0o, and g, the
one sigma errors of the ay and a, coefficient of the linear fit respectively as performed in Section 3.2 and
0Osg the one sigma error of the radiance factor of the SR maps. When pixels have missing values in the
calculated one sigma error, they are set to zero in the one sigma error of the super-cells overlapping with
them. In Figure E1 we present a global color map of the one sigma error of the SR radiance factor (osz)
at (1.80401 pm) associated with each super-cell in our final SR cartographic product. We observe that
SR operation does not significantly increase the one sigma error, which remains at the same level of the
original radiometric noise (orf), namely less than 1% of the signal. We recognize that this approach can
potentially underestimate the radiometric noise and we are in the process of updating our method.
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Figure E1 | Global SR map of Enceladus at grid size 1440x720 cells with the color scale representing the one sigma
error of the SR radiance factor (osg) at 1.80401 pm.
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