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Abstract

The LaRa (Lander Radioscience) experiment will be
described and the scientific objectives will be
detailed.

1. Introduction

The LaRa experiment is designed to obtain coherent
two-way Doppler measurements from the radio link
between the 2020 ExoMars lander and the Earth over
at least one Martian year. The Doppler measurements
will be used to observe the orientation and rotation of
Mars in space (precession, nutations, and length-of-
day variations), as well as polar motion. The ultimate
objective is to obtain information on the Martian
interior and on the sublimation/condensation cycle of
atmospheric CO,. Rotational variations will allow us
to constrain the moment of inertia of the entire planet,
including its mantle and core, the moment of inertia
of the core, and seasonal mass transfer between the
atmosphere and the ice caps.

2. The LaRa instrument

The Surface Platform of 2020 ExoMars will house a
radio science experiment LaRa to support specific
scientific objectives during the ExoMars mission.
LaRa has been designed to transpond an X-band
signal transmitted from an Earth ground station, back
to the Earth. The relative radial velocity of the Earth
and the Martian lander is inferred from Doppler
effects measured at the Earth ground stations. The
Doppler shifts are measured from the Doppler
tracking observations called ‘“Two-way” by
comparing the frequency of the radio signal received
from LaRa with the corresponding frequency of a
ground-based reference signal.

As LaRa performs a coherent conversion of the
uplink carrier to the downlink carrier, the Masers of

the Earth’s ground stations ensure the frequency
stability of the LaRa radiosignal. The downlink
carrier frequency is related to the uplink carrier by a
multiplicative  constant, the transponder ratio
(880/749).

LaRa uses three X-band antennas to communicate
with the Earth, one for receiving the signal and two
(for redundancy) for retransmitting the signal. In
order to minimize the radio blackout during the
observation period of the Earth in the Martian sky,
LaRa’s antennas are designed to obtain an optimal
antenna gain centered on an elevation (angle of the
line-of-sight from lander to Earth) of about 30-55°.

Figure 1: The LaRa transponder and its antennas (1
receiving antenna RX, 2 transmitting antennas TX).

The strong energy/mass restrictions (Power < 39
Watt - Total Mass transponder + antennas < 2.150
kg) and the payload interface compatibility (with
thermal control system (TCS), data handling system
(DHS) and electrical power system (EPS)) introduce
significant constraints on the final design of LaRa.
The transponder design maintains the coherency of
the signal, and the global precision on the Doppler is
expected to be better than 0.1 mm/s at a 60 second
integration time (compared to the instrument
precision requirement at the level of 0.02 mm/s at a
60 second integration time).



After landing, the transponder will be operated when
an Earth ground station is available and when the
Earth is in the sky of the lander. The position of the
lander will be determined with the first passes as well
as from the landing site characteristics and from the
MOLA altimetric data [5]. LaRa will operate twice
per week at least during the whole mission lifetime
(twice per week during the minimum guaranteed
mission and during the extended mission, with a
possible relaxation to once per week during
hibernation).

3. The LaRa science

Since Mars is oblate and rotating and since the
equator is not parallel to the Mars-Sun line (Mars has
an obliquity angle of about 25°), Mars reacts as a
spinning top to the gravitational torque exerted by the
Sun. As a consequence, the rotation axis and the
planet slowly move in space around the
perpendicular to the orbital plane (see Figure 2). The
time needed to perform one cycle around the orbit
normal is about 171,000 years with a speed on the
precession cone (so-called precession rate) of about
7.6 arcsecond/year at present. A first objective of
LaRa is to very accurately determine the precession
rate. Since precession is inversely proportional to the
polar principal moment of inertia, LaRa will be able
to accurately determine the moments of inertia of
Mars, providing important constraints on the interior
structure.
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Figure 2: Representation of precession and nutation
of Mars.

Because of the elliptical orbital motion of Mars and
the orbital changes due for instance to interaction
with other Solar System bodies, the gravitational
torque on Mars changes with time. The variations in
the torque induce periodic changes in the precession
as well as variations in the obliquity, called nutations.
The resulting motion of the pole due to precession
and nutation is wiggly as illustrated in Figure 2. The
periods of the nutations are related to the periods of
the orbital motion and to the periods of the orbital

perturbations. The largest of these periodic nutations
has a period of half the orbital period. Detailed
explanations can be found in the Encyclopedia of the
Solar System chapters of Dehant and Van Hoolst [1]
and Van Hoolst and Rivoldini [6], in the book of
Dehant and Mathews [2], and in the Treatise on
Geophysics chapters on planetary rotation [3] [7].

The rotation changes are due to exchange of angular
momentum with the atmosphere and to gravitational
torques acting on Mars. The rotation rate of Mars is
approximately uniform but variations in the Length-
Of-Day (LOD) have already been observed and are
mainly due to exchanges of mass and angular
momentum between the atmosphere and surface.
These exchanges occur mostly at seasonal periods
through sublimation/condensation of the CO, polar
caps, mass redistributions in the atmosphere, and
seasonally changing winds. LaRa will improve
current estimates of the LOD variations (known at
about 15% level, Konopliv et al., 2011) and thereby
will place the best global constraints on the global
mass redistribution in the atmosphere and ice caps
and the atmospheric angular momentum.
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Abstract

CaSSIS (Colour and Stereo Surface Imaging System)
is the main imaging system for the ExoMars Trace
Gas Orbiter (TGO) mission. The instrument was
completed in October 2015 and launched in March
2016 [1]. This abstract describes the current status of
CaSSIS and provides a first assessment of its
observations from the start of the primary science
mission.

1. Introduction

The objectives of CaSSIS are to (1) characterize sites
which have been identified as potential sources of
trace gases, (2) investigate dynamic surface processes
(e.g. sublimation, erosional processes, volcanism)
which may help to constrain the atmospheric gas
inventory, and (3) certify potential future landing
sites by characterizing local (down to ~10 m) slopes.

The technical aims foreseen were to (1) acquire
imaging observations at a scale of <5 m/px, (2)
produce images in 4 broad-band colours optimized
for Mars photometry, (3) acquire a swath width >8
km, and (4) obtain quasi-simultaneous stereo pairs
over the full swath width for high res. digital terrain
models. These, combined with programmatic
constraints, drove the design. The concept was
discussed at EPSC in 2014 [1]. A full instrument
description has been provided [2]. Details on the on-
ground calibration of the instrument are provided in
[3]. Spectral-image simulations to assess the colour
and spatial capabilities of the instrument are shown
in [4]. The full payload is described in [5].

CaSSIS was first switched-on on 7 April 2016 just
over 3 weeks after launch and the first images of
Mars in the Mars Capture Orbit (MCO) were
acquired on 22 November 2016. CaSSIS was
switched off during the aerobraking phase but re-
booted on 20 March 2018. A flight software update
was completed and transition to nominal imaging
was made in April 2018. This paper will report on the
latest imaging and show examples.

2. Observations

CaSSIS can acquire up to 3 compressed images per
orbit. The number of images is controlled by the total
data volume allocation and the time needed to
compress. The time of passage of the spacecraft over
the nightside is usually used to compress. The
lossless compression gives a typical compression of
1.75:1. In the early phase of the mission, the data
volume is such that high compression ratios (CR) are
not normally needed and CR values of 3 are usual
producing very high quality data. At times of very
high data volume, raw uncompressed data can be
obtained which may also be useful for calibration
purposes.

In a typical one-week cycle at high data rate, CaSSIS
will acquire around 100 targets. In our current
observing plans, roughly half are acquired in stereo.
The instrument has experienced some glitches such
that imaging has not been continuous in the first
weeks but the situation has been improving as more
experience has been gained with commanding and
control. At the time of writing, roughly 75% of the
images are being acquired as planned. A further



flight software update is expected to resolve several
of the outstanding issues.

Figure 1: Image of the rim of Korolev crater
produced by combining the RED, PAN, and BLU
channels of the CaSSIS image.

The image of the rim of Korolev crater (Figure 1)
shows an example from the first medium term plan
(MTPO01). The image is a colour-composite using
the RED, PAN, and BLU channels and was produced
using ISIS3 and SPICE kernels that have now been
optimized to account for instrument distortion and
the telescope rotation mechanism. It is expected that
production of these types of products will shortly
become routine. Further improvement in the flat-field
and bias subtraction are also to be expected.

Image acquisitions so far have been of a wide variety
of target, although southern polar targets have been
taken more frequently because of the current Ls (start
of southern spring). Targets thus far have included
layering in Terby crater (Figure 2), exposed layers in
Hebes Chasma, dune fields in Herschel crater, and
exposed bedrock in the southern highlands. Under
clear conditions, the images acquired at 4.5 m/px are
sharp and provide good contrast in PAN, RED and
NIR. As expected the data in the BLU channel have
the lowest signal to noise (SNR) but nonetheless
provide good data. Binning of the BLU to 2x2 may
become a standard mode for future observations to
ensure good SNR.

The stereo pairs acquired so far have been reasonably
well aligned despite the image timing not being
finalized at this stage. Results from these first stereo
acquisitions will be reported elsewhere.

3. Summary and Conclusions

The CaSSIS images under reasonable illumination
conditions are of high quality. Both the colour and
stereo  capabilities of CaSSIS have been

demonstrated in the initial phase. We expect CaSSIS
to play an important role in investigations of surface
properties over the coming years.

Figure 2: RED channel image of a part of Terby
crater.
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Abstract

CaSSIS (Colour and Stereo Surface Imaging System)
is the main imaging system for the ExoMars Trace
Gas Orbiter (TGO) mission. A scientifically
compelling instrument was completed in October
2015 and launched in March 2016 [1]. This abstract
describes the targeting, operations, and data
reduction pipelines used to produce calibrated
observations of selected targets.

1. Introduction

The scientific objectives of CaSSIS are to (1)
characterize sites which have been identified as
potential sources of trace gases, (2) investigate
dynamic surface processes (e.g. sublimation,
erosional processes, volcanism) which may help to
constrain the atmospheric gas inventory, and (3)
certify potential future landing sites by characterizing
local (down to ~10 m) slopes.

The technical aims foreseen were to (1) acquire
imaging observations at a scale of <5 m/px, (2)
produce images in 4 broad-band colours optimized
for Mars photometry, (3) acquire a swath width >8
km, and (4) obtain quasi-simultaneous stereo pairs
over the full swath width for high res. digital terrain
models. These technical aims combined with
programmatic constraints drove the design.

The spacecraft has been in its primary science orbit
since March 2016 and recently entered the primary
science phase. CaSSIS uses planning tools based on
the highly successful planning approach of HiRISE
[2]. The elements specific to CaSSIS are covered by
a set of IDL programs designed to generate the
commands needed by the Science Operations Centre
(SOC) in Madrid and the Mission Operations Centre
(MOC) in Darmstadt. The data returned is then
passed to an IDL pipeline for telemetry conversion
and reduction. The output is in a pseudo PDS4

format (XML plus binary data files) that can be read
into the ISIS software environment to produce
mosaics and colour products. We describe here
briefly the key elements of the operations.

2. Uplink Tools

The first step is time-independent target suggestions
using the CaSSIS targeting tool (CaST), which is
derived from HiIWISH (https://
www.uahirise.org/hiwish/). The detailed targeting
tools are based around a GUI called PLAN-C - a
derivative of the HiRISE tool, HiPLAN, in turn built
on JMARS (https://jmars.asu.edu/). PLAN-C is seen
as a layer within the JMARS environment and hence
the user targeting CaSSIS has full access to the
different layers available in JMARS for viewing
maps and specific properties of the Martian surface.
The user imports a state file that describes the orbit
of TGO. The state file refers to planning SPICE
kernels prepared in advance by the SOC. The user
can then place targets along the orbit for CaSSIS to
acquire. This is supported by a target database from
CaST. The database can be imported as a separate
layer into the JMARS environment and interacts with
PLAN-C to support accurate targeting of interesting
areas. PLAN-C also allows the setting of CaSSIS
instrument parameters through a sub-element called
the COGG. In this element, the filters may be chosen,
the number of exposures in the sequence can be set,
and the data compression selected. The result is a
CaSSIS Target File (CTF) that has one line per image
(a stereo pair produces two lines in the CTF).

Once the CTF has been produced, the file can be
passed to an IDL code called C_CTF2ITL. This
produces the instrument timeline file (ITL) that the
SOC needs to generate the spacecraft command files
for all instruments on TGO. C_CTF2ITL performs
detailed error checking and ensures that data volume
limits at bottlenecks within the instrument are not
exceeded. The user can also program in instrument



reboots and other activities from the command line.
The code automatically sets the timings of the
commands within the timeline, opens and closes files
in the spacecraft payload data handling unit (PDHU),
and tracks the final data volume which is an input to
the SOC.

3. Operations Monitoring and the
Ground Reference Model

During execution and when the spacecraft is in
ground contact, CaSSIS can be monitored through
housekeeping telemetry (HK) transmitted on the
1553 bus. The HK is read semi-automatically from
Darmstadt and is passed to an Influx database to
which a Grafana interface has been written.

IMGMAN_STATUS_PE

Figure 1: Part of the Grafana HK monitoring
interface showing a system reboot (at 21:00) and
image acquisitions increasing the current on the

digital processor’s 3.3 V line (in cyan).

The time available to build CaSSIS was extremely
short and test time was reduced to a minimum to
maintain the spacecraft schedule. The instrument has
occasionally gone into safe mode during operations
for reasons that might have been at first unclear. The
Ground Reference Model (GRM) has been used to
debug the system in these cases supported by the
telemetry monitor.

4. Calibration Pipeline

Once the acquired data has been transferred from the
MOC, it is passed to a calibration pipeline. This
pipeline extracts the science telemetry packets and
converts the data into a pseudo-PDS V4 format
(binary data files with XML header information)

which is then passed to the radiometric calibration
element of the pipeline. The conversion is performed
on a framelet basis and is directly into reflectance
(I/F). Preliminary studies (J. Fernando, pers. comm.)
suggest good agreement with other instruments based
on analysis of Phobos observations. The XML
headers are also filled with geometry information.
This information is based on SPICE kernels from the
SOC. The orientation of the telescope is also required.
C_CTF2ITL generates the input for a C-kernel
(produced using the SPICE toolkit) and this kernel
can then be added to the SPICE kernel library to
determine the pointing of CaSSIS. This allows the
production of simple browse images (no instrument
geometric distortion correction) of reasonable quality
at a very early stage for validation purposes.

5. Geometry Processing — ISIS3 and
DTM production

After completion of the radiometric calibration, the
data can be assembled into mosaics. The SPICE | and
F kernels have recently been improved. ISIS3
(https://isis.astrogeology.usgs.gov/) — importers  for
CaSSIS data files have been written and tested.
Export will be into a PDS4 compatible format. Tests
with ISIS3 suggest that routine production of
mosaiked  products  should be  reasonably
straightforward in this environment. Final product
definition is being agreed at the time of writing.

The generation of digital terrain models (DTM) will
be performed by individual institutes on a best effort
basis. However, significant progress has been made
(see elsewhere in this conference).
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Abstract

MINERVA is a 3D GIS currently under development
by JR, VRVis and EOX for a collaborative, holistic
planetary science data infrastructure to allow
members of different instrument teams to cooperate
synergistically in virtual workspaces by sharing
observation information, analysing and annotating
the data. MINERVA is implementing a novel
framework of interoperable and collaborative
components based on an interactive 3D Viewer with
GIS functionality, a database that maintains the
knowledge about spatiotemporal data products, and a
visual analytics platform that will help find new
interconnections between the data coming from
different instruments to discover new modes of
scientific exploitation. MINERVA will be usable for
the ExoMars Rover Mission (to be launched in 2020),
which provides a heterogeneous set of scientific data
captured by different instruments from the surface of
the Red Planet. We will present the MINERVA
concept, discuss various use cases and give selected
details on representative ExoMars workflows and
available & envisaged technical solutions.

1. MINERVA Scope

The ExoMars 2020 mission will provide a
heterogeneous set of data from different instruments
captured on the surface of Mars [1]. Imagery for
science target selection, navigation, or close-up
detailed visual analysis for geology, complemented
by multi-spectral imagery from orbiters will be
supplemented with georeferenced sensor data such as
from the WISDOM ground penetrating radar
instrument, looking into the Mars subsurface. The
Analytic Laboratory Drawer inside the Rover body
punctually observes samples acquired by a drill. A
comprehensive and efficient analysis of this wealth
of heterogeneous science data demands a
sophisticated workflow that takes account for the
heterogeneity of data and allows an overview of
interconnections between different data entities.

Based on the instrument data and PDS4 archiving
interfaces being established in the respective ROCC-
to-Instrument ICDs", concepts are required for the
support of a holistic analysis of all the versatile
scientific data from the entire rover mission. The
MINERVA goal is to provide for the first time an
integrative, holistic and analytic support for planetary
scientists. This will not merely make the analysis
more efficient but the tight integration of
heterogeneous analysis methods in real time will
allow insights, which would be hard or impossible to
obtain using isolated methods. A major challenge is
imposed by the huge & heterogeneous data volume.
New interactive visualization methods based on, e.g.,
semantic annotations, meta-information and data
modalities will be investigated. Beside the science
claim in the mission itself, MINERVA will focus on
the holistic workflow and on specific ExoMars
requirements and the exploitation of the scheme for
future missions and terrestrial applications.

2. MINERVA Components

The MINERVA prototype (Figure 1) will consist of

three tightly integrated components:

1) A data base for scientific data products that also
maintains analysis results [2]

2) A 3D Visualization Engine (PRo3D) [3] to
navigate  through 3D Mars  surface
reconstructions for extensive
geological/morphologic interpretation [5] using a
variety of interactive measurement tools. PRo3D
offers important GIS functionalities such as
orthographic view, superimposed rover tracks
and data locations.

3) A non-spatial visualization component [4] for in-
depth investigation of data, to discover relations,
properties and coherencies otherwise hidden.

L ROCC...Rover Operations Control Centre;
ICD...Interface Control Document
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Figure 1: The Instrument Teams (I1...13) use generic
(PDS4) importer tools to ingest mission data into the
3D Observation Data Base. It is available to PRo3D
with integrated GIS functionality, and the Non-
spatial Data Analysis Platform. Users can share
locations & observations and launch visual analysis
of different instrument data at the same time.

3. MINERVA Use Cases

MINERVA will offer the users the opportunity to
visualize, analyze, and annotate the mission data in a
spatiotemporal context and in the context of other
meta-information from the scientific measurements:
e  Support scientists in geo-referencing of scientific
products (e.g. spectra) for the characterization of
regions and the identification of their boundaries.

e To enable holistic overviews and correlations of
product cues from multiple heterogeneous
instruments. The scientists will be able to enrich
the database by the output of interactive or semi-
automatic tools for scientific assessment.

e Measure / annotate on 3D surfaces on PRo3D.
Measurements/annotations are available in a data
base and can be accessed by other users in
PRo3D.

e Multi user handling to give different users
different rights for loading and manipulating
“session profiles” to support teams of scientists
to exchange data e.g. on the same outcrops.

% The list is only a subset from many more. Further
instrument collaboration use cases are being
discussed with ExoMars instrument teams in
workshops and direct communication.

e Search for spatial and temporal correlations in
laboratory instruments data (spectrometers etc.).

e Get spatial overview of products’ locations
having certain characteristics (e.g., a spectrum
with a certain shape) and/or particular meta-
information, e.g. rover orientations, focal length.

e Gain an overview of distribution of products by
time / rover orientation / etc.

e Simultaneous inspection of ensembles of spectra
/ images. This may include a characterization of
the overall dispersion, a pairwise comparison of
particular products, and the clustering of
products by their characteristics (e.g., the shape
of their spectrum)

o Bidirectional relation of product locations to
corresponding product characteristics, e.g.,
identify spectral bands with high values / strong
variation / etc. within a region; identify
potentially non-contiguous regions where objects
have certain characteristics; inspect interpolated
spectra between samples.
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Abstract

The Colour and Stereo Surface Imaging System
(CaSslIs, [1]) is the scientific camera onboard the
ExoMars Trace Gas Orbiter spacecraft. This
instrument has three main aims: 1) to characterize
possible surface/subsurface sources for methane and
other trace gases, 2) to investigate dynamic surface
processes that may contribute to atmospheric gases,
and 3) to certify and characterize safety and hazards
such as rocks and slopes, associated with candidate
landing sites for ExoMars 2020 and other future
surface missions [1]. To accomplish such goals,
CaSSIS couples stereo topography and color
observations with a spatial resolution of 4.6 m. The
instrument has a suite of four filters (band 1 centered
at 0.499 pum, band 2 at 0.675 pum, band 3 at 0.836 pm
and band 4 at 0.937 um) that provides the means to
discern the variations in the oxidation state of iron-
bearing minerals and phases (Fe?*, Fe3*) [2].

Since its arrival at Mars on October 2016, the
ExoMars spacecraft underwent an 18 months-long
aerobraking phase that ended in April 2018. During
this period, a CaSSIS-simulated imagery dataset was
prepared and published [2] to fully assess both the
colour capabilities and potential for spectral
measurements of the instrument once the nominal
mission begins (first weeks of May 2018). This
dataset is characterized by two types of simulated
products: the first is a partial simulated colour
product (181 cubes) that provides the spectral bands
of CaSSIS by convolving the VNIR spectral
information obtained by the CRISM instrument [3]
with the CaSSIS instrument response functions.
These products maintain the spatial scale of the
CRISM input cubes, i.e. 18-36 m/pixel (hence the
“partial” designation). The second type are fully
simulated products (33 cubes), produced by merging

the partial simulated colour cubes with a 32-bit
radiometrically calibrated I/F panchromatic image
from CTX [4] that is oversampled from 5-6 m/pixel
to the nominal pixel-resolution of CaSSIS (4.6 m).
As such, the fully simulated CaSSIS cube provides
both the simulated colours and the spatial scales of an
unbinned CaSSIS cube.

For this specific work, we decided to exploit some of
the fully simulated colour products that cover the
three final proposed landing sites for the NASA Mars
2020 rover (Jezero crater, N-E Syrtis and Columbia
Hills) and the two finalists for the ExoMars 2020
rover (Oxia Planum and Mawrth Vallis). We focus
on these targets to support the characterisation of
landing sites (goal no. 3 in [1]). Moreover, these
areas will be repeatedly observed by CaSSIS soon
(targeting mode anticipated for late summer 2018) to
see if any color and/or morphological changes may
occur before the rover landings; hence, we provide
high spatial scale analyses of simulations to expedite
analysis of the actual CaSSIS data and provide pre-
landing context.

We used the unsupervised K-means partitioning
algorithm developed by [5] to investigate the spectral
variability across the areas selected. This technique
has been extensively validated using different
spectral data sets on different areas of Mars [5-7],
Mercury [8], lapetus [9,10], Phobos [11] and Charon
[12]. The statistical partitioning identifies different
clusters on the study areas, based on the different
exposed mineralogical signatures (see for example
the Jezero crater case, Fig. 1). Each resulting cluster
is characterized by its average and associated
standard deviation. In addition, the geographical
information of each spectrum is maintained in the
process, hence the resulting clusters can be located
on the studied surface and correlations with



geographical features can be investigated.
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Fig. 1: A) Context Image ot the Jezero delta. This Is one ot
the full simulated products called
cassis_sim_c_05c5e_x_002387_1987_corr_if nn_4band_co
mposite. B) The location on the Jezero delta where we
applied the spectral clustering. C) The 10 clusters identified
on the surface. D) The spectra of all clusters identified in C.

To highlight the different absorption strengths
observable from the ferrous (Fe?*) or ferric (Fe®*)
iron spectra, we normalized all spectra at 0.675 um
(band 2). In this way, it is possible to highlight the
inverse relationship between the behaviours of bands
3,4 and band 1, i.e. in general, a deeper absorption at
band 4 equates to a shallower absorption at band 1,
and it appears to be sensitive to the presence of
ferrous (or mafic) compositions, while the opposite is
true for ferric altered compositions. This spectral
trend is what we observe in our example on the
Jezero delta (Fig. 1). A careful analysis shows that
variations in the band 1 and 3,4 absorptions are not
only related to the exposure of ferric and ferrous
materials but also due to the physical mixing of these
Fe-bearing components. Surface dust, which bears
ferric Fe, also contributes to a band 1 absorption.

Mixing can be readily identified in our analyses as
concentric gradients between spectral clusters.
Deeper band 1 and shallower band 4 absorptions
correlate with the inverted fan deposits (clusters 0 to
4); while clusters 5 to 8 are mainly related to basaltic
mobilized material in the form of aeolian bedforms
preferentially trapped in low-lying topographic areas.
Cluster 9 is associated with the shadowed regions.

The simulated CaSSIS cubes provide spectral
clusters at an unprecedented scale and coverage (e.g.,
aeolian bedforms are well resolved, so these products
could be used for engineering constraints such as
rover traverse ability). Similar spectral trends are
observed on all five landing sites. Therefore, this
analysis shows that when the spectral clustering
technique is applied on the first CaSSIS color cubes,
it will be an important tool to help distinguish
different mineralogical deposits on Mars.
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Abstract

The scientific objectives of the ExoMars rover are
designed to answer several key questions in the
search for life on Mars. In particular, the unique
subsurface drill will address some of these questions
for the first time, such as the possible existence and
stability of sub-surface organics. PanCam will
establish the surface geological and morphological
context for the mission, working in collaboration
with other context instruments. Here, we describe the
PanCam scientific objectives in geology, atmospheric
science and 3D vision. We discuss the design of
PanCam, which includes a stereo pair of Wide Angle
Cameras (WACSs), each of which has an 11 position
filter wheel, and a High Resolution Camera (HRC)
for high resolution investigations of rock texture at a
distance. The cameras and electronics are housed in
an optical bench that provides the mechanical
interface to the rover mast and a planetary protection
barrier. The electronic interface is via the PanCam
Interface Unit (P1U), and power conditioning is via a
DC-DC converter. PanCam also includes a
calibration target mounted on the rover deck for
radiometric  calibration, fiducial markers for
geometric calibration and a rover inspection mirror.
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Abstract

The NOMAD (“Nadir and Occultation for MArs
Discovery”) spectrometer suite on board the
ExoMars Trace Gas Orbiter (TGO) has been
designed to investigate the composition of Mars'
atmosphere, with a particular focus on trace gases,
clouds and dust. The detection sensitivity for trace
gases is considerably improved compared to previous
Mars missions, compliant with the science objectives
of the TGO mission. This will allow for a major leap
in our knowledge and understanding of the Martian
atmospheric composition and the related physical and
chemical processes. The instrument is a combination
of three spectrometers, covering a spectral range
from the UV to the mid-IR, and can perform solar
occultation, nadir and limb observations. In this
paper, we will report on the status of the instrument,
and present the first results obtained during the
commissioning phase and then the Science phase
which started in April 2018.

1. Introduction

NOMAD will conduct a spectroscopic survey of
Mars’ atmosphere in ultraviolet (UV), visible and
infrared (IR) wavelengths covering large parts of the
0.2-4.3 um spectral range [1,2]. NOMAD is
composed of 3 spectrometers: a solar occultation
only spectrometer (SO — Solar Occultation) operating
in the infrared (2.3-4.3 pm), a second infrared
spectrometer (2.3-3.8 um) capable of doing nadir, but
also solar occultation and limb observations (LNO —
Limb Nadir and solar Occultation) [3], and an
ultraviolet/visible spectrometer (UVIS — UV visible,
200-650 nm) that can work in the three observation
modes [4].

NOMAD will provide vertical profiling information
for atmospheric constituents at unprecedented spatial
and temporal resolution. Indeed, in solar occultation,
the vertical resolution is less than 1 km for SO and
UVIS, with a sampling rate of 1 s (one measurement
every 1 km), and occultations will range from the
surface to 200 km altitude (height-dependent
sensitivities for species will be presented in this
paper). NOMAD will also provide mapping of
several constituents in  nadir mode with an
instantaneous footprint of 0.5 x 17 km? (LNO
spectrometer) and 5 km? (UVIS spectrometer)
respectively, with a repetition rate of 30 Martian days.
The TGO orbit will allow NOMAD to sample a wide
range of local times, hence strongly improving
existing climatologies for water vapour and carbon
monoxide, and developing new climatologies for e.g.
HDO and methane. By providing the best-to-date
measurements of H,O and, co-located and
simultaneously, HDO, hence D/H, NOMAD will
contribute significantly to improve our knowledge of
the Martian water cycle and the hydrogen escape
process, and as such to the long-term fate of the
Martian atmosphere. A highly sensitive monitoring
of the well mixed, moderately long-lived gas CO will
allow NOMAD to provide better insights in
important mixing processes related to trace gases that
are enriched upon condensation of the main
atmospheric constituent, CO,. NOMAD will also
allow for a highly sensitive diurnal monitoring of
CH, throughout 1 Martian year, allowing for the first
time to assess and understand the presence or
absence of this unstable organic trace gas, and in the
case of confirmed presence, to provide constraints to
its origin and fate.



2. Status of the instrument

The Mars commissioning phase started in early
March 2018 just after the end of the aerobraking
operations which placed the spacecraft in its final
circular orbit around Mars. A series of observations
were planned to assess the state of the instrument,
including calibration observations and observations
dedicated to test the thermal dissipation within the
instrument. Observations were performed to verify
the pointing accuracy. We will present some results
of this analysis showing that the instrument is
performing as expected.

3. Preliminary results

Science phase started in April 2018. Since then
NOMAD performed solar occultation and nadir
observations using different options to test the
instrument under various conditions. Several
atmospheric species have been targeted, delivering
profiles from solar occultation from 200km down to
the surface and integrated abundances from nadir
measurements. Observations optimized for the
detection of dust and clouds have also been
performed. The nominal strategy for solar
occultations consist in measuring 5 different spectral
intervals within 1 s, to derive densities for CO,, CO,
H,O/HDO, CH,, and dust. Nadir observations were
carried out using different numbers of spectral
intervals recorded sequentially to investigate the
signal to noise ratio. These measurements also
focused on the same species as mentioned above. We
will give an overview of the results so far obtained.
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Abstract

The ExoMars Trace Gas Orbiter (TGO), a mission by
ESA and Roscosmos, was launched in March 2016.
After a long aerobraking phase, it reached its final,
near-circular 400 km orbit in February, 2018 then
started its operational scientific phase in March,
2018. On board TGO, the ACS-TIRVIM instrument
has the capability to map the thermal structure of the
Martian atmosphere and its aerosol load at a great
variety of local times. In this abstract, we describe
our retrieval algorithm used to analyse TIRVIM data.
We discuss synthetic retrievals performed for a great
variety of scenes to fine-tune and evaluate the
performance of our algorithm, then briefly present
results obtained from the first orbits of TGO. In a
second step (see EPSC abstract by [3]), the
climatology dataset obtained from TIRVIM will be
assimilated into the LMD Mars General Circulation
Model to improve our understanding of the Martian
atmospheric system.

1. The ACS-TIRVIM instrument

The Atmospheric Chemistry Suite (ACS) is a set of
three spectrometers including a thermal-infrared
channel, TIRVIM [2]. It is primary dedicated to
monitoring the thermal structure and aerosol content
in the Martian atmosphere by acquiring spectra in
nadir geometry. ACS-TIRVIM is a Fourier-transform
spectrometer covering the range 600-6000 cm™ (1.7-
17pm) with a spectral resolution of 1.2 cm™. We
focus here on the range 600-1300 cm™, which covers
absorption by CO, (centered at 667 cm™), water ice
clouds (centered at 820 cm™) and dust (centered at
1100 cm™). TIRVIM is similar to the Thermal
Emission Spectrometer (TES) on board Mars Global
Surveyor or the Planetary Fourier Spectrometer
(PFS) on board Mars Express, also operating in nadir
geometry. The advantage of the TIRVIM data set
over previous instruments comes from the TGO orbit,

which was designed to sample a complete daily cycle
every two months. Hence, TIRVIM has the capacity
to uniquely study both the diurnal and seasonal
variability of the thermal structure, dust and ice cloud
opacity, while previous instruments mainly sample(d)
the atmosphere at ~midday and ~midnight.

2. Retrieval algorithm

We have developed a line-by-line radiative transfer
model coupled to a bayesian retrieval algorithm to
retrieve vertical profiles of the temperature from ~5
to ~45 km, surface temperature, and integrated
optical depth of dust and water ice clouds. Following
the method of [1], a priori temperature profiles are
built from the TIRVIM spectra themselves. As nadir-
viewing spectra cannot constrain the dust vertical
profile, we assume that it is well mixed and retrieve a
scaling factor to an a priori profile. Surface
emissivity is taken from previously-derived TES
emissivity maps. This algorithm will be described in
more detail in a future publication.

3. Synthetic retrievals

In order to evaluate the performance of our algorithm
and identify challenging cases, we performed
synthetic retrievals for a great diversity of scenes. To
start with, we extracted the surface and atmospheric
state of the Martian atmosphere from the Mars
Climate Database (MCD) for various locations
(sampling different elevations), seasons, local times
and aerosol scenarios. For each of these scenes, we
computed a synthetic TIRVIM spectrum and added
realistic noise. We then run our retrieval algorithm,
starting from the aforementioned a priori profiles that
are independent of the MCD.

Overall, the retrieved temperature profiles are close
to the “true” profiles used to compute synthetic
spectra, with a typical error of 2-3 K. The main



challenges lie in the retrieval of the temperature in
the first scale height above the surface and close to
the uppermost level probed by the core of the CO,
band at 667 cm™ (near the 1-Pa level). In these
altitude ranges, the contribution functions are quite
broad, leading to significant degeneracy of the
inverse problem. As a consequence, we are able to
retrieve the mean temperature in these altitude
ranges, but not the slope of the temperature profile.

Regarding dust and water ice clouds, our algorithm
performs well in retrieving their integrated opacity
during daytime (~9am - ~5pm), even if the assumed
vertical distribution of aerosols is very different from
the “true” profiles used to generate synthetic spectra.
However, there are special cases for which the
TIRVIM nadir spectra are insensitive to changes in
the aerosol load, which implies that we cannot
retrieve aerosol opacity. This occurs when the
temperature contrast between the surface and the
atmospheric layer with strong aerosol opacity is low
(typically in the morning and evening). Examples of
synthetic spectra at different local times and aerosol
content are shown in Figure 1 to illustrate this issue.
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Figure 1: Examples of synthetic TIRVIM spectra computed
at different local times, as labeled, with or without aerosol.
We highlight two special cases, for a given season and
location: an example of a spectrum insensitive to cloud
opacity (here at midnight) and an example of spectrum not

sensitive to dust opacity (here at 20h).

4. Application to ACS-TIRVIM

We have applied our algorithm to the TIRVIM data
acquired during the two Mars Capture Orbits in
November, 2016 and March, 2017. To validate the

retrieved temperature profiles, we searched for co-
located measurements by the Mars Climate Sounder
(MCS) on board Mars Reconnaissance Orbiter. This
instrument operates in limb viewing geometry such
that it measures the temperature with a much greater
vertical resolution. It is however on a sun-
synchronous orbit and acquires spectra only near 3am
and 3pm. For these first TGO orbits, 6 ACS-TIRVIM
data were colocated with MCS data, and the retrieved
temperature profiles agreed well (typically within
~5K) except in one case (systematic difference of
10K). This work will be continued soon with the
TIRVIM data acquired during the operational orbits,
still being calibrated at IKI.

5. Summary and Conclusions

We have developed a retrieval algorithm to analyse
ACS-TIRVIM spectra acquired in nadir-viewing
geometry. It is used to measure surface and
atmospheric temperature (~5-45 km) as well as the
integrated opacity of dust and water ice clouds. We
have performed synthetic retrievals to evaluate its
performance, identify challenging scenes and have
applied it to TIRVIM data acquired during the Mars
Capture Orbits. We validated the results using co-
located MCS data. At the time of the EPSC meeting
in September, we expect to have analyzed TIRVIM
data acquired during the first few months of its
operational phase and will discuss the results
especially in term of the diurnal cycle of the
temperature, aerosols, and comparisons with
predictions from the LMD Mars GCM. Future efforts
will focus on error characterization, a crucial aspect
for upcoming data assimilation.
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Abstract

Mars atmospheric models have become increasingly
important for the support of space missions to Mars
and for the interpretation of the obtained observations.
The NOMAD (“Nadir and Occultation for MArs
Discovery”) spectrometer suite on board the
ExoMars Trace Gas Orbiter (TGO) has been
designed to inwestigate the composition of Mars'
atmosphere, with a particular focus on trace gases,
clouds and dust, and started its science operations in
April 2018. Within the NOMAD science team, a
wealth of state-of-the-art models and related
expertise has been incorporated to support and
validate NOMAD in terms of (1) observation
planning, (2) providing a priori for retrievals, (3)
interpretation of observations and derivation of new
science results, and (4) data assimilation. This
abstract provides an owverview of the modeling
capability on the NOMAD science team and
addresses how models can contribute to fulfill the
main science objectives of the mission.

1. Introduction

The NOMAD team includes 3 of the most advanced
Mars General Circulation Models (GCMs) to date: (1)
the GEM-Mars model [1, 2], (2) the UK wersion of
the LMD model [3, 4], and (3) the LMD model [3, 5].
Besides the parameterizations for atmospheric
dynamics and physics, necessary to represent the
atmospheric circulation and thermodynamic state, the
applied GCMs uniquely contain modules for
atmospheric  chemistry, which is crucial to

understand and
NOMAD.

interpret the observations by

2. Planning of observations

The complexity of TGO’s operations, the
observational  constraints, and the specific
capabilities of the various instruments and channels,
impose a dedicated planning of observations for
optimal science return. Atmospheric models can help
in this planning by indicating which times, seasons
and geolocations are of special interest, e.g. where
current knowledge of atmospheric processes is
known to be poor and requires specific observations.
This may relate to the water cycle, photochemical
cycles, dust storms etc. In the case of detection of
special events, e.g. for methane, atmospheric models
can provide new forecasts to support the mid-term
observation planning.

3. A priori information for retrieval

At BIRA-IASB the GEM-Mars model has been
applied to prepare atmospheric profiles to be used as
a priori information in the retrieval algorithms. This
work is presented in detail in an accompanying
abstract at this conference by Erwin et al.

4. Interpretation of observations
and new science results

TGO was designed to provide a refined search for
atmospheric trace gases. Besides advancing the



detection limit for many species and creating
inventories of them, the other main science
objectives of TGO are (1) to understand the
atmospheric processes that involve the detected trace
gases, and (2) search for sources and sinks of the
detected trace gases. This is where model support is
vital, as it directly relates theoretical processes
(reactions, sources, sinks, ...) to a 3D+time
atmospheric state, that can be compared to the
(sparse) set of observations. The differences between
model and data provide direct insight in the
plausibility of the imposed processes, and provide
suggestions in how to modify them if necessary. In
the case of detection of methane releases, the models
can provide information on the source location by
either doing an ensemble of forward simulations
[Viscardy et al., this conference] or by calculating
back trajectories [6].

5. Data assimilation

Data assimilation is a technique that allows to
combinre the dense 3D+time (theoretical) information
from models with the sparse set of actual
observations, in order to provide the most complete
set of information of the atmospheric state and
composition. The UK team has considerable
expertise on data assimilation for Mars [7] and will
extend this work with data assimilation of
atmospheric state and chemical composition from the
NOMAD observations. Data assimilation is also
envisaged using the GEM-Mars model.
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Abstract

We present recent results from measurements of the
charged particle fluxes, dose rates, linear energy
transfer spectra and estimation of dose equivalent
rates in the interplanetary space, in high elliptic
Mars’s orbit and first data in TGO science orbit,
provided by Liulin-MO dosimeter of FREND
instrument aboard TGO.

The obtained data show that during the cruise to
Mars and back (6 months in each direction), taken
during the declining of solar activity, the
crewmembers of future manned flights to Mars will
accumulate at least 60% of the total dose limit of 1
Sv for the cosmonauts/ astronauts career in case their
shielding conditions are close to the average
shielding of Liulin-MO detectors - about 10 g cm™.

The comparison of flux and dose rate measurements
curried out by Liulin-MO dosimeter during the cruise
of TGO to Mars with calculation based on galactic
cosmic rays (GCR) models show surplus of measured
flux and dose rate on calculated.

The dosimetric measurements in high elliptic Mars’
orbit were used to estimate the flux shadow by Mars
effect. Results of 23 TGO pericenter crossing were
investigated. The “shadow effect” amounted to 30%,
but as a rule was less than calculated one.

The results are important for future manned mission
to Mars radiation risk estimations.

1. Introduction

The estimation of the radiation effects for a long-
duration manned space mission requires: i)
Knowledge and modeling of the particle radiation
environment; ii) Calculation of primary and

secondary particle transport through shielding
materials; and iii) Assessment of the biological effect
of the dose.

The FREND’s dosimetry module Liulin-MO
provided information about the radiation
environment during the cruise stage and now - on
Mars’ orbit.

The main goal of the Liulin-MO dosimetric
experiment is investigation of the radiation
conditions in the heliosphere at distances from 1 to
1.5 AU from the Sun. The main scientific objectives
of the Liulin-MO investigation are: a) To measure
the dose and determine the dose equivalent rates for
human explorers during the interplanetary cruise and
in Mars orbit; b) Measurement of the fluxes of GCR,
solar energetic particles and secondary charged
particles during the cruise and in Mars orbit; c)
Together with other detectors of the FREND
instrument to provide data for verification and
benchmarking of the radiation environment models
and assessment of the radiation risk to the
crewmembers of future exploratory flights.

2. Methodology and  measured

parameters of Liulin-MO

Liulin-MO contains two dosimetric telescopes -
A&B, and C&D arranged at two perpendicular
directions [1]. Each pair of the dosimetric telescopes
consists of two 300 pm thick, 20x10 mm area
rectangular Si PIN photodiodes. The parameters,
provided by Liulin-MO simultaneously for two
perpendicular directions have the following ranges:
absorbed dose rate from 107 Gy h™ to 0.1 Gy h™;
particle flux in the range 0 - 10* cm™ s™; energy
deposition  spectrum and coincidence energy
deposition spectrum in the range 0.08 - 190 MeV.



3. Liulin-MO data during the TGO
cruise, in high elliptic Mars’orbit
and first data in Mars’ science orbit

The average flux from GCR during the transit to
Mars for the period April 22 - September 15, 2016 is
3.12 cm? stand 3.29 cm? s in two perpendicular
directions. For November 01, 2016 - January 17,
2 -1
2017 in MCOL1 it is 3.26 and 3.42 cm s in two
perpendicular directions. In the pericenter the
2 -1
average decrease of the particle flux is 0.77 cm s .
The flux for February 24, 2017 - March 07, 2017 in
MCO?2 is slightly higher.

The dosimetric measurements in high elliptic Mars’
orbit demonstrate strong dependence of the GCR
fluxes near the TGO pericenter on satellite’s field of
view shadowed by Mars.

The average flux from GCR for April 16- May 13

2018 in Mars science orbit is 2.96 and 3.06 cm s 'n
two perpendicular directions.

The measured flux and dose rate during the TGO
transit to Mars were compared with calculations
based on galactic cosmic ray models. The results
show surplus of measured on calculated values.

Table 1 summarizes the dose rate in silicon, the
quality factors and dose equivalent rates obtained
during the different phases of TGO flight.

Table 1. Dose rate in Si D (Si), quality factors Q and
dose equivalent rates H during different TGO phases

410 £ 431+
February 24 - 41/ 033/
March 07, 2017/ ' 2.3£ 0.55
MCO2 425 + 417+

42.5 0.3
April 16 — May giii 1.53+0.3/
13, 2018/ Mars 354+ 35 3.5+0.26 | 1.61+0.32
Science Orbit -

D (Si)

- H (AB)/
Time frame/TGO E')A(BS)/) QABY || EDC%
phase (DC) Q (DC) sy -1

UGy d*
: 372+ | 408+
April 22 - 37/ 0.3/ 1.97+ 0.4/
September 15, N . :
2016/ Cruise 390+ 402+ | 204+04
39 03
4056+ | 423+
016 m?:;u%lry 17, | 4 0.33/ | 223+05/
2017/ MCO1 332 * g-éZ + [226+05

4. Summary and Conclusions

The increase of the charged particles dose rate and
flux measured from April 22, 2016 to March 07,
2017 corresponds to the increase of GCR intensity
during the declining phase of the solar activity.

The obtained data show that during the cruise to
Mars and back (6 months in each direction), taken
during the declining of solar activity, the
crewmembers of future manned flights to Mars will
accumulate at least 60% of the total dose limit of 1
Sv for the cosmonauts/ astronauts career in case their
shielding conditions are close to the average
shielding of Liulin-MO detectors - about 10 g cm™.

Very first Liulin-MO data in Mars’ Science Orbit
show that close to the Solar activity minimum the

dose equivalent rate is about 1.2+1.6 mSv d-1.

A similar module, called Liulin-ML for investigation
of the radiation environment on Mars’ surface as a
part of the active detector of neutrons and gamma
rays ADRON-EM on the Surface Platform is under
preparation for ExoMars 2020 mission.
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Abstract

The CaSSIS (Colour and Stereo Surface Imaging
System) [1] of the ExoMars Trace Gas Orbiter (TGO)
has already acquired numerous images of Mars that
show seasonal and diurnal ices and frosts at the
surface as well as clouds and fog in the atmosphere.
Simulations of the CaSSIS signal in all four colour
filters from laboratory measurements with analogues
and data from other missions will be helpful to
interpret these new observations.

1. Introduction

The original 74°-inclination non-Sun-synchronous
orbit of the TGO spacecraft coupled with the abilities
of CaSSIS to image the surface:

- in up to four colour band

- with sufficient signal-to-noise to provide good
quality images in low-light conditions

- with the possibility of quasi-simultaneous stereo
acquisitions

provide new opportunities to study the seasonal and
diurnal cycles of volatiles (H,O and CO;) at the
surface of Mars. In particular, the regions around 70°
latitude in both hemispheres are strongly affected by
seasonal changes and can be studied in great details,
with short revisit times and possibilities of
observations at variable local time during all seasons.

In order to interpret the colour images in terms of ice
properties relevant for our understanding of volatiles
cycles, we have followed two types of approaches in
preparation for scientific exploitation of CaSSIS data:

- Simulation of the CaSSIS spectral signal from
laboratory experiments conducted with well-
characterized analogues of Martian icy surfaces. This
approach is detailed in a companion abstract [2].

- Simulation of CaSSIS spectral-images from data
acquired by the HiRISE, CRISM and CTX imagers
of MRO. The simulated data provide a thorough
assessment of how the colour capabilities of CaSSIS
address the relevant science and will be key for
cross-calibration, comparison and change-detection
with the actual CaSSIS images [3].

2. Observations

Since the beginning of the primary science phase in
April 2018, CaSSIS has already acquired a large
number of images, regularly increasing, showing the
presence of H,O and CO; ice and frosts at the surface
and occasionally clouds and fogs in the atmosphere.

The first observations performed under low-light
conditions have confirmed the ability of CaSSIS to
provide high-quality images even under challenging
illumination conditions. As expected, data from the
BLU filter generally show a lower signal-to-noise
than the other filters because of the low reflectance of
the Martian surface at short visible wavelengths but
excel at revealing the presence of even small
amounts of ice at the surface or in the atmosphere
because of their high reflectance. We are currently
focusing our efforts on updating the laboratory
calibration of data from the BLU and NIR filters [4]
using in-flight data.

Colour composite images assembled from data
acquired in the BLU filter combined with PAN and
either RED or NIR filter can provide a wealth of
information on the occurrence and properties of ices
and the processes involved in their deposition and
evolution. For instance, the RED-PAN-BLU image
of the Northern rim of crater Korolev (73° North)
shown by [5] and publically released on the 26" of
April 2018 (http://exploration.esa.int/mars/60235-




exomars-images-korolev-crater/) was acquired at
early local solar time (07:14 AM) with an incidence
angle of 77°.

1 km N

o /

Figure 1: CaSSIS colour (RED-PAN-BLU) image of
the Southern rim of crater Ross (252°E, 57°S). The
image is 6 km wide, at a resolution of 4.5m/px. The
north-facing slopes appear already defrosted at
Ls=170°, with the exception of the channels of
numerous gullies, whereas the floor of the crater and
the southern facing slopes are still covered by bright
seasonal CO, ice. CaSSIS image: CAS-M01-2018-
05-05T19.25.42.020-RED-PAN-BLU.

This colour image shows icy terrains with a rich
variety of albedo, colours and textures. Because the
image was acquired shortly before the fall equinox in
the northern hemisphere, it is likely that the ice seen
at the surface consists of both perennial water ice
deposits that have survived the entire summer and
freshly deposited water frost. On-going comparisons
with laboratory data [2] should help with the

interpretation of observed colours and albedo in
terms of ice properties.

In the other hemisphere, the external edges of the
southern seasonal cap start sublimating as we
approach spring equinox. Figure 1 shows an example
of the sublimation of the seasonal ice on the North-
facing slopes of the southern rim of crater Ross. TES
temperature measurements at this location and season
in previous Martian years [6] are compatible with the
partial defrosting seen by CaSSIS. Of particular
interest is also the observation of CO, ice inside the
channels of gullies, as it has recently been
hypothesized that the CO, cycle is associated to the
gullies formation process [7].

3. Summary and future work

Many of the first images acquired by CaSSIS at the
beginning of TGO’s primary science missions show
ices, frosts and clouds. In addition, the quality of the
images, considering those acquired under challenging
low-light conditions, prove the ability of the
instrument to make a significant contribution to the
understanding of volatiles cycles on Mars.

Simulations of CaSSIS spectral signal from both
laboratory analogues and instruments on other
missions are key for the interpretation of CaSSIS
colour observations. Results obtained during the first
moths of the primary science phase will guide future
laboratory experiments.
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1. Introduction

Returning samples from Mars is a mutual science
goal for NASA and ESA administrations. The
discussion of what samples to target and bring back
is well underway [1]. ‘Samples of Opportunity”
(SOO) are serendipitously discovered targets that
contain scientific-value, that otherwise would not be
searched for due to their aleatory distribution.
Meteorites found on Mars, in particular ordinary
chondrites (OCs), are one such SOO. Over 24 iron
and stony-iron meteorites have been identified on the
Martian surface by the Mars Exploration Rovers
(MERs) [2-5] and the Mars Science Laboratory
(MSL) rover Curiosity [6-9] (Figure 1). These
Martian finds are different from the SNC meteorites
that are fragments of Martian crust found on Earth,
and often referred to as Martian meteorites. If
available to laboratory study, the Martian finds can
significantly enhance understanding of geologic,
geochemical, atmospheric, and potentially biological
processes on the Red Planet because meteorite
baseline compositions are known with much higher
precision from curated terrestrial falls than that of
Martian rocks. Therefore any deviations in meteorite
geochemical, mineralogical, and isotopic
composition, while resident on Mars, would be the
sole result of alteration by the Martian environment.
Therefore, an OC might act like a ‘Rosetta stone’,
helping to decipher Martian surface history. The
ability to record environmental weathering and
potential biosignatures against a known baseline
should make stony-meteorites primary SOO in the
upcoming Mars2020 stage of the sample return
endeavour.

2. Insights Gained from Meteorites

2.1 Atmospheric Evolution

Meteorite accumulation rates and the average size of
meteorite fragments is to first order a function of the
density of the atmosphere [10, 11]. For example, the
martian iron-meteorite Block Island has been used to
argue that the atmosphere was at least an order of
magnitude denser when it fell [12], although, others
argue this could be a recent fall under current
conditions with a shallow entry angle [13].

Figure 1: (Sol 1713) “Santorini ” is a stony-iron
meteorite discovered at Meridiani Planum by MER
Opportunity.

2.2 Weathering Environment

Metallic phases in meteorites make them extremely
sensitive tracers to the presence of water [14]. None
of the iron meteorites discovered on Mars so far
show widespread signs of rust. They do, however,
display patches of coating that is associated with iron
oxidation [2,5,15]. This coating may have formed
during periods of burial or ice exposure during high
obliquity cycling [5]. Iron oxidation rates of stony-
meteorites discovered by MER Opportunity are
determined to be 1-4 orders of magnitude slower than



the Antarctic weathering rate of similar materials
[16]. Meteorites on Earth are found to contain Fe-
(oxy)hydroxides, sulfates, carbonates, salts, and
smectites. These alterations reflect both different
stages of weathering [17], and environmental
conditions [18]. By investigating the mineralogy of
these alteration products of weathered meteorites on
Mars, it would be possible to reconstruct paleo-
environments. Such alteration could also provide a
regional alteration baseline, providing value for other
returned samples.

2.3 Putative Biosignatures

The search for life on Mars requires unambiguous
biosignatures. The compositions of Ordinary
Chondrites (OC) are well known, making the
detection of modifications by putative organisms
easier to recognise [18]. In fact, ordinary chondrites
make attractive habitats for terrestrial
microorganisms in arid environments because they
become hygroscopic and contain abundant metal,
sulfur and even organics as energy sources [18].
Meteorites recovered from the Nullarbor Plain,
Australia, were found to contain various
cryptoendolithic and chasmoendolithic communities
of bacteria and archaea [18]. 16S rRNA gene analysis
of meteorites from the Nullarbor Plain showed
microbial colonisation by a  variety of
microorganisms including some iron- and sulfur-
metabolising genera such as Geobacter sp and
Desulfovibrio sp [19], potentially leaving &°*S
signatures in the secondary weathering products [18].
Many microbial communities exacerbate weathering
and form biofilms on mineral surfaces, where they
can also become entombed by secondary minerals
and preserved [19].

3. Open Questions and Conclusions

Ordinary chondrites would be the most suitable
targets to be considered among the list of exogenic
samples of opportunity for MSR. They are the most
common meteorite type found on Earth, and the same
is expected for Mars [10]. So far, however, the
observed Martian finds are dominated by iron and
stony-iron meteorites [2-4] (Figure 1), with only one
candidate OC. Is this an observational sampling bias,
or is there another environmental reason [8]? Indeed,
how can OCs be identified by imagery and other
remote sensing observations [e.g., 14]?

When considering a weathered ordinary chondrite for
sample return, is there sufficient scientific value
independent of exposure age? Given the potential
upper limit of Noachian resident ages [12,16], can
OCs not only survive but also preserve geochemical
and isotopic signatures for billions of years?

These are some of the questions that need to be
addressed to assess the viability of OCs as samples of
opportunity for MSR. A focused study of an ordinary
chondrite candidate by either Opportunity or
Curiosity, if encountered, would assist greatly with
the assessment. Additional studies of samples from
warm and cold deserts could enhance our
understanding in advance of such encounters on Mars.
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Abstract

The main objective of the ExoMars Trace Gas
Orbiter (TGO) is the search for traces of atmospheric
gases that could be the signature of biological
activity on Mars. Among different onboard
instruments, the spacecraft includes an imaging and
photogrammetric camera called Colour and Stereo
Surface Imaging System (CaSSIS, [1]) that is a
narrow angle telescope dedicated to i) imaging with
four filters (centered at 0.499 um, 0.675 um, 0.836
pm and 0.937 um) and a spatial scale < 5Sm and ii) to
3D reconstruct specific targets of interest through
stereo capabilities. INAF-OAPD institute (The
Astronomical Observatory of Padova), as part of the
CaSSIS team, leads the Digital Terrain Models
(DTMs) generation in association with other team
members. In addition, INAF-OAPD is responsible
for DTMs archiving [2]. Here, a preliminary DTM is
shown, as example.

1. Introduction

The stereo satellite photogrammetry is generally
based on push-broom acquisition systems. Different
push-broom instruments have provided DTMs from
Mars planetary images even without an actual stereo
configuration, like NASA’s CTX [3] and HiRISE [4]
cameras.

Nowadays, the push frame approach is replacing the
push broom in missions oriented to photogrammetry.
The use of 2D images, buffered while the spacecraft
moves, increase the geometry information avoiding
registration problems. This is the case of CaSSIS: a
common telescope configuration (oriented 10° with
respect to the nadir pointing) taking advantage of a
rotational unit to perform imaging in different
directions.

To obtain a stereo couple, CaSSIS firstly acquires a
set of “framelets” while looking forward along the
orbit. Consequently the telescope rotates 180°

degrees and, looking backward along the orbit, it
acquires a second set of “framelets” covering the
same area imaged by the first set. This approach
guarantees a sufficient baseline to reach a vertical
precision equal to the pixel on-ground.

Since its arrival around Mars in October 2016,
CaSSIS already demonstrated its stereo performance
despite a non-nominal orbit. Indeed, the first CaSSIS
DTM of a Deep Seated Gravitational Slope
Deformation (DSGSD) was reconstructed [5] and
analysed [6]. At the end of April 2018, TGO started
its commissioning phase and it is now ready for its
nominal science mission phase.

2.3DPD

INAF-OAPD developed a stereo pipeline for the 3D
reconstruction of planetary surfaces, rooting its
know-how from the design of the stereo camera STC
[7] on board the BepiColombo mission. Despite STC
and CaSSIS instruments are different in terms of
optical design and stereo strategy, they both share the
push-frame approach. Therefore, these contexts
brought to the development of a ad-hoc DTM
generation software, called 3DPD (three-
Dimensional reconstruction of Planetary Data),
which can be used for both the instruments.




Figure 1: Screenshot of the 3DPD user interface showing
the two CaSSIS frames’ FoVs projected on the Mars
surface that are used for the DTM generation.

The software includes a user interface for CaSSIS
acquisition visualisation, as shown in Figure 1.

The full pipeline of the software [8] includes i) the
geometrical distortion calibration [9], ii) the
mosaicking of the images on the MOLA quote, iii)
the definition of SURF tie-points and iv) a sequential
use of both pyramidal NCC(Normalize Cross
Correlation) and ALSM(Adaptive Least Square
Matching) algorithms for the definition of disparity
maps. The final steps leading to the resulting DTM
production include v) the outliers detection and
filling holes based on dephormable models [10] and
vi) the triangulation phase. Tests will be also
conducted to improve the level of details in the
DEMs by photoclinometry [10].

3. CaSSIS first Stereo Images

During the first commissioning orbits (STP003
phase) CaSSIS acquired more than 800 panchromatic
framelets, returning a total of 30 frames. Among
them, eight frames are stereo couples.

350 [km] 343

Figure 2: Preliminary height map reconstruction
(texturized) of the structure (left hand side) and one of the
two stereo images obtained after mosaicking process

(right-hand side). The quotes are referred to mean MOLA
radius.

On May, 7, 2018, at 14:09:08 UT, the CaSSIS
camera acquired the frames no. 26-27 covering a
section of the Kasei Vallis canyon (the southernmost
channel of the Kasei Valles) located at 26° N, -54.3°.
Fig. 1 shows the FoV positions of the two CaSSIS
frames, while the colorbar represents the MOLA
elevation in metres. The stereo couple covers part of
the outflow channels’ outlet towards the Chryse
Planitia, south-east of one of the largest teardrop
shaped islands located in the area. Such location lies
right at the boundary between the Noachian highland
unit (Nhu) and the Amazonian and Hesperian impact
unit (AHi) of the Mars global geology of [10]. The
preliminary DTM result is presented in Fig. 2 and
covers an incised dome/structure that is 4.4 km long,
1.9 km wide and 60 meters taller than the local plane.
The CaSSIS DTMs will be integrated with multi-
band orthorectified images provided by the color
filters adding valuable compositional information to
the reconstructed topography.
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Abstract

ExoMars is a two-launch mission undertaken by
Roscosmos and European Space Agency. Trace Gas
Orbiter, a satellite part of the 2016 launch carries the
Fine Resolution Epithermal Neutron Detector
instrument as part of its payload. The instrument
aims at mapping hydrogen content in the upper meter
of Martian soil with high spatial resolution of up to
60 km diameter spot. The instrument’s neutron
collimator, the first of its kind to map Martian
neutrons flux, explains this capability.

Since launch in March 2016, FREND operated in
three major mission phases: cruise to Mars, between
April and September 2016, Mars Capture Orbit,
between November 2016 and March 2017, and
Science Orbit, from April 2018 up until now.

We will present our measurements’ results from all
three phases mentioned above. Cruise data provides
for measurements of galactic cosmic rays in Earth-
Mars transfer, an important input for future Martian
missions planning. Data from the elliptical Mars
Capture Orbit are an important step in instrument
calibration needed for interpretation of routine
measurements. Science orbit measurements are the
first glance on Martian neutrons, and hence,
hydrogen content at a high resolution.
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Abstract

ACS is a set of three spectrometers (NIR, MIR, and
TIRVIM observing the Mars atmosphere in solar
occultations, nadir and limb geometry. It was built by
Space Research Institute (IKI) in Moscow (Russia)
[1]. ACS TIRVIM is a Fourier-spectrometer built
around a 2-inch double-pendulum interferometer
with  cryogenically-cooled = HgCdTe  detector,
allowing operation in nadir and in solar occultation.
The primary goal of TIRVIM is the long-term
monitoring of atmospheric temperature profiles and
aerosol state in nadir (see Ignatiev et al. EPSC 2018).

TIRVIM is the first Fourier-spectrometer able to
observe Sun occultations at Mars giving an access to
a broad spectral range from near-IR through thermal
IR: 1.7-17 pm. A dedicated solar port with limited
aperture, or the full 2” nadir aperture could be used to
observe occultations. In either case the FOV diameter
is 2.5°, while the spectral resolution changes from
0.8 cm™ when observing through the solar port (the
“climatology” observation mode) to 0.13 cm™ when
observing with full nadir aperture. This latter
“sensitive” mode requires dedicated spacecraft
pointing, but allows for sensitive measurements of
trace atmospheric gases.
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Figure 1: A sketch of TIRVIM observation geometry
in occultation.

At the limb the FOV encompasses a circle of 75 km
while the Sun disk diameter is 10.5 km. In the short-
wavelength (SW) part of the spectrum the Sun
radiation dominates and the Sun diameter mostly
determines the effective FOV. In the long-
wavelength (LW) part the infrared emission from
Mars and the atmosphere is significant or dominates
and the full FOV works. The vertical sampling in the
“climatology” mode is as low as 0.4 km.

The first Sun occultations showed that the following
gaseous bands are well visible in the TIRVIM spectra:
multiple CO, bands, CO at 4.7 pm, H,O at 6.3 pum.
All these gases are routinely observed in
“climatology” mode allowing for vertical profiling.
The CO, in the 15-pm band is detectable up to the
altitude of ~200 km, with a signature of non-LTE
effects.

The “climatology” spectra reveal vertical structure of
aerosols, sometimes layered. The spectra show H,O
ice features at around 3 pm and 12 pum. An
interesting optical phenomenon is observed around
the 12-pm ice and 9-pum silicate dust bands. When
the Sun approaches the horizon, a sort of emission
with a particularly strong and sharp peak around 9-
10 um appears. The intensity increases by an order of
magnitude in 10s and remains at this level even
when the Sun falls ~16 km below the horizon. Our
preliminary interpretation is that the large TIRVIM
FOV acquires the Sun IR light forward-scattered by
the silicate dust particles. Just the same but time-
reversed picture is visible at the sunrise. We call this
effect "Silicate Dawn-Dusk" (SDD). SDD is
observed in both hemispheres, at different places. A
detailed interpretation of SDD effect would involve
comprehensive modeling (Luginin et al., EPSC 2018)
but should deliver a lot of information about aerosols.

TIRVIM occultations observed with the “sensitive”
pointing allow to profile trace components. So far



CO, isotopic bands including 628 were observed.
Less pronounced but detectable is O; at 9.6 um; for
NH; an existing upper limit of 8 ppb [2] could be
improved.

The TIRVIM occultation results available will be
reviewed, and the progress of their interpretation
summarized.
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Abstract

Puzzling short-term albedo changes have been seen
on colluvial fans associated with Recurring Slope
Lineae (RSL), especially within Valles Marineris,
often associated with episodes of high dust opacity [1,
2]. Two leading hypotheses are (1) deliquescence
associated with the lower daytime temperatures
under dusty air, and (2) removal and redeposition of
thin layers of surface dust. If (1) is correct, we
should see dark areas in morning imaging by
TGO/CaSSIS that disappear in the afternoon when
observed by MRO’s HiRISE and CTX. If (2) is
correct, colour variations consistent with dust
removal and deposition should be observed.

1. Introduction

CaSSIS (Colour and Stereo Surface Imaging System)
on the ExoMars Trace Gas Orbiter (TGO) began
systematic observing of Mars in May of 2018 [3,4],
and provides the unique ability to observe equatorial
Mars at all local times of day within each season.
However, to distinguish seasonal albedo changes
from shorter-term changes, we also need to rely on
the High Resolution Imaging Science Experiment
(HIRISE) [5] and the Context Imager (CTX) [6] on
Mars Reconnaissance Orbiter (MRO), which observe
the dayside at mid-afternoon local times.

2. Puzzling RSL

RSL are transient low-albedo features that initiate at
bedrock outcrops and extend down steep slopes [1].
Individual slopes may have hundreds of lineae, with
widths up to 5 m and lengths up to 1.5 km, so the
largest lineae will be detectable by CaSSIS at ~4.5
m/pixel. RSL are active during the warmest seasons
and are associated with the transient presence of
hydrated salts [7], which suggests some role for salty
water. But if the RSL were caused by fluid flow, they

should not be precisely confined to angle-of-repose
or steeper slopes (>28 deg.) [8], so these seem to be
dry granular flows whose activity is somehow
associated with small amounts of water.

One key unknown about RSL is the time of day when
they are most active; MRO can only observe in the
middle afternoon, the driest time of day. The 74°
inclined orbit of TGO rotates through ~24 hours local
time 1-2 times per Mars season, affording unique
opportunities to image Mars in the morning when
deliquescent liquids are most stable on the surface [9].
If the RSL or their fans are transiently dark due to
deliquescence, then this process probably isn’t
restricted to steep slopes, rather it triggers granular
flows (RSL) only on steep slopes. A goal of CaSSIS
is to detect anomalous and transient dark patches in
the morning. Although CaSSIS can re-image these
locations in the mid-afternoon several Earth months
before or after the morning images, seasonal changes
complicate identification of diurnal changes.
Fortunately, MRO can often image these sites within
a couple of weeks of the morning image.

3. Puzzling Albedo Changes

One mystery is the transient relative darkening of
large (>100 m) fans upon which RSL terminate, such
as in Valles Marineris [1,2]. Although the
monitoring is far from uniform in space and time,
there seems to be an association with periods of dusty
air in Valles Marineris. Regional dust storms (area >
1.6x10° km?, and persisting for = 3 sols) occur 18 to
50 times per Mars year, with the more opaque dust
storms occurring between Ly = 134°-49° [10]. About
half of these regional storms follow the Acidalia
storm track from north to south and tend to spread
into eastern and central Valles Marineris. Some of
the widespread RSL fans and nearby dune fields
become relatively darker (compared to surroundings)
during or shortly after these dusty periods, returning



to their previous appearance within weeks when the
air is back to normal. How can we explain this
observation? We explore two hypotheses:

(1) Daytime surface temperatures are lower and
nighttime temperatures are higher, each by ~10°C,
when the air is very dusty [11]. Given the
anticorrelation between temperature and relative
humidity, this means that conditions needed for
deliquescence may exist for extended periods of the
day when the air is dusty, and the conditions needed
for efflorescence should be reduced mid-day [9].
However, we are ignorant about actual relative
humidity levels at these times and places except via
modeling, and about local salt compositions and
concentrations.

(2) Increased winds associated with the Acidalia
storms could lead to increased saltation of sand,
which kicks up and removes dust from sandy
surfaces. This includes active sand ripples frequently
observed on RSL fans [2]. As the winds die down,
the dust is redeposited, increasing the albedo most
markedly over the darkest surfaces. This seems like a
straightforward explanation, but in detail some fans
and dunes darken while others do not, and in some
cases the darkening appears to be due to a greater
density of RSL.

4. Joint CaSSIS-HIRISE Planning
and Data Analysis

TGO plans observations at least 8 weeks prior to
execution, and controls the orbit to match the plan.
In contrast, MRO lets the orbits drift to minimize fuel
use, but has a later planning cycle. This works well
for joint observations, because the CaSSIS imaging
plans will be known well in advance, so HiRISE and
CTX can target the same locations within ~2 weeks,
given MRQ’s ability to point up to 30 degrees off-
nadir.

These morning-afternoon image pairs will not be
easy to compare because the lighting angles will be
completely different over sloping terrain. Digital
terrain models (from CaSSIS, CTX or HIiRISE) will
be used to model and remove topographic shading
from the images. The detection of morning dark
patches and their patterns in space and time will test
the deliquescence hypothesis for the origin of water
affecting RSL. If there is sufficient deliquescence on
the surface to detect darkening, that should be

happening over many places, not just over steep
slopes.  Analysis of surface colour variations is
complicated by dusty air which makes dark dust-free
surfaces resemble dusty surfaces [12].

5. Summary and Conclusions

We are entering both the peak season for regional
dust storms and the highest data rate period this
summer (on Earth), so there should be many useful
MRO-TGO image comparisons to present and
discuss at the conference.
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Abstract

1. Introduction

The Trace Gas Orbiter (TGO) of the ESA-
Roscosmos ExoMars mission has ended its trip to
Mars, reaching the planet in October 2016. After
more than a year-long aerobraking phase, its
scientific mission has begun on April 22" 2018 with
the execution of the first solar occultation. The
primary objective of TGO is to detect, map and
locate trace gas sources, possibly revealing a residual
geophysical (or even biological) activity on Mars.
The instrument of interest here is the infrared
spectrometer Atmospheric Chemistry Suite (ACS).
ACS covers a wavelength range from 0.7 to 17 pum at
very high spectral resolution (A / AL from 5,000 to
50,000). ACS operates in nadir and in solar
occultation. Its performance and scientific objectives
make it complementary to NOMAD, the other
spectrometer dedicated to trace gas characterization.

The objectives of ACS [1] lie at the core of TGO
mission goals (TGO will eventually serve as a
telemetry relay for the ExoMars 2020 rover).
However, the versatility of ACS makes it possible to
contribute, beyond the sole topic of trace gases, to the
more general knowledge of the Martian atmosphere,
by characterizing in particular the Martian water
cycle and that of its isotope HDO.

2. The water and heavy water
cycles

Several members of our team have long been
involved in the study of Martian HDO, having
described their theoretical approach with several
original works [2,3,4].

The D / H ratio, determined via the isotope ratio of
the water vapor, is more than five times higher than
the reference ratio of the terrestrial oceans. This
relative enrichment of D appears as the result of a
differentiated escape suggesting that a quantity of
water at least five times higher was once present on
Mars (the Earth managed how to preserve all of its
water). What we know today about Martian D / H has
been developed essentially from observations made
from Earth. The latter have substantially increased in
number thanks to several groups [5,6,7,8].

L, 50° :

GCM Simulated D/Hm

MOWS ‘UM H/a

Figure: Map of the D/H ratio on Mars at Ls 50° as
predicted by the GCM presented in [4].

During condensation, a fractionation process takes
place between H,O and HDO, the latter tends to
concentrate in the ice phase, distilling an air depleted
in deuterium. In fact, an isotopic gradient must
theoretically settle between the cold regions subject
to condensation and the warmer regions (see Figure).
The comparison of predictions of the 3D model
published in [4] and ground observations agree well
on the existence of a meridional gradient of D/H
between the hot and humid summer hemisphere and
the cold, dry winter hemisphere.



However, the observations also revealed a D/H
contrast in longitude that contradicts model
predictions [9]. No viable hypothesis can yet explain
the presence of such a gradient. A fractionation
action by adsorption / desorption of water in the
regolith is theoretically possible, but such a
phenomenon requires an exchange flux with the
atmosphere that is too high. Many puzzles remain,
and the field of HDO needs to be explored by
observation.

3. Heavy water vapor: a major goal for
ACS

The ACS measurements will produce the first
vertical profiles obtained simultaneously for HDO
and H,0 in an altitude range limited in its lower part
by the thick layer of aerosols (around 10 km typically)
and in its upper part (above 80 km) by the gradual
decrease in the concentration of these two species
and that of the air mass factor. Nevertheless, these
profiles will make it possible to identify the altitudes
where it a sudden collapse of the two species is
expected as a consequence of their condensation
(hygropause), the associated formation of clouds
(observed by ACS instrument too) and consequently
the resulting fractionation. In fact, ACS shall be able
to characterize in detail the space-time variability of
H,0 and HDO.
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Abstract

The Atmospheric Chemistry Suite (ACS) is a set of
three spectrometers (-NIR, -MIR, and -TIRVIM)
intended to observe Mars atmosphere onboard the
ESA-Roscosmos ExoMars 2016 Trace Gas Orbiter
(TGO) mission. [1]. The near infrared channel (NIR)
is a compact spectrometer operating in the range of
0.7-1.7 pm with a resolving power of A/AA ~ 25,000.
It is designed to operate in nadir and in solar
occultation modes. The spectrometer employs an
acousto-optic tunable filter (AOTF) to select
diffraction orders in an echelle spectrometer. During
one measurement cycle it is possible to register up to
ten different diffraction orders, each corresponding to
an instantaneous spectral range of 10-20 nm.

The main task of NIR channel in nadir will be
measurements of the water vapor in 1.38 pm and the
0, (alAg) emission as a tracer of ozone at 1.27 um.
The solar occultation is mostly aimed to study
vertical distribution of water vapor and CO, density.
Figure 1 illustrates the NIR sequence during a solar
occultation, which includes measuring of 10
diffraction orders. Three orders are dedicated to
different CO, bands, allowing one to profile the
atmospheric density over a wide range of altitudes,
three orders for H,O, one mixed order, two orders
without significant gaseous absorption for measuring
aerosols, and one order aimed for the O, at 0.76 um
band.

A vertical profiling of the O, density is a unique
feature of the ACS NIR science in occultation. No
other instrument on a Mars orbiting platform being
sensitive to O, from 10 to 60 km altitude range.

ORDER 49 A=1574.7nm ORDER 50 A=1543.2nm ORDER 54 1=1428.9nm ORDER 55 A=1403.0nm ORDER 56 A=1377.9nm
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Figure 1: Standard measurement sequence of NIR in
solar occultation includes 10 diffraction orders in the
range of 0.76-1.58 um

Here we present the calibration status, performances
and first results of the O, density retrievals and H,O
vertical profiles from the ACS/NIR solar occultations.

The status, constraints on the signal-to-noise ratio of
NIR nadir measurements will be as well presented
along with preliminary retrievals of H,O column
abundance and the O, airglow intensity.
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1 Introduction

The Atmospheric Chemistry Suite (ACS) is Russian
contribution to ESA-Roscosmos ExoMars 2016 Trace
Gas Orbiter (TGO) mission [1], [2]. It arrived to Mars
in October 2016. ACS is a package of three high sen-
sitive infrared spectrometers with high resolve power
(>10,000) and cover from 0.7 to 17um — the visible
to thermal infrared range [1].

In this work we present first results for high resolu-
tion solar spectra observed by ACS NIR [3] instrument
in near infrared range.

2. Observations

The ACS NIR is a near infrared spectrometer, exten-
sion of SPICAM-IR instrument family [4], the main
concept of which relies on the combination of an
acousto-optic tunable filter (AOTF) and an echelle
diffraction grating [1]. This combination gives re-
solving power Ai)\ ~ 25,000 in spectral range of
0.73 — 1.65m that corresponds to the echelle diffrac-
tion orders from 48 through 105. This is the first in-
strument that can measure with such high resolution
in near-IR range outside the atmosphere. Here we
present results that were obtained in June 2016 dur-
ing Mid Cruise Checkout TGO Payload (MCC) obser-
vations of Sun. The NIR solar spectrum shows some
undiscovered lines and differences from the known so-
lar spectra in the range of 1.3 — 1.5um where the
strong water absorption in the Earth atmosphere pre-
vents from getting pure solar spectrum. The compar-
ison with the Continuum Absorption at Visible and
Infrared Wavelengths and its Atmospheric Relevance
(CAVIAR) [5] solar spectrum and theoretical solar
spectrum will be presented here.
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Abstr act onset of GCR depression, including solar wind speed
increases at stream edges, magnetic sector boasdari

The FREND dosimeter Liulin-MO on board mMagnetic field enhancements, and stream interfaces.

ExoMars TGO [6] in 2016 — 2017 measured GCR Richardson [5] studied the effects of CIRs on GCR

fluxes during TGO transit to Mars and on Mars high fluxes using data from several space probes. He

ecliptic orbit. During the interplanetary transif o concluded that interfaces between fast and sloar sol

TGO a good agreement between the fluxes providedwind streams and the leading edges of CIRs are

by Liulin-MO and those measured by SIS instrument reésponsible for the depression onset.

aboard ACE is observed. On high elliptic Mars orbit

(31.10.2016 — 07.03.2017) Liulin-MO data match 2, Data and results

SIS data “delayed” by 5 days in average. During

these periods no CME hit the Earth but multiple HSS Liulin-MO GCR fluxes in two perpendicular

were observed. We investigate the relation of GCR directions and the proton flux > 30 MeV by SIS

short-term variations to the observed solar wind instrument on ACE satellite [7] (located at L1

parameters as measured aboard ACE to find how théibration point at about 1 500 000 km from Earth)

flux depletions are related to the particular HSS. obtained from 22.04.2016 to 07.03.2017 are
compared in Fg. 1. Note that Liulin-MO is not atde
1. Introduction measure protons with energies below 30 MeV due to

the shielding of its detectors. During the

The 27 day variations in GCR intensities have beenintérplanetary transit of TGO a good agreement
observed for many decades since the first between the fluxes provided by the two instruments
announcement by Forbush [1]. On a short-term scalelS 0bserved. In high elliptic Mars orbit (31.10.80%
the GCR flux is modulated by interaction with non- 97-03-20”17) Liulin-MO data match SIS data
homogeneous structures — high speed streams (HSS¥elayed” by 5 days in average

ExoMars- TGO, Liulin-MO & ACE, SIS Flux rate comparison

and the interplanetary manifestations of coronadsna SmSPAD © SumSADG —— AGE. OIS > 306V | v

LlineMO Flux rate [om™*s|

ejections that could be magnetic clouds (MC) and _s= .
interplanetary coronal mass ejections (ICME) (e.g. gi
monitors. Thus recorded GCR fluxes bear the effects = <o : AR !1 h

of their interaction with the magnetoshere and the *°;

[2], [3], [4]). These effects have been studied
extensively using data from ground-based neutron

interaction of the primary and secondary particles &e ~ =edzs woadagte " aondzie  zwidaoie zon0dz0r7
with the atmosphere.

30102015

5 days shifted to the left (ACE)

Figure 1. Liulin-MO GCR fluxes in two
We focus on GCR variations caused by HSS and theperpendicular directions and proton flux > 30 MeV
leading them corotating interaction regions (CIRs). by SIS instrument on ACE satellite obtained from
Different mechanisms were proposed to cause the22.04.2016 to 07.03.2017



During the plotted period no CME hit the Earth but Liulin-MO and those measured by SIS instrument on
multiple HSS were observed according to NOAA ACE. Modelling of interplanetary medium during the
Preliminary Reports and Forecasts of Solar investigated period showed that GCR small-scale
Geophysical Data. Therefore it were HSS, which variations observed by both instruments at differen
modulated SIS and Liulin-MO fluxes. As a first step locations in the heliosphere are caused by onetend
we used the WSA-Enlil model same HSS. Analyses of SW parameters measured on
(http://iswa.ccmc.gsfc.nasa.gypv/to look at the ACE showed that the onset of GCR flux depletions
propagation of a possible HSS. During April — first occur in different regions of the HSS. This does no
half of July the Earth and Mars are located onnear give ground to make any conclusions about the
by magnetic field lines ant the HSS fronts reacthbo mechanism of GCR-HSS interaction.

planets (and TGO still nearer to Earth than to Mars

roughly simultaneously. During November 2016 a

possible HSS reaches Mars first and only after ACknOWIedgementS

approximately 4 days reaches the Earth. At theond This work was supported by: Contracts N 503/2-13
the period — the beginning of March 2017 this delay and 63/4-14 between IKI-RAS and SRTI-BAS;
is already about 6 days. In the scale of Fig. 1. anAgreement between RAS and BAS on fundamental
average delay of 5 days of ACE SIS data gives anspace research; Contract No. 4000117692/16/
admissible agreement with Liulin-MO GCR fluxes. NL/NDe Funded by the Government of Bulgaria
The overall increase of the fluxes in both instratee  through an ESA Contract under the PECS..

observed from 22.04.2016 to 07.03.2017 can be
attributed to the increase of GCR intensity dutting
declining phase of the solar activity.
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Abstract

Ma_MISS (Mars Multispectral ~ Imager  for
Subsurface Studies) is the Visible and Near Infrared
(VNIR) miniaturized spectrometer hosted by the drill
system of the ExoMars 2020 rover. It will perform
spectral reflectance investigations in the 0.4-2.2 pm
range to characterize the mineralogy of the excavated
borehole wall at different depths (<2 m). Ma_MISS
has been completed and calibrated in early 2018 and
is now on the way to be integrated on the rover.

Introduction

Search for life on Mars is primarily focused on the
analysis on the subsurface layers. Due to the very
tenuous Martian atmosphere, potential chemical bio-
signatures at or in the vicinity of the Martian surface
could have been degraded or destroyed by i)
ultraviolet  (UV) radiation ii)  UV-induced
photochemistry producing reactive oxidant species,
and iii) ionizing radiation. The effects of the
radiation decrease with depth: organic molecules and
potential biomarkers could be better preserved in the
subsurface. Thus, ExoMars rover is devoted to
subsurface investigations for possible indicators of
past life. Ma_MISS instrument [1] is a miniaturized
imaging spectrometer designed to provide spectra in
the VNIR (0.4-2.2 pum) wavelength region. The
spectral sampling is 20 nm while the spatial
resolution is 120 um. By operating during pauses in
drilling activity, it will produce spectra of the drill’s
borehole. Ma_MISS is the only instrument in the
rover’s Pasteur payload able to analyze subsurface
material in its natural condition (in situ), prior to
extracting samples for further analysis. Ma_MISS
findings will help to refine criteria for deciding from
where to collect samples.

1. MA_MISS scientific objectives

Ma_MISS will accomplish the following scientific
objectives:

1) determine the composition of subsurface materials:
MA_MISS spectral range and high spatial resolution
will allow identifying differences in lithologies.
Analysis of absorption bands can be used to identify
different mineralogical phases, such as iron-bearing
minerals, silicates, oxides, hydrated materials, etc. [2,
3].

2) map the distribution of subsurface ices: Currently
ice deposits in the Martian shallow subsurface have
been inferred from remote-sensing detection of
hydrogen [4], from permafrost evidences[5] and the
detections of low latitude H,O frost on pole facing
slopes [6]. Both H,O and CO; ices show diagnostic
features in the Ma_MISS spectral range.

3) characterize important optical and physical
properties of materials: The study of spectral
parameters, such as continuum reflectance level and
slope can help to determine important physical
parameters like the different grain sizes in materials
that can help us to assess the type and state of
sediments in the subsurface.

4) produce a local stratigraphy of the subsurface:
Mars surface is rich in sedimentary outcrops that
exhibit stratigraphic features at a range of spatial
scales. Having access to the Martian subsurface will
be fundamental to constrain the nature of processes at
the ExoMars rover locations.

2. Instrument Description

The spectrometer is placed in a box on the side wall
of the drill box (fig.1). The light from a 5W lamp is
collected and carried, through an optical fiber bundle,
to the miniaturized Optical Head (OH), hosted within
the drill tip. A Sapphire Window (SW) with high
hardness and transparency on the drill tip protects the
Ma_MISS OH allowing to observe the borehole wall.
Different depths can be reached by the use of 3
extension rods, 50 cm long, each containing optical



fibers and a collimator. The first extension rod is
connected to the non-rotating part of the Drill, hosted
on the rover, through a Fiber Optical Rotating Joint
(FORJ), that allows the continuity of the signal link
between the rotating part of the drill and the
spectrometer.

A

Figure 1: Scheme of Ma_MISS instrument and an artistic view of
the EXOMars Rovere and Dirill.

3. MA_MISS calibration

Ma_MISS instrument has been radiometrically and
spectrally calibrated in April 2018, using the
calibration facility available in Leonardo, Firenze
(italy). During this activity, some dedicated
measurements have been carried out on calibration
targets (WCS-EO-Erbium  Oxide, WCS-MC-
Reflectance standard) and rocks (Dunite, Gypsium,
Basalt lava). Spectra of the two standards are shown
in fig.2. In fig.2, we compare the spectra acquired
with Ma_MISS and those acquired with the
FieldSpec in the laboratory. The spectra are in very
good agreement each other. Data analysis confirms
that Ma_MISS spectral range, resolution, and
spectral capabilities are suitable to characterize the
subsurface environment and the samples that will be
delivered to rover’s analytical laboratory.

LABSPHERE SPECTRAL TARGETS FM vs LAB BreadBoard

Reflectance Factor

+  WCS-EQ Erbium Oxide (FM)
WCS-MC Standard (FM)

........ WCS-ED (B8)

-------- WES-MC (88)

0.2

0.6 0.8 1 1.2 1.4 1.6 1.8 2 2.2
Wavelengths (micrometers)

Figure 2: Spectral reference samples seen by Ma_MISS(crosses)
in comparison with the spectra acquired by laboratory
spectrometer (dots).
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The ExoMars Trace Gas Orbiter (TGO) is a joint
ESA-Roscosmos mission to Mars that has been
launched in March 2016. The aerobreaking phase has
ended in February 2018 followed by the start of
nominal scientific work on the near-circular 400 km
orbit in April 2018. The Atmospheric Chemistry
Suite (ACS) is a set of three spectrometers (NIR,
MIR, and TIRVIM), capable to observe Mars
atmosphere in solar occultations, nadir and limb
geometry [1]. TIRVIM instrument is a Fourier-
spectrometer operating in the 1.7 to 17 pm spectral
range in solar occultation and nadir operation modes.

The main fraction of aerosols on Mars consists of
mineral dust, while H,O ice and CO ice crystals are
also encountered depending on the season and
location. TIRVIM with its wide spectral range
permits a spectral separation between dust and H,O
ice clouds particles. This work is dedicated to
aerosols modeling in the solar occultation mode.
Preliminary analysis of the transmission spectra
retrieved from the TIRVIM solar occultation data
shows presence of both dust and H,O ice aerosol
particles on some altitudes.
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Introduction

NOMAD, one of four scientific instruments on the
ExoMars Trace Gas Orbiter (TGO), is a suite of three
spectrometers operating in the UV-visible and
infrared spectral ranges [3]. It was launched 2 years
ago and, at the time of writing (May 2018), has
begun making measurements as part of the TGO
nominal science phase.

Data taken by NOMAD will be made available to the
public and Mars community in NASA PDS4 format
(pds.jpl.nasa.gov/), the current standard for space
science missions, via the ESA Planetary Science
Archive (archives.esac.esa.int/psa/). At the time of
writing this abstract, the data is still under embargo -
though this will be lifted soon, and therefore now is
an opportune time to present the dataset to the
scientific community.

To Sun or limb To nadir
Figure 1: The NOMAD spectrometer suite.

There are three spectrometers within NOMAD,
performing two main types of observations:

Solar occultations, where the sun is continually
observed as the field of view passes through the
atmosphere, have extremely high signal to noise
ratios, but can only be performed when the orbital

position of the spacecraft allows it. On some
occultations, the field of view never reaches the
surface — these are known as grazing occultations.

Nadir observations, where the field of view is
pointed to the ground directly below the spacecraft,
and reflected sunlight is observed by the
spectrometer. These can be measured regularly, but
the trade-off is a lower signal to noise ratio.

The three channels are as follows:

SO (2.2-4.3um, resolving power ~20000 and
SNR>1000) which operates in solar occultation mode.

LNO (2.2-3.8um, resolving power ~15000), which
operates in nadir mode but can also measure in
occultation and/or limb mode also.

UVIS (200-650nm), which operates in both solar
occultation and nadir mode, and potentially in limb
mode in future.

Both SO and LNO do not typically measure their
entire spectral range every observation (though it is
possible to do so). Instead, the range is split into
~100 diffraction orders, a selection of which are
measured in an observation [1]. An acousto-optic
crystal (AOTF) acts as a pass-band order-sorting
filter, allowing radiation for the desired diffraction
order to enter the spectrometer for a measurement,
before the crystal driver frequency is changed to shift
the pass-band onto another diffraction order [1].
Typically, up to 12 diffraction orders are measured
during a solar occultation, and 2, 3 or 4 are measured
during a nadir pass, however these values can be
adapted depending on the observation conditions e.g.
surface solar illumination angle. The choice of
diffraction orders, the speed through which the
diffraction orders are cycled, the detector readout
rows (which affects the FOV direction), integration
time, and many other parameters can also be varied —
meaning that SO and LNO data can be complex to
understand.



UVIS typically returns a full spectrum for each
observation [2] (though a limited spectral range is
also possible), and therefore no AOTF or diffraction
order options exist. Multiple observation modes are
possible, such as un-binned mode, where each pixel
is read out individually (increasing SNR) rather than
onboard binning if sufficient data volumes are
available, and the nadir integration time depends on
the surface illumination for a given observation.

Data Products
The data products in the PSA are grouped as follows:

Raw products: these contain only uncalibrated
housekeeping and science data.

Partially processed products: these contain a
mixture of calibrated and uncalibrated datasets. The
housekeeping (e.g. temperatures, voltages, etc.) are
converted into Sl units while the detector and
observation parameters (e.g. AOTF driver frequency)
remains in a raw format.

Calibrated products: these contain calibrated
housekeeping, science and ancillary data. The
process for calibrating the data is described in the
next section.

Derived products: these are higher-level products
created from single or multiple observations e.g.
atmospheric densities or gas species maps.

Data Pipeline

The three channels and multiple observation modes
makes it very difficult to describe all possible
variations. In general terms though, the nominal
science data is calibrated as follows:

1. Housekeeping and observation

converted to Sl units.

parameters

2. Geometry parameters added e.qg. latitude, longitude,
occultation tangent height, Ls, sub-solar and sub-
TGO parameters, etc.

3. Spectral calibration (including
dependency and AOTF for SO/LNO).

4. Detector data corrections e.g. dark subtraction
and/or vertical binning of detector rows (if
applicable), correction/detection of bad pixels and
other anomalies.

temperature

5. Straylight correction (UVIS only).

6. Radiometric calibration. For solar occultations by
both UVIS and SO, the data is converted to

transmittance (where 1=top of atmosphere and 0=no
signal). For nadir and limb observations, UVIS data
is converted to radiance and LNO data is converted
to either radiance factor or radiance. The resulting
datasets will form the basis of the PSA calibrated
products.

Data Format

The NOMAD PSA collection is comprised of .xml
label files which reference tabulated data stored in
ASCII in .tab files. Metadata, such as observation
parameters (e.g time, diffraction order, start/end
geometry) will be included here, allowing the
searching and filtering of specific datasets using the
PSA interface.

The tabulated data products contain one spectrum per
line, including housekeeping, geometry, spectral
calibration  (e.g.  wavelengths  (UVIS) or
wavenumbers (SO/LNO), AOTF function (SO/LNO),
etc.), radiometric calibration (e.g. radiance), and
radiometric calibration error (e.g. uncertainty in
radiance).
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Abstract

NOMAD, one of four scientific instruments on the
ExoMars Trace Gas Orbiter, is a suite of spectrometers
operating in the ultraviolet, visible and infrared
spectrum. It was launched in 2016 and, at the time of
writing, has just started the nominal science phase
after one month of in-orbit commissioning. This
presentation will describe some of the first results
from all three spectrometers within NOMAD, in
addition to detailing our plans for making future
observations and analysing the incoming data to
increase our understanding of Mars.

1. Scientific Objectives

To Sun or limb To nadir

Detection and mapping of new and existing gas
species are the highest priority science objectives for
NOMAD [4]. Many atmospheric constituents that can
be measured are important markers of geophysical
and/or biogenic activity, and therefore detecting the
presence of such molecules and mapping their sources
and sinks will greatly improve our knowledge of the
red planet. Optical properties, such as particle size
distributions of dust and ice aerosols, and
measurements of the UV surface radiation

environment will also be repeatedly monitored by
NOMAD over the course of the TGO mission, in
addition to the continued mapping of water, carbon,
ozone and other climatologic cycles occurring in the
atmosphere of Mars [4].

2. The NOMAD Channels

There are two main types of observations performed
by NOMAD:

Solar occultations, where the sun is continually
observed as the instrument field of view passes
through the atmosphere, have extremely high signal to
noise ratios, but can only be performed when the
orbital position of the spacecraft allows such
observations to be made.

Nadir observations, where the instrument field of
view is pointed towards the surface directly below the
spacecraft, and reflected sunlight is observed. These
observations can be measured on all orbits, but the
trade-off is a lower signal to noise ratio than for solar
occultations.

When atmospheric vertical profiles from solar
occultations - taken by the SO and UVIS channels -
and spectra from nadir observations - taken by the
LNO and UVIS channels - are combined, they will
provide an immense dataset for probing the
composition of the atmosphere in great detail. Both
infrared channels have a similar spectral range (2.2-
4.3um for SO; 2.2-3.8um for LNO) and very high
spectral resolution (~0.1-0.2cm™ for SO and ~0.15-
0.25cm?* for LNO, depending on wavenumber)
allowing gas absorption lines to be measured in
unprecedented detail [1]. The infrared spectral range
covers many major and minor constituents, such as
CO,, CO, H0, HDO, NO2, N0, O3, CHa, C2H5, CoHa,
CzHs, H2CO, HCN, OCS, SO, HCI, HOz, and H.S
[3,4]. UVIS operates in the 200-650nm region, with a
spectral resolution of ~1.2-1.6nm, providing crucial



data on the ultraviolet and visible regions of the
spectrum - observing simultaneously with the SO and
LNO channels - to detect Os, SO, dust/ice opacities
and clouds, among others [2].

3. Observations

All channels of NOMAD are highly configurable, and
therefore planning observations effectively is a high
priority for the team. The SO and LNO channels do
not typically measure the entire spectral range in each
observation. Instead, specific spectral ranges are
chosen based on the absorption lines visible, and are
measured repeatedly throughout a single nadir or solar
occultation. The optimum number of spectral regions
chosen is a trade-off between SNR and molecular
detection: the greater the number of spectral ranges
measured in an observation, the more molecules can
be measured simultaneously, but at the expense of
SNR. For solar occultations, SNR is not an issue,
therefore up to 12 spectral regions are measured every
occultation; however in nadir signals are much lower
therefore normally only 2, 3 or 4 spectral regions are
used. Also, the noise is reduced when the instrument
temperature is lower; therefore LNO is not run on
every orbit, allowing NOMAD to remain in its
optimum thermal range. Similar options exist for
UVIS, namely variations in integration time, and
whether to run in binned or unbinned detector mode
(the latter gives higher SNRs but requires more data
volume).

Observations are chosen based on solar illumination

angle, interesting surface sites, available data rates, etc.

At present the allocated data volume is very high,
however this will decrease as we move towards solar
conjunction, forcing all the instruments on board to
prioritise certain observations over others. All these
trade-offs must be studied and the results fed back into
the planning of future observations to optimise the
science return from NOMAD.

4. Results

The nominal science phase has just begun, and so
results at present are limited. NOMAD has performed
one month of nadir-only measurements in the
spacecraft commissioning period, and has now started
the nominal science period where normal solar
occultations measurements can be performed. Special
measurements, such as limb measurements, grazing
solar occultations (where the tangent altitude never
reaches the surface), and fullscans (where the whole
spectral range is measured) are all to be tested in this
nominal science phase, plus a wide range of

calibration measurements are to be performed also.
Results from all types of observations will be analysed
and presented.

5. Summary and Conclusions

At the time of writing this abstract, the nominal
science period has just begun and the incoming data is
just starting to be calibrated and analysed. By the time
of the conference, around 5 months of data will have
been taken, and once analysed there will be many
results to report. The aim of this presentation is to give
the audience a general overview of the observations,
data acquired, initial results, and future plans for the
three channels onboard NOMAD.
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Abstract

As of 21st April 2018, ExoMars Trace Gas Orbiter
entered the Science Phase. The first measurements
of NOMAD onboard EMTGO were planned, driven
both by validation and by science. Spectra of Martian
CO were recorded using the two infrared channels of
NOMAD, in nadir with NOMAD-LNO and in solar
occultation with NOMAD-SO. A preliminary analysis
has been performed leading to the first vertical pro-
files of CO and a sparce map of CO. These results
will be presented and compared to the latest results of
CRISM/MRO and PFS/MEX.

1. The NOMAD instrument

NOMAD, the "Nadir and Occultation for MATrs
Discovery" spectrometer suite [1] is part of the
payload of the ExoMars Trace Gas Orbiter mission
2016. The instrument will conduct a spectroscopic
survey of Mars’ atmosphere in UV, visible and IR
wavelengths covering the 0.2 - 0.65 and 2.3 - 4.3
pm spectral ranges. NOMAD is composed of 3
channels: a solar occultation channel (SO) operating
in the infrared wavelength domain, a second infrared
channel observing nadir, but also able to perform solar
occultation and limb observations (LNO), and an
ultraviolet/visible channel (UVIS) that can work in all
observational modes. The spectral resolution of SO
and LNO surpasses previous surveys in the infrared
by more than one order of magnitude (A/dA ~ 15000).

Both SO and LNO consist of an echelle grating
in combination with an acousto-optic tunable filter
(AOTF): the dispersive element provides the spectral

discrimination, while the filter selects the diffraction
order [1]. An infrared detector array is actively cooled
in order to maximise the signal-to-noise ratio. The
design of the three channels has been fully described
in [3] and in [4] for the UVIS and the IR channels
respectively.

Calibration and validation have been performed and
will be discussed in [5]. Level 1.0 data were made
available to the NOMAD team in order to fully exploit
the analysis.

2. Martian carbon monoxide

Carbon monoxide is a non-condensable species play-
ing a major role in the photochemical cycle of CO,.
Local and seasonal variations are expected and will
give valuable constraints to model the dynamical pro-
cesses in the Martian atmosphere. A climatology has
been established recently using the CRISM data[6].
Continuous monitoring of the Martian water, carbon,
ozone and dust cycles is part of the NOMAD sci-
ence objectives. This would enable to extend existing
datasets made by successive space missions in the past
decades. In this presentation, we will focus on car-
bon monoxide (CO). The 2-0 band of CO centered at
2.35um is measured by NOMAD-LNO and NOMAD-
SO channels, mainly in its diffraction orders 189-191.
The corresponding wavenumbers are given in Tablel.

2.1. In nadir, with NOMAD-LNO

The footprint of a 15 sec measurement will cover a
spatial region from 0.5x68 km? up to 17x51 km?
for NOMAD-LNO. Considering the circular orbit



Table 1: Wavenumber limits in cm ™! of the diffraction
orders for the two infrared channels of NOMAD.

SO LNO

189 | 4247.48-4281.33 | 4248.36-4282.30
190 | 4269.95-4303.99 | 4270.84-4304.96
191 | 4292.42-4326.64 | 4293.32-4327.61

of EMTGO, a global revisit time of 7 sols with
varying local times is expected. These characteristics
enable us to derive a first map of CO column-
integrated abundances using the NOMAD-LNO
measurements. The a priori information and the
results of the retrievals will be presented. If any
overlap with previous measurements of CRISM[6]
and PFS[7] is obtained, the comparison will be shown.

2.2. In solar occultation, with NOMAD-
SO

The sampling rate for the solar occultation measure-
ment is 1 km, which provides unprecedented vertical
resolution spanning altitudes from the surface to 200
km. This allows us to investigate vertical profiles
of the atmospheric constituents. Solar occultation
spectra have not been analysed yet but the transmit-
tances were calculated using the method developed
for the SOIR/VEX instrument[8]. The first profiles
of CO abundances will be retrieved using these
transmittances.
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Abstract

If hydrothermal systems developed on ancient Mars
they are likely to have hosted favorable conditions
for life and its emergence. Thus, the identification
and study of hydrothermal contexts on Mars by
robotic exploration (e.g., ExoMars) is currently a
high priority. Here we use terrestrial submarine
hydrothermal fields as analog to investigate the
morphological and mineralogical characteristics of
putative hydrothermal deposits developed during the
Early- to Middle-Noachian periods of Mars and their
potential preservation up to recent times.

1. Introduction

The environment of Mars during the Early- to
Middle-Noachian periods was characterized by a
higher internal heat flux and denser atmosphere
relative to today’s Amazonian Mars, likely producing
temperatures around 273 K at the surface [1]. The
internal radiogenic heat was probably dissipated
through the young crust along tectonic systems and,
at the surface, in spatially limited areas such as
volcanic centers. Water from magmatic outgassing
and exogenous delivery by impacts was probably
globally abundant and interacted with the volcanic
centers. The subsurface and surface interaction led to
the development of geologic features that, as
proposed below, were not dissimilar to current
submarine hydrothermal fields on Earth. During the
Hesperian, the diminishing availability of surface
water and intensity of volcanism has possibly limited
hydrothermalism to impact craters [2].

This inferred context has been determined to be one
of the most likely ancient habitable environment of
Mars [1, 3], based on the fact that hydrothermal
systems of the Archean Earth are recognized as a
very favorable environment for the concentration of

organics and subsequent emergence of life [4]. For
example, the analysis of a 3.3 Ga old Archean Earth
chert sample belonging to a hydrothermal, shallow-
marine  depositional  setting revealed  that
hydrothermal fluids can sustain a high biomass [5].
For this reason, the candidate landing sites of the
ExoMars rover are on Noachian-aged terrains [1].
Current submarine hydrothermal fields in volcanic
areas on Earth are reasonable analogs for some type
of environment on ancient Mars. The exact
geological properties of hydrothermal sites that might
have existed on Noachian Mars are unknown and
might have been diverse, including settings such as
subaerial, shallow submarine and deep submarine,
and with morphologies such as diffuse or focused
outflow. Here we focus on a particular site with the
following characteristics [6, 7]: (i) a submarine
context different from subaerial systems [8]; (ii)
strongly influenced by tectonics in a low-spreading
context, (iii) a relatively well studied area for which
remote sensing observations have been recently
acquired. (iv) is currently active with pristine features.
We first review the geomorphology and mineralogy
of this site and then consider the modification of a
similar putative hydrothermal field on Mars during
the Hesperian and Amazonian periods on the base of
additional terrestrial analogs.

2. The Mid-Atlantic Ridge
hydrothermal field “Lucky Strike”

The Lucky Strike segment on the low-spreading Mid-
Atlantic Ridge is located at ~37°2" N/~32°2° W,
about 400 km southwest from the Azores Islands.
The hydrothermal site was discovered in 1992 on the
13-km wide Lucky Strike volcano, itself found
within an axial rift valley of the ridge [9, 10]. The
hydrothermal vent field extends over 1 km* (Figure 1)
with both low and high temperature venting, diverse



outflow morphologies, various substrata and faults
[7]. Outflow morphologies include active sulfide
mounds 1-20 m wide and several meters high with
associated highly-porous chimneys and flanges;
extinct mounds composed of sulfide blocks and
rubble; patches of diffuse venting with no
topographic relief, and networks of cracks. The
substrate is primarily basalt covered by sulfide
deposits, hydrothermally cemented breccia or talus
material. Active venting is observed to be generally
within 10 m from fault scarps, indicating that the
extensive  fault system is controlling the
hydrothermal discharge [6, 7]. In addition to faults,
the outflows are associated with volcanic
morphologies such as a lava lake and volcanic cones.
Several of the geologic properties of this field are
identifiable in the local topography at a 1-m spatial
resolution (Figure 1). Morphological detection of
diffuse venting and surface cracking, instead,
requires optical imagery at a sub-meter spatial
resolution.

3. Post-formation modification of a
putative hydrothermal field

In order to wunderstand the post-formation
modifications occurred during the Hesperian and
Amazonian periods of a putative, Noachian-aged
hydrothermal field, we consider massive sulfide
deposits on Earth [12]. The deposits are remnants of
hydrothermal fields after burial by sediments,
diagenesis and exhumation. They are the only large-
scale remnant feature that might be identified with
remote sensing data without relying on in situ
chemical analysis. Massive sulfide deposits
correspond to Archean or younger sulfide mounds
and consist of a massive lens of variable shape
(mound, sheet), configuration (single, stacked,
disseminated), and size (10-100s m) in a host rock of
a different lithologic property [12]. The massive lens
is associated with concordant exhalites and a
discordant zone of veins in a host rock altered into
clays and chlorites [12].

During burial, the mineralogy of massive sulfide
deposit will not exceed the greenschist facies on
Mars, corresponding to <10 km burial material.
Chemical weathering, however, will probably replace
sulfides with oxides, sulfates and quartz (gossan) [12,
13]. On Mars, the original context of formation of
massive sulfide deposits could be modified by impact
excavation and ejecta emplacement, rather than
subduction and orogenesis.

We will discuss the differences between the
Noachian context and today’s spreading ridges on
Earth, in particular the effect of the absence of plate
tectonics (e.g., rift systems, subduction, orogenesis)
on the factors controlling the small-scale geology of
a hydrothermal field (heat source and permeability).
We will further discuss the preservation of Noachian-
aged hydrothermal deposits, and whether future in
situ measurements by the ExoMars rover might be
able to identify and assess ancient hydrothermal
conditions.

/
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Figure 1: Hill-shaded map with color-coded topography
(red: -1600 m, blue -1700 m) of an area within the Lucky
Strike hydrothermal field. Mounds clusters (labelled a and
b) are identified as isolated topographic peaks. Figure
modified from [6].
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Abstract

NOMAD (Nadir and Occultation for MArs
Discovery) [1,2] is one of the four instruments on-
board the ExoMars 2016 Trace Gas Orbiter (TGO). It
consists of three high-resolution spectrometers (SO,
LNO and UVIS). We present here the calibration of
the NOMAD-UVIS channel.

1. The NOMAD-UVIS channel

The NOMAD-UVIS channel consists of a grating
spectrometer in the Czerny-Turner configuration
ranging from 200 nm to 650 nm with a resolution of
1.5 nm and a second order filter. Observations are
obtained both in nadir and Solar Occultation (SO)
through two dedicated telescopes. A mechanical
selector drives the optical fibers to the entrance of the
spectrometer. The detector is a CCD with [256 X
1024] pixels that can operate in full frame or
vertically binned mode, where the latter is used to
increase the signal-to-noise ratio and to reduce the
data rate.

2. Ground calibration campaign

The calibration campaign took place at the Centre
Spatial de Liége during thermal tests performed just
before the integration of NOMAD onto TGO. The
calibration measurements were performed at 5
different temperatures from -15° to +20°C. The
Optical Ground Support Equipment (OGSE)
consisted of a structure containing a set of 3
radiometrically calibrated lamps covering the
bandwidth of the NOMAD-UVIS channel: 4 Pen-
Ray lamps and an absorption cell containing SO, gas
facing the nadir telescope, where the assembly was
aligned using lasers. The SO will operate in
transmittance and as it is considered to be a self-
calibrating  observation, no specific ground

calibration was performed.  Assessment of the
performance will rely on in-flight relative
measurements and direct solar observations.

3. Results of the calibration

The analysis of the data obtained during the
calibration campaign have allowed us to characterize
the response of the spectrometer and to convert the
raw data into real physical quantities (i.e.,
radiometric calibration):

- We have determined a mask for the “bad pixels”
(essentially a list of the identified problematic
pixels);

- The dark current is subtracted using
measurements recorded before and after each set
of observations. This approach allows on to take
into account the variation of the temperature
during an observation. The same process is used
for in-flight data;

- The linearity of the detector’s response as
function of both the integration time and the
temperature;

- The pixel-wavelength relation (i.e., wavelength
calibration) based on the lines of the Pen-Ray
lamps and confirmed by in-flight measurements
of solar lines. No temperature-dependence of the
wavelength was observed;

- The radiometric calibration was determined
using the 3 standard lamps to cover the
wavelength range of UVIS;



- characterization of a straylight component,
which is much larger in the UV that would be
ideal (see next section).

4. The straylight issue

A significant straylight signal has been identified, but
unfortunately well after the calibration of the flight
model calibration campaign. To better characterize it,
we have used the NOMAD “flight spare” model.
Tests and measurements with this model show that
there are two components of the straylight. One
“internal” (or in-band), coming from light within the
bandwidth of the spectrometer (200 nm — 650 nm)
called UV-visible straylight. A second component
originates from outside the observed range (650 nm —
1100 nm), which we call IR straylight. The
calibration must treat these two components
explicitly, but separately. The UV-visible straylight
will be corrected using the Zhong method [3] which
consist in characterizing the instrument’s response
toa set of monochromatic laser sources that cover the
instrument’s spectral range. One obtains a spectral
stray light signal distribution matrix that quantifies
the magnitude of the spectral stray light signal within
the instrument. By use of these data, a spectral stray
light correction matrix is derived and the
instrument’s response can be corrected with a simple
matrix multiplication. For the IR straylight
component, we studied it using a set of 50 nm
bandpass filters. This allowed us to derive the
quantity of straylight for each wavelength interval.
The current method to IR straylight characterization
requires a robust estimation of the actual radiance in
the 650 to 1100nm spectral range. This is currently
achieved using a typical IR radiance spectrum of
Mars rescaled to the value measured at 600nm with
the NOMAD-UVIS channel (wavelength where the
straylight quantity is minimum in the spectrometer).
The result for the straylight removal method obtained
on the spare model is then extrapolated to the flight
model.
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Abstract

The NOMAD instrument onboard ExoMars Trace Gas
Orbiter is composed of three channels. One of those is
called LNO, for "Limb, Nadir and Occultation". It is
an echelle grating coupled to an Acousto-Optic Tun-
able Filter that enables us to measure the radiation in
the nadir viewing geometry with a spectral resolution
of 0.20-0.30 cm~!. The 2.2 - 3.8 um spectral range
can be spanned through different diffraction orders of
20-25 cm~ ! width. This complicates any investigation
related to broad spectral features such as those pro-
duced by aerosols or surface characteristics. Neverthe-
less, we establish a strategy based on a surface index,
i.e. the ratio between the radiation at two wavelengths.
This was determined through an investigation done
on already existing datasets, from CRISM/MRO and
OMEGA/MEX. It enabled us to assess which diffrac-
tion orders of NOMAD should be measured. This
focus was borne in mind when planning the first sci-
entific observations of NOMAD, done in April 2018.
The spectra have been analysed and a preliminary con-
clusion will be presented.

1. The NOMAD instrument

NOMAD, the "Nadir and Occultation for MArs
Discovery" spectrometer suite [1] was selected as
part of the payload of the ExoMars Trace Gas Orbiter
mission 2016. The instrument will conduct a spec-
troscopic survey of Mars’ atmosphere in UV, visible
and IR wavelengths covering the 0.2 - 0.65 and 2.3 -
4.3 pm spectral ranges. NOMAD is composed of 3
channels: a solar occultation channel (SO) operating
in the infrared wavelength domain, a second infrared
channel observing nadir, but also able to perform
solar occultation and limb observations (LNO), and

an ultraviolet/visible channel (UVIS) that can work
in all observation modes. The design of the three
channels has been fully described in [2] and in [3]
for the UVIS channel and the IR channels respectively.

In the scientific preparation of the mission, we won-
dered how NOMAD-LNO may contribute to the sur-
face characterization. This topic will be adressed in
this abstract and in the associated presentation.

2. Characterization of the Martian
surface using an index

The Martian surface has been studied by several in-
struments before the ExoMars mission. Among them,
the imaging spectrometers OMEGA (Observatoire
pour la Minéralogie, I’Eau, les Glaces et 1’ Activité)
and CRISM (Compact Reconnaissance Imaging
Spectrometer for Mars) have been observing the sur-
face of Mars since 2004 and 2006 respectively. The
measurements of these instruments, both operating in
the visible to near infrared range, have dramatically
sharpened our view of mineralogical and icy surface
components in terms of composition. Especially,
the data recorded by OMEGA and CRISM have
provided useful information for the investigation of
the surface and subsurface ice evolution as well as the
presence of stable liquid water in the past of Mars. As
an example, recent observations of erosional scarps
performed by CRISM revealed the vertical structure
of geologically young, ice-rich mantling deposits,
near = 55 ° latitude, likely formed during Mars’
high-obliquity periods [4].

In order to evaluate the contribution of NOMAD to
that topic, we analysed a set of data of CRISM and



OMEGA at similar location and Lg. On Fig. 1 and 2,
we present the CRISM spectra at 5 different points of
the surface at 85°N and -21°E at Lg= 133.8°.
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Figure 1: Corrected CRISM spectra (ref. Frt00002f7f)
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Figure 2: Projected map corresponding to the CRISM
spectra

Fig. 3 shows a global map of OMEGA observations
during MY 27, Lg= 90-180°. The colorbar gives an
indication of the surface ice index. We concluded that
the slope between 2245 and 2350 nm can be used as
an indicator of the presence of ices. With OMEGA
data we verified on a global scale that negative slopes
about < -0.1 can map the presence of water ice (surface
or thick clouds) while positive values about > 0.1 are
diagnostic of the presence of surface CO3 ice. These
wavelengths correspond to the NOMAD diffraction
orders 189 and 197. These two orders have then been
integrated in the nominal observation and measured
during the Commissionning Phase. The analysis of
these spectra are ongoing and should lead to interest-
ing perspectives that will be presented.

Figure 3: Surface ice index map using OMEGA data
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Abstract

Finnish Meteorological Institute (FMI) has developed
a compact instrument pair for the ExoMars 2020
mission, consisting of the METEO-P pressure and
METEO-H humidity measurement devices. The in-
struments have novel features, but the core technolo-
gies have extensive heritage from FMI’s previous Mars
missions. The devices are part of the METEO me-
teorological instrument package on board the Rus-
sian led Surface Platform (SP) element of the mission.
METEO package includes also a thermometer and an
anemometer from IKI, Russia, as well as the RDM Ra-
diation and dust sensors, and the AMR magnetic field
senso.rs from INTA, Spgin. The Surface Pl.atforrp is Figure 1: METEO-P pressure device STM
a stationary lander hosting a set of science investiga-

tions and delivering the European Space Agency rover

element to the surface of Mars.[1] The measurement devices are based on capacitive
Vaisala Barocap® pressure and Humicap® humidity
1. Introduction sensors. Similar sensors have been flown on FMI’s
6 previous Mars instrument projects and the Cassini-
The miniature low-power instrument pair operations Huygens Titan lander. NASA’s Curiosity rover is cur-

are managed by the instrument controller integrated on rently operating FMI’s REMS-P and REMS-H devices
the METEO-P board. Mass of the pressure device is in Mars.
ca. 75 g and mass of the humidity device is ca. 45 g.
During a pressure or humidity measurement sequence
the instrument pair uses ca. 100-120 mW of power.

METEO-P is located in the same internal warm
compartment with the METEO Central Electronics
Unit (CEU), and interfaces with the CEU using an RS- 55 (‘(\m
422 data interface. The instrument controller handles
power distribution and measurement collection of the
two pressure transducer on board METEO-P and the N
one humidity transducer on METEO-H located on top
of the meteorological mast. An automotive microcon-
troller (MCU), the Freescale MC9S12XEP100 is used
for the METEO-P/H instrument control. The MCU
was custom qualified for Mars missions by FMI in
frame of the DREAMS-P and DREAMS-H pressure
and humidity instrument pair for the ExoMars 2016 Compared to previous FMI designs, METEO-H
Schiaparelli mission[2]. uses a new type of Humicap® humidity sensors. The

Figure 2: METEO-H humidity device STM



new sensors offer a higher dynamic range and bet-
ter knowledge of the sensor chip temperature through
temperature sensors integrated on the chip. Measure-
ment circuit for these PT1000 sensors has been im-
plemented on the instrument controller on METEO-P
board. Also, humidity sensor regeneration is now im-
plemented through a PWM modulated voltage line and
will heat up the humidity sensor heads to the required
160-165 °C regeneration temperature inside a wide
range of environmental atmospheric temperatures.

2. Development status

Because of significant heritage of pressure and humid-
ity devices developed by FMI, a lightweight model
philosophy was selected for METEO-P and METEO-
H development, including the following models:

¢ Structural and Thermal Model (STM)

¢ Electrical Interface Model (EIM)

* Protoflight Model (PFM)

* Flight Spare (FS)

* Humidity sensor Ground reference model

Both METEO-P and METEO-H STMs were manufac-
tured in 2017 and delivered from FMI to IKI in Fall
2017.

The METEO-H Electrical Interface Model is fully
representative and almost identical to the PFM. The
METEO-P pressure device EIM is almost fully repre-
sentative compared to PFM, but the type of the con-
nectors was changed, the PCB corners rounded and
few lay-out mistakes fixed to the PFM design. The
EIMs have also been delivered from FMI to IKI.

PFM, FS and the ground reference model for
METEO-H have been manufactured. As of May 2018,
these models of the humidity device are now waiting
for the beginning of humidity calibration process. The
PFM and FS models of the METEO-P pressure device
are under manufacturing and are expected to be com-
pleted in the beginning of June 2018. METEO-P PFM
and FS will be then functionally tested and the pres-
sure calibration process will be started.

3. Calibration

Both METEO-P and METEO-H are calibrated by FMI
in FMI facilities.

For METEO-H the calibration of relative humid-
ity requires in minimum two humidity points - dry

(0%RH) and (near)saturation (95-100%RH) - over the
expected operational temperature and pressure range
of the device. We have developed a custom-made,
small, relatively low-cost calibration chamber able to
produce both dry points and saturation points in Mar-
tian range pressure COy , in temperatures down to
-70 °C. The system utilizes a commercially available
temperature chamber for temperature control, vacuum
vessels and pumps. In this system dry point, low-
pressure CO5 environment is achieved by filling the
main pressure vessel with dry CO, gas until the de-
sired pressure is achieved. The saturation point is then
achieved by adding some water vapor from the satura-
tion chamber to the main pressure vessel.[3]

METEO-P is calibrated in different constant tem-
perature and pressure points in vacuum and in Mar-
tian pressure, in changing temperature and in rapidly
changing pressure. Calibrations are performed inside
a small vacuum chamber placed inside a temperature
test station. Pressure is controlled with a commer-
cial pressure controller and calibrations are calculated
against Mars-range pressure references traceable to
national standards.
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Abstract

The NOMAD instrument, onboard the ExoMars
Trace Gas Orbiter (TGO) mission, began scientific
measurements in mid-April 2018. The UV-visible
channel UVIS will be used to monitor dust and ice
clouds present in the Martian atmosphere. In this
presentation, the analysis of these data will be
discussed and preliminary results will be presented.

1. The NOMAD instrument

NOMAD is an instrument suite [1] onboard the
ExoMars TGO. It is composed of 3 channels. Two of
these are spectrometers designed for measurement in
the infrared (IR) between 2.3 and 4.3 um [2]: LNO
for limb and nadir measurement and SO for solar
occultation. The third channel is that of the UVIS [3],
a spectrometer for measurements in the ultraviolet
(UV) and visible range, between 200 and 650 nm
with a spectral resolution of about 1.5 nm. UVIS can
operate in limb, nadir and occultation modes.

The UVIS channel is dedicated to the study of the
ozone abundances as well as dust and ice clouds.

2. Dust an ice clouds in the UV

UVIS nadir measurements will be used to monitor
the dust optical depth (OD) and the ice cloud OD, as
well as the ozone column (see abstract [4]). The goal
of these measurements is to derive new climatologies,
which will extend and provide comparisons to
previous ones. Naturally included in such a dataset is
the important spatial and temporal behaviours of
these species. Previous studies have shown that ice
clouds have repeatable seasonal patterns (i.e,.from
one year to the next), while dust is known to show

relatively important interannual variations that are
mainly related to dust storm events (e.g. [5]).

Preliminary results of dust and ice cloud retrievals
will be presented and compared to previous works.

3. Retrieval method

The analysis of UVIS data at IASB-BIRA will be
performed using a retrieval algorithm specifically
developed for nadir UV-visible. The code is based on
the iterative use of the optimal estimation [6] and the
radiative transfer model LIDORT [7] which includes
accurate treatment of multiple scattering. Our
retrieval method has already been wused for
SPICAM/UV measurements and allowed us to
analyze more than 4 Martian years of data [8].

Within the NOMAD team, other institutes have also
developed their retrieval method: The NEMESIS
radiative [4] transfer model developed at the Open
University; the MITRA code developed at IAPS-
INAF [9, 10]; the ARS RT model from [11]; and the
DISORT-based retrieval [12] developed at SSI.
Comparisons between the results obtained by the
different codes will also be presented.
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Abstract

ESA and Roscosmos have signed a cooperation

Payload currently consists of 13 instruments with
total mass of 45 kg. (including harness):

agreement to work in partnership to develop and Instrument Short description
launch two ExoMars missions—in 2016 and 2020. BIP Block of interfaces and memory.
The first mission is currently in progress, aiming to Commands the science payload of
study Mars’  atmospheric  composition  in LP
unprecedented detail.
TSPP Set of 4 cameras to create surface
ExoMars-2020 mission will deliver the ExoMars panoramas and assist Rover
Rover and a Landing Platform to the surface of Mars. egress
The ExoMars Rover will carry a comprehensive suite
of instruments dedicated to exobiology and geology ADRON-EM  Neutron gamma-spectrometer and
research named after Louis Pasteur. The Rover will dosimeter
search for signs of life, past and present. It will have
the capability to drill to depths of 2 m to collect and MGAK Gas Analytical package
analyze samples that have been shielded from the
harsh conditions prevailing on the surface, where PK (Dust Dust dynamics near the surfaces
radiation and oxidants can destroy organic materials Suite)
1].
] MTK (Meteo Set of meteo sensors
The Landing Platform (LP) will be equipped with Suite) (temperature, humidity, wind
instruments to study the Martian environment. After velocity, pressure, solar
the Rover egress the Landing Platform will serve as irradiance, dust). Magnetic
long-lived stationary platform (expected lifetime is sensor. EDL measurements.
two Earth years) to study surface environment with
suite of scientific instruments [2]. The scientific SEM Small seismometer.
objectives of the Landing Platform are:
MAIGRET Magnetometer.
e Context imaging. . .
e Long-term climate  monitoring  and RAT-M Passive radiometer.
atmospheric investigations. .
e Studies of subsurface water distribution at FAST Fourier IR spectrometer.
the landing site. . M-DLS Martian Multichannel Diode
e  Atmosphere/surface volatile exchange.
o s . Laser Spectrometer.
e Monitoring of the radiation environment.
e  Geophysical investigations of Mars’ internal LARA Lander Radio science.
structure.
HABIT Habitability, Brine Irradiation and

To address these objectives scientific payload has
been selected and is currently in development.

Temperature.




Landing Platform scientific payload is being
developed by Space Research Institute (Moscow)
with contribution from ESA (LARA, HABIT,
sensors in MTK and MAIGRET).
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Abstract

The NOMAD (“Nadir and Occultation for MArs
Discovery”) spectrometer suite on board the
ExoMars Trace Gas Orbiter (TGO) has been
designed to investigate the composition of Mars'
atmosphere, with a particular focus on trace gases,
clouds and dust, and started its science operations in
April 2018. One of the primary science objectives of
NOMAD is the detailed investigation of semiheavy
water (HDO), both in nadir (total columns) and in
solar occultation (vertical profiles). Interestingly,
NOMAD has the capability to simultaneously
retrieve H.O and HDO, hence the very important
D/H ratio. This ratio provides information on cloud
formation and atmospheric escape. The GEM-Mars

model was recently extended with HDO fractionation.

We present some first results that will be useful to
guide the interpretation of D/H data from NOMAD.

Introduction

The isotopic composition of fresh water on Earth has
been defined by the Vienna Standard Mean Ocean
Water (VSMOW), in which the HDO isotopologue
of water has a relative abundance (D/H or ¥x
HDO/H-0) of 155.76+0.1 ppm (parts per million). In
the atmosphere of Mars, D/H has been found to be
enhanced by 5-7 times compared to Earth [1, 2 and
references therein], indicating a stronger atmospheric
depletion of H.O on Mars compared to Earth. Until
now, HDO and D/H have been observed from Earth,
and NOMAD will be the first instrument in orbit to
provide detailed measurements. D/H fractionation is
expected to occur in the Martian atmosphere
following two processes: upon condensation/

evaporation of water, where the heavier isotopologue
will condense/vaporize at slightly higher temperature,
and by photolysis, where HDO has a lower
absorption cross-section in the UV [3]. Also, the
heavier isotope will escape less readily above the
exobase during Jeans escape. Also the D/H ratio in
ancient water ice reservoirs, such as the permanent
water ice cap, is expected to impact on the
atmospheric value [2].

Modeling the D/H ratio on Mars

The GEM-Mars General Circulation Model [4]
includes both the formation of water ice clouds and
photochemistry. As such, it is well equipped to do
simulations of the D/H fractionation. First results will
be presented and interesting features will be
highlighted. Model expectations will be discussed in
view of the observational geometries of NOMAD
and if possible compared to first results (which will
be presented in Aoki et al., this session). For example,
the model can help to understand how representative
observed D/H ratios are in the solar occultation mode,
where measurements are confined to the terminator
and could be affected by morning/evening cloud and
fog formation.
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Abstract

The ExoMars 2020 Surface Platform will conduct
environmental and geophysical measurements with
the aim to study the Martian surface and subsurface
environment at the landing location. The Surface
Platform instrumentation will include the Wave
analyzer module, consisting of an assembly of
magnetic and electric antennae and dedicated
electronics, as a part of the Martian ground
electromagnetic tool instrument. Science questions
which we plan to address have never been answered
by direct observations on the surface of the planet.

1. Introduction

Recent observations of the Mars Atmosphere and
Volatile EvolutioN (MAVEN) mission on the Mars
orbit have shown plasma waves [1] similar to those
observed in the Earth's magnetosphere [2].

Although no experimental proof exists up to now,
analogy with penetration of whistler mode waves
through the Earth’s ionosphere [3] and theoretical
considerations [4] indicate that these waves might
penetrate to the surface of Mars during night time.

By analogy with the terrestrial dust storms and
volcanic eruptions [5] it can be theoretically expected
that dust grains in the Martial dust storms or dust
devils may be electrically charged by triboelectric
effects [6]. Laboratory experiments also show that
under specific conditions electrostatic discharges
might occur in the dusty Martian atmosphere [7].

These  discharges would emit  broadband
electromagnetic emissions [8] which have also been
found in the laboratory experiments [9]. Moreover,
remote measurements from the Earth using a 34-m
Deep Space Network antenna have shown a non-

(2) Charles University, Prague, Czechia,

thermal component of electromagnetic radiation from
Mars which has been attributed to the effects of elec-
trostatic discharges in the dust storms [10].
Measurements of effect of terrestrial dust devils have
also shown a detectable electromagnetic radiation
[11].

The subject, however, remains controversial. No
optical counterparts of the electrical discharges inside
the images of Martian dust devils and dust storms
have been identified up to now, and sprite-like
discharges above the dust devils or dust storms will
most likely be absent on Mars [12].

Additionally, observations of the radar receiver
onboard the Mars Express spacecraft [13] lead the
instrument team to a conclusion that no credible
radio signals between 4 and 5.5 MHz coming from
Martian lightning could be detected, although the
receiver would be able to easily detect terrestrial
lightning. These results, however, did not rule out the
possibility of discharges that radiate at much lower or
at much higher frequencies.

2. Science questions

The following science questions stem from previous
research and will be addressed by the Wave analyzer
module on the ExoMars 2020 surface platform:

A Can we observe electromagnetic radiation
propagating from the interplanetary space down to
the surface of the planet? If yes, then

Al. Which frequencies and plasma wave modes can
penetrate down to the surface of Mars?

A2. What are the conditions under which we observe
the penetration of electromagnetic radiation from
interplanetary space down to the surface of Mars?



A3. What state of the Martian ionosphere is the most
favorable for the penetration to happen?

B. Can we observe electromagnetic radiation
from electric discharges in the Martian dust storms?
If yes, then:

B1l. Are the waveforms of the electromagnetic
radiation from Martian discharges similar to the
waveforms radiated from the terrestrial lightning?

B2. Which processes lead to initial break-down of
Martian discharges and how are these processes
reflected in the detectable electromagnetic radiation?

B3. Which special meteorological conditions lead to
initiation of Martian discharges?

To address all these questions a statistical analysis of
a sufficiently long time series of electromagnetic
measurements on the surface of Mars would be
needed.

3. The wave analyzer module

Electromagnetic waves will be measured by the
sensor assembly of the module which will be
integrated with one of the solar panels of the Surface
platform: a magnetic search coil antenna for
frequencies up to 20 kHz and additional electric
antenna for frequencies up to 8 MHz.

The electronics of the module will then use
sophisticated onboard analysis methods in order to
maximize the scientific return with the limited
telemetry resources by science-based compression.

The data products will include time and frequency
averaged survey mode spectra of electric and
magnetic field, high-resolution burst mode spectra,
and selected high-resolution waveform burst mode
snapshots.

Onboard storage mechanisms and selective download,
as well as triggering and selection algorithms will be
adjustable by telecommands.

Autonomous nigh-time operations are proposed to
increase the detection probability of waves
propagating through the ionosphere. A positive side
effect is absence of interferences from solar panels.
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Introduction

NOMAD (Nadir and Occultation for MArs
Discovery) [1, 2] is one of the four instruments on-
board the ExoMars 2016 Trace Gas Orbiter (TGO). It
consists of three high-resolution spectrometers, SO,
LNO and UVIS. It can operate in different
geometries: solar occultation, limb and nadir. The SO
channel started to make solar occultation
measurements on April 21, 2018. It is performing
optimally and is now regularly making solar
occultation measurements of the atmosphere of Mars.

1. The NOMAD SO channel

The SO channel is dedicated to solar occultation
measurements, and is a copy of the SOIR instrument
[3] that operated successfully during the entire Venus
Express mission. It is an infrared spectrometer
working in the 2.2 to 4.3 um spectral range (2325-
4545 cm™) with a spectral resolution that varies from
0.15 to 0.2 cm™. The instrument is composed of an
echelle grating in a near Littrow configuration, and
an Acousto-Optical Tunable Filter (AOTF) for the
diffraction order selection [4].

The orbit of TGO is circular at an altitude of 400 km.
During a solar occultation, six diffraction orders are
scanned every second. The spectra are recorded for
each order at a one second interval and are summed
in 4 bins. In this configuration, the vertical sampling
of the SO channel is always smaller than 1 km.

2. Profiles retrievals

One of the radiative transfer code used to retrieve
NOMAD vertical profiles is ASIMUT-ALVL [5].
This code, developed at BIRA-IASB, is based on the
Optimal Estimation Method [6] and includes the

analytical calculation of the Jacobians [6]. It can be
used for different geometries including solar
occultations. From CO, vertical profiles, temperature
profiles are obtained using the hydrostatic equation
and the ideal gas law, similar to the work that was
accomplished using the SOIR instrument spectra [7].

The preliminary results of retrieved CO, and
temperature vertical profiles from the SO channel
will be presented, discussed, and compared to results
obtained by other instruments as well as models.
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Abstract

Nadir and Occultation for Mars Discovery (NOMAD)
onboard ExoMars Trace Gas Orbiter (TGO) has
started the science measurements on 21 April, 2018.
We present the preliminary results on the retrievals
of water vapor in the Martian atmosphere from the
first data measured by TGO/NOMAD.

1. The NOMAD instrument

NOMAD is a spectrometer operating in the spectral
ranges between 0.2 and 4.3 um onboard ExoMars
TGO [1]. NOMAD has 3 spectral channels: a solar
occultation channel (SO — Solar Occultation; 2.3-4.3
pm), a second infrared channel capable of nadir,
solar occultation, and limb sounding (LNO — Limb
Nadir and solar Occultation; 2.3-3.8 pm), and an
ultraviolet/visible channel (UVIS — UV visible, 200-
650 nm). The infrared channels (SO and LNO) have
high spectral resolution (A/dA~ 20,000) provided by
echelle grating in combination with an Acousto-
Optic Tunable Filter (AOTF) which selects
diffraction orders [2]. The concept of the infrared
channels are derived from the Solar Occultation in
the IR (SOIR) instrument [3] onboard Venus Express.
The sampling rate for the solar occultation
measurement is 1 km, which provides unprecedented
vertical resolution spanning altitudes from the
surface to 200 km. Nadir sounding by the LNO
channel will acquire spectra with an instantaneous
footprint of 0.5 x 17 km?, which allows us to obtain
maps of trace gases and aerosols in the Martian
atmosphere.

One of the most remarkable capabilities of NOMAD
is its high spectral resolution in the near infrared
range. It allows us (1) to investigate vertical profiles
of the atmospheric constituents (such as carbon
dioxide, carbon monoxide, water vapor, and their
isotopic ratio) and (2) to perform sensitive search of
organic species (such as CH4, C,H4, C,Hg, H,CO)
and other trace gases (such as HCI, HCN, HO,, H,S,
N,O, OCS) by solar occultation measurements with
the SO channel, and (3) to obtain maps of the
atmospheric constituents (such as carbon dioxide,
carbon monoxide, water vapor, and their isotopic
ratio) across the planet by nadir viewing with the
LNO channel.

2. Retrieval of Water Vapor

Measurements of water and its heavier isotopologue
(HDO) are a key diagnostic to the escape processes
acting on water on Mars. These first vertical profiles
provide an unprecedented view on how water is
transported into the upper atmosphere, where it is
further dissociated and lost into space. Deuterium
fractionation also reveals information about the cycle
of water on the planet and informs us of its stability
on short- and long-term scales.

We plan to analyze the data measured at diffraction
order 167, 168, 169, 170, 171 for the H,O retrieval,
and at diffraction order 119, 120, 121, 124 for HDO
(see Table 1 for the corresponding wavenumbers).
The NOMAD spectra at these diffraction orders will
be compared with the one calculated by radiative
transfer models in order to retrieve their abundances.
In the presentation, the preliminary results of the
retrievals will be discussed.



Tablel: Wavenumber range of the diffraction orders
for the water vapor analysis by the NOMAD SO and

LNO channels.

Diffraction | SO wavenumber | LNO
order limits [em™] wavenumber
limits [cm™]
119 2674.34-2695.65 | 2674.90-2696.26
120 2696.81-2718.31 | 2697.37-2718.92
121 2719.28-2740.96 | 2719.85-2741.58
124 2786.70-2808.92 | 2787.29-2809.55
167 3753.06-3782.98 | 3753.84-3783.83
168 3775.53-3805.63 | 3776.32-3806.49
169 3798.01-3828.28 | 3798.80-3829.15
170 3820.48-3850.93 | 3821.28-3851.80
171 3842.96-3873.59 | 3843.76-3874.46
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Abstract

HDO and the D/H ratios are important species to study
to understand Mars past and present climate, in par-
ticular with regards to the evolution through ages of
the Matian water cycle. We present here new mod-
eling efforts aimed at rejuvinating the representation
of HDO in the LMD Mars GCM motivated by the fu-
ture comparison with the new observations provided
by the Atmospheric Chemistry Suite (ACS) on board
the ESA/Roscosmos Trace Gas Orbiter.

1. Introduction

Mars is known to have had a significant liquid water
reservoir on the surface and the D/H ratio is an impor-
tant tool to estimate the abundance of the early water
reservoir on Mars and its evolution with time. The
D/H ratio is a measure of the ratio of the current ex-
changeable water reservoir to the initial exchangeable
water reservoir. Many observations from the ground
have shown that the current ratio is five times that of
the reference in Earth’s oceans [3, 6, 8].

H and D atoms in the upper atmosphere are com-
ing from H»O and HDO, their sole precursor in the
lower atmosphere. The lower mass of H over D atoms
and the fact that HoO is preferentially photolysed over
HDO [2] explain the differential escape of these two
elements. Finally, due to differences in vapor pressure
for HDO and H»O, the solid phase of water is enriched
in deuterium compared to the vapor phase. This effect
is known as the Vapor Pressure Isotope Effect (VPIE)
and can reduce the D/H ratio above the condensation
level to values as low as 10% of the D/H ratio near the
surface [1, 4].

2. Modeling HDO

These fractionation processes can affect the amount
of HDO with latitude, longitude, altitude and with
the season. In particular, previous models [7] have

shown that an isotopic gradient should appear between
the cold regions where condensation occurs and the
warmer regions. This leads to a latitudinal gradient
of D/H (with variations greater than a factor of 5) be-
tween the warm and moist summer hemisphere and
the cold and dry winter hemisphere. Yet some obser-
vations [8] also show longitudinal variations of H/D
ratios which are not explained so far. It is therefore es-
sential to model the HDO cycle and the associated pro-
cesses of fractionation in a 3D general climate model
(GCM).

Previous work has been done on 3D GCMs of HDO,
in particular around the LMD Mars GCM [7]. Since
the GCM has considerably evolved since this first
HDO introduction in the modeled water cycle, a reap-
praisal of HDO predictions is needed to account for
the detailed microphsyics that control cloud formation
and thus HDO fractionation. With the TGO mission
now entering its mission phase, very strong and pre-
cise constraints will be soon available to evaluate the
GCM prediction capability.

3. Contribution of ACS

The Trace Gas Orbiter, part of the ExoMars mission,
has now reached its operational orbit. Onboard is the
Atmospheric Chemistry Suite, a set of spectrometers
designed to study the atmosphere of Mars with a spe-
cific focus on trace gases such as methane.

ACS combines high resolving power (> 10,000),
high accuracy (ppb level) and large spectral coverage
(0.7 = 17 pm) to a large variety of observation modes
[5].

Thanks to its solar occulation capabilities, ACS will
be able to provide vertical profiles of HDO and HoO
from a few kilometers above the surface up to 60 km,
reaching precisions up to 1 ppb. It will thus be possible
to detect when the abundance of the two species de-
creases due to condensation, to observe the cloud for-
mation and to measure the subsequent fractionation.

These measurements will constrain the spatial and



temporal variabilities and help improve our under-
standing of the HDO and H»O cycles.

We will describe here our preliminary work on the
update of the HDO model in the LMD Mars GCM and
will attempt first comparison with the early TGO/ACS
observations.
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Abstract

The Atmospheric Chemistry Suite (ACS) package is a
part of Russian contribution to ExoMars 2016 Trace
Gas Orbiter (TGO) ESA-Roscosmos mission for
studies of the Martian atmosphere and climate [1]. The
cross-dispersion ASC MIR spectrometer was designed
to meet major scientific goal of the mission — precise
observations of known and trace atmospheric
components. Having both, high spectral resolution and
signal to noise ratio (SNR) of acquired spectra, MIR
channel operates in solar occultation only. The
spectral range of MIR is 2.3-4.24 pm. Regular
observations from Martian orbit have started in April
2018. For the upper layers of the atmosphere the
standard deviation of the calibrated transmittance
spectra calculated for a single detector line is better
than 0.02%. Detector lines coadding can be used to
obtain a further increase of the SNR yet at the expense
of a decrease in vertical resolution. The tangent
altitude range of observations through the Martian
atmosphere starts from several kilometers above the
surface, increasing up to 200 kilometers where strong
CO: lines can still be detected in the thermosphere.

The most tantalizing goal of ACS MIR is to do
sensitive measurements of methane with detection
threshold at ppt level. Besides methane, ACS MIR
will be able to establish new results for a number of
minor species: CaHa, CoHa, CoHg, HO2, H20,, H2CO,
HCI, SO;, OCS etc. For the first time in Mars
exploration of the vertical profile of the HDO/H20
ratio in Martian atmosphere will be performed. The
spectral range of spectrometer includes several CO;
absorption bands allows to measure density,
temperature profiles and isotopic ratios. The short-
wavelength side of MIR’s spectral range is extended
to cover almost the whole carbon monoxide band.

The general performance, sensitivity levels and further
observation plans of the ACS MIR will be presented.
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Abstract

The Atmospheric Chemistry Suite (ACS) began
nominal science operations in April 2018 onboard the
Trace Gas Orbiter (TGO) of the ExoMars mission.
The mid-infrared channel (MIR) of the instrument is
a cross-dispersion echelle spectrometer dedicated to
solar occultation measurements in the 2.3-4.3 pum
range [1]. This experiment achieves the signal-to-
noise ratio SNR~3000 with the instrumental
resolving power of >50,000. It is able to accomplish
the most sensitive measurements of the trace gases
ever present in the Martian atmosphere. In parallel,
the tiniest atmospheric layers — even up to 200 km —
may be probed along the occultation line of sight
measuring in strong CO, absorption bands (2.7 and
4.3 um). It gives us possibility to retrieve density,
scale height and temperature of the Martian
thermosphere.

In this paper we present first results of CO, density
and temperature retrievals from the ACS MIR solar
occultations. The statistics of observations counts a
few sunsets and sunrises per day in the both Martian
hemispheres. Each session is devoted to a spectral
interval correspondent to one of ten positions of the
secondary MIR grating [1]. Such coverage allows
measuring all significant CO, bands in the 2.3-4.3
um range orbit by orbit. Depending on absorption
line intensities and its temperature behavior several
transition bands were selected for density and
temperature retrievals at different altitude ranges. An
example of absorption band around 4.3 pm is
presented in Figure 1. Here strongest transitions
R18e...R38e are shown at different temperatures on
a background of weak ones (1a). This spectral
interval is suitable to measure high atmospheric
altitudes: 100-200 km (1b). Those strong lines are
clearly detected at 200 km. Except the main isotope
1%0%2C™0, a few others (**0*C™0, *0*C™0) are
also analyzed by the MIR, providing additional

possibility to study the oxygen and carbon isotopic
ratios.

17 POSITION 9, ORDER 141, 4.2093-4.2343 mkm

o # ‘ﬁ PR P *

6e R28e R30e R3D2e o a o §
R34e

************ R36e R38e

£ 5] ¥ | %
-19| R18e R20e R22e R24e R
¥k oK ok K % % % x x

L
i
*
ABRK
g
*
-2
eFx
*
*

002 line intensity [cm]

o
o
@

CO, transmission
o
©

0.65 ——model at 100 km (with offset)
.65 - ——data at 100 km
(b) —e—data at 200 km

1

0. I I I N I |
2362 2364 2366 2368 2370 2372 2374 2376
Wavenumber [cm"]

Figure 1: An example of CO, absorption
measurement at 4.3 um band at high altitudes of
Martian atmosphere. (a): line intensities at
temperatures 296 K (red stars) and 150 K (blue
squares), calculated from HITRAN 2016. (b):
transmission spectra, measured at 100 km (in blue)
and at 200 km (in red) in echelle order #141, 25"
April. To compare, modeled transmission (in black,
with offset) was estimated for 100 km on a basis of
the MCD (http://www-mars.Imd.jussieu.fr).
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Abstract

Nadir and Occultation for Mars Discovery (NOMAD)
onboard ExoMars Trace Gas Orbiter (TGO) has
started the science measurements on 21 April, 2018.
We present the preliminary results on the sensitive
search of minor species in the Martian atmosphere
from the first data measured by TGO/NOMAD.

1. The NOMAD instrument

NOMAD is a spectrometer operating in the spectral
ranges between 0.2 and 4.3 um onboard ExoMars
TGO [1]. NOMAD has 3 spectral channels: a solar
occultation channel (SO — Solar Occultation; 2.3-4.3
pum), a second infrared channel capable of nadir,
solar occultation, and limb sounding (LNO — Limb
Nadir and solar Occultation; 2.3-3.8 pum), and an
ultraviolet/visible channel (UVIS — UV visible, 200-
650 nm). The infrared channels (SO and LNO) have
high spectral resolution (A/dA~ 20,000) provided by
echelle grating in combination with an Acousto-
Optic  Tunable Filter (AOTF) which selects
diffraction orders [2]. The concept of the infrared
channels are derived from the Solar Occultation in
the IR (SOIR) instrument [3] onboard Venus Express.
The sampling rate for the solar occultation
measurement is 1 km, which provides unprecedented
vertical resolution spanning altitudes from the
surface to 200 km. Nadir sounding by the LNO
channel will acquire spectra with an instantaneous
footprint of 0.5 x 17 km? which allows us to obtain
maps of trace gases and aerosols in the Martian
atmosphere.

One of the most remarkable capabilities of NOMAD
is its high spectral resolution in the near infrared
range. It allows us (1) to investigate vertical profiles
of the atmospheric constituents (such as carbon
dioxide, carbon monoxide, water vapor, and their
isotopic ratio) and (2) to perform sensitive search of
organic species (such as CH4, C,H4 C,Hg, H,CO)
and other trace gases (such as HCI, HCN, HO,, H,S,
N,O, OCS) by solar occultation measurements by the
SO chanrel, and (3) to obtain maps of the
atmospheric constituents (such as carbon dioxide,
carbon monoxide, water vapor, and their isotopic
ratio), across the planet by nadir viewing by the LNO
channel.

2. Search of the minor species

In this study, we focus on the sensitive search of
minor species such as C,H,, C,H,4, C,Hg, HCI, HCN,
H,CO, and HO, using the data measured by the SO
channel.

Based on the expected performance, we calculated
theoretical detections limit of the minor species by
NOMAD [4]. These results for the minor species
listed above are summarized in Table 1. We note that
these estimations were performed based on the
radiative transfer calculation for clear sky conditions.
Thus, we expect that the actual detection limits will
be slightly higher than the values shown in Table 1.
In the presentation, the preliminary results of the
analysis using the first data will be discussed.



Table 1: The minor species investigated in this study,
their upper limits (3-sigma) by the previous studies,
and their theoretical detection limits by NOMAD
solar occultation measurements at 20 km by the SO
channel [4].

Species | Upper limits by the | Theoretical detection
previous studies limits by NOMAD SO
(column-integrated) | channel (at 20 km alt.)
C,H, 3 ppb [5] 0.03 ppb
CH, 4 ppb [6] 0.2 ppb
C,Hs 0.2 ppb [6] 0.03 ppb
HCI 0.3 ppb [7] 0.03 ppb
HCN 2 ppb [6] 0.03 ppb
H,CO 4 ppb [6] 0.04 ppb
HO, 200 ppb [6] 1 ppb
H,S 2 ppb [8] 4 ppb
N,O 65 ppb [6] 0.2 ppb
0OCS 70 ppb [9] 0.3 ppb
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1. Introduction

The ExoMars 2020 mission aims at searching
primarily for traces of past life within a specific
geological context. The potential landing sites, Oxia
Planum and Mawrth Vallis represent a variety of
sediment types, including volcanoclastic sediments
and their alteration products, such as clays, as well as
possibly chemical sediments (salts, amorphous silica)
of Early Noachian to Hesperian ages. In both areas,
finely layered Noachian deposits have been altered
by aqueous processes to produce Fe/Mg clays (~300
m in Mawrth and ~20m in Oxia) that are overlain by
fluvial (Mawrth) and fluvio-deltaic sediments (Oxia)
of Early Hesperion age [1-3]. In addition, the Mawrth
deposits were later traversed by fluids that infilled
cross-cutting fractures, possibly related to the nearby
Oyama impact, indicating fluid circulation. The top
of the Mawrth succession was then altered to Al
phyllosilicates and hydrated silica. Both locations
were subsequently covered by other deposits that are
slowly being eroded away.

In terms of habitability, Mawrth and Oxia have seen
varying environmental conditions ranging from
possibly subaqueous, through fluvial/deltaic to
pedogenic, with the possibility of hydrothermal or
groundwater percolations. In an overall anoxic

context and the fact that the lack of long-term
habitability of the isolated and temporally distant
habitats, means that it is unlikely that, if life did
emerge on the planet, that it evolved beyond a
chemotrophic metabolism [4], any preserved life
forms from these two locations would be
chemotrophic in origin [4]. On Earth, the only habitat
that shares some of these environmental constraints
was that of the early anoxic Earth [Westall 2015] and
certain “extreme” environments on more recent times.
Understanding the preservation of chemotrophic life
forms and their fossilized signatures in lithified
(cemented) sediments is, thus, greatly aided by study
of relevant terrestrial analogues.

2. Fossilised chemotrophs in Early
Archaean rocks

Early Archaean volcanic sediments altered to
phyllosilicates (smectite) in aqueous environments
and influenced by hydrothermal fluids are excellent
analogues for early Mars [4]. Deposited in similar
anoxic conditions, they host fossilized traces of
chemotrophic life forms [4, 5]. Chemotrophs
(lithotrophs) colonized the surfaces of volcanic
grains, becoming colonised in turn by organotrophs,
and they also formed spiky colonies that grew in situ
in hydrothermally-precipitated, siliceous chemical
sediments. However, while the lithotrophs appear to
have been fairly widespread in their distribution,
even in relatively oligotrophic waters (i.e. poor in
nutients), the distribution of the organotrophs was
distinctly controlled by their vicinity to nutrient-rich
hydrothermal fluids.



Figure 1.
hydrothermal sediments (arrows show macroscopic

A Field photograph of layered
hydrothermal infiltrations) containing (B, C)
chemotrophic colonies (dark clots) infiltrated by
hydrothermal fluids (black arrows). Early Archaean,
Barberton, South Africa.

These primitive organisms were preserved by rapid
encapsulation in a mineral cement (silica in this case)
resulting in a variety of biosignatures: (1) the
physical remains of cells, colonies of cells, biofilms,

(2) degraded organic carbon either associated with
the fossils of disseminated in the fine-grained
argillaceous or chemical sediments, (3) as corrosion
tunnels in the surfaces of volcanic grains.

For the ExoMars payload, while individual fossil
cells are too small to be identified (<1p), colonies in
the form of clots or biofilms could be observed
microscopically as dark patches or layers within
martian sediments. The presence of carbon associated
with potential biosignatures would be revealed by
Raman and IR spectroscopy and the structure of the
carbon molecules, including their chirality would be
revealed by the MS techniques. Geological context
on large to microscopic scales is essential for correct
biosignature identification and would be also
provided by the rover instrument suite.

3. Conclusions

While the Early Archaean fossils are highly relevant
for understanding how chemotrophic life forms can
be preserved, the fossilised remains have undergone
a greater degree of metamorphism than that expected
on Mars. Younger chemotrophic colonies, e.g. those
forming carbonate mud mounds (sulphate reducing
bacteria), inhabited an inherently  oxygenic
environment and were preserved in oxygen-
controlled conditions. Their relevance is therefore
limited. The remains of microbes in evaporite
environments also suffer from the same problem. The
solution is to use experimental studies to provide
preserve  chemotrophs  from  these  diverse
environments and to age them in martian conditions.
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Abstract

The Atmospheric Chemistry Suite (ACS) package is
an element of the Russian contribution to the ESA-
Roscosmos ExoMars 2016 Trace Gas Orbiter (TGO)
mission. ACS consists of three separate infrared
spectrometers [1]. This ensemble has been designed
and developed in response to the Trace Gas Orbiter
mission objectives that specifically address the
requirement of high sensitivity instruments to enable
the unambiguous detection of trace gases of potential
geophysical or biological interest. ACS embarks a
set of instruments achieving simultaneously very
high accuracy (ppt level), very high resolving power
(>10,000) and broad spectral coverage (0.7 to 17 um
— the visible to thermal infrared range).

The near-infrared (NIR) channel is a versatile
spectrometer covering the 0.7-1.6 um spectral range
with a resolving power of >20,000. This channel is
operated in solar occultation and nadir. In nadir NIR
is mostly measuring water vapor and dayside oxygen
emission. In solar occultation NIR provides profiling
of CO,;, H,O, and the molecular oxygen O,
[Fedorova et al. EPSC 2018]. NIR can observe
occultations together with the two other ACS
channels MIR and TIRVIM, or together with another
spectrometer aboard TGO, NOMAD, and TIRVIM.

The mid-infrared (MIR) channel is a high spectral
resolution (resolving power of >50,000) instrument
dedicated to solar occultation measurements in the
2.2-4.4 pum range. MIR targets to accomplish the
most sensitive measurements of the trace gases in the
Martian atmosphere. Also the abundant components,
such as CO,, CO, H,O are profiled in a broad altitude
range [Trokhimovskiy et al. EPSC 2018].

The thermal-infrared channel (TIRVIM) is a Fourier-
transform spectrometer encompassing the spectral
range of 1.7-17 pm. TIRVIM is being continuously
operated in nadir to profile the temperature from the

surface up to 50-60 km and to monitor dust and water
ice clouds in nadir. Also the surface temperature is
measured [Ignatiev et al. EPSC 2018]. In solar
occultation TIRVIM is mostly operated in
“climatology” mode, with spectral resolution of 0.8
cm™, delivering profiles of CO,, CO, H,O and
aerosols. In a more “sensitive” mode, which requires
dedicated spacecraft pointing TIRVIM observes
trough the full nadir aperture with the spectral
resolution of 0.13 cm’ giving access to trace gases
[Grigoriev et al. EPSC 2018].

The overall status of the ACS experiment and key
findings available by the time of the conference will
be reported.
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Abstract Peltier-cooled InAs detector. A wide-angle acousto-
optic tunable filter manufactured on the base of TeO,
Robust design, small dimensions and mass, the crystal is used. Incident optical radiation has ordinary

polarization and the diffracted optical beam has the
extraordinary polarization. The angle between the
passed and diffracted optical beams is 6° at the
output of the AO crystal. A pair of polarizers with
crossed polarizing planes is used to filter out the non-
desired zero diffraction order.

absence of moving parts in acousto-optic tunable
filters (AOTFs) make them popular for space
applications [1-3]. Here we introduce a pencil-beam
near-infrared AOTF-based spectrometer ISEM for
context assessment of the surface mineralogy in the
vicinity of a planetary probe or a rover analyzing the
reflected solar radiation in the near infrared range
[4,5]. The ISEM (Infrared Spectrometer for ExoMars)
instrument is to be deployed on the mast of ExoMars
Rover planned for launch in 2020.

ISEM spectrometer

The instrument covers the spectral range of 1.15-3.3
um with the spectral resolution of ~25 c¢cm-1 and is
intended to study mineralogical and petrographic
composition of the uppermost layer of the regolith
and to estimate H20O/OH content and behavior in this
layer. The instrument is able to detect the most
important water-bearing minerals (i.e. phyllosilicates,
sulfates, opal) and other minerals formed in the
aqueous environments. Besides, it will help in real-
time assessment of surface composition in selected
areas, in support of identifying and selection of the
most promising drilling sites. A study of variations of
the atmospheric dust properties and of the
atmospheric gaseous composition is also of interest.

Figure 1: ISEM spectrometer: Optical Box (on the
right) and Electronic Box.

Two qualification models of the instrument were
manufactured. One of them has passed qualification
tests including thermal-vacuum tests down to -130°C.
The second one is delivered to ESA for integration

The instrument (Fig. 1) consists of two parts: Optical .
(Fig. 1) p P into ground-test model of the rover. At present, test

Box and Electronic Box. The optical scheme includes
entry optics, the AOTF, focusing optics, and a



campaign and planetary protection activities with the
flight model of the instrument has started.

Example of the gypsum reflectance spectrum
obtained by qualification model of ISEM is shown in
Fig. 2. Sample was crashed to powder.

Reflection coefficient

0.0

15 20 25 30 35
Optical wavelength, um

Figure 2: Gypsum spectra measured by ISEM.
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Abstract

The NOMAD (Nadir and Occultation for MArs
Discovery) — operating on board the ExoMars 2016
Trace Gas Orbiter mission — started to acquire the
first scientific measurements on 21 April 2018.

Here, we will present first retrievals of CO, column
density and surface pressure measured by the
NOMAD LNO channel in the nadir mode.

1. The NOMAD LNO channel

NOMAD is a spectrometer operating in 3 channels: 1)
a solar occultation channel (SO) operating in the
infrared (2.3-4.3 pum); 2) a second infrared channel
LNO (2.3-3.8 pm) capable of doing nadir, as well as
solar occultation and limb; and 3) an
ultraviolet/visible channel UVIS (200-650 nm) that
can work in the three observation modes [1,2]. The
LNO infrared channel has a high spectral resolution
(A/dA~10,000) provided by an echelle grating in
combination with an Acousto-Optical Tunable Filter
which allows the selection of spectral windows
(diffraction orders).

In nadir mode, LNO has an instantaneous footprint of
0.5x17 km? therefore it is very well suited to
measure the horizontal and local time distribution of
total column density of several species such as CO,,
CO, H,0, and isotopic ratio.

2. CO,column densities and surface
pressure

Since carbon dioxide constitutes 95% of the Martian
atmosphere, CO, column densities can be reasonably
used as a proxy for surface pressure [3].

We plan to analyze the data measured in diffraction
orders 149, 167, 168, 169 for the CO, retrievals
(Table 1). Orders 167-169 are particularly interesting
since they contain water vapor as well, which may be
retrieved simultaneously with CO, (See [4]). We will
use the line-by-line radiative transfer code ASIMUT-
ALVL developed at IASB-BIRA [5] to retrieve CO,
column density and surface pressure. These retrieved
quantities will then be compared with values
predicted by the 3D GEM-Mars v4 Global
Circulation Model (GCM) [6].

Table 1: Wavenumber ranges of the diffraction
orders for the CO, analysis by the NOMAD LNO

channel.
Diffraction | LNO
order wavenumber

limits [em™]

149 3349.24-3375.99
167 3753.84-3783.83
168 3776.32-3806.49
169 3798.80-3829.15
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Abstract

During the calibration campaign, laboratory
measurements were performed on different minerals
and rocks that can be considered as Mars analogs
with the aim of characterizing the scientific
performance of the Ma_MISS (Mars Multispectral
Imager for Subsurface Studies) flight spectrometer.

1. Introduction

Ma_MISS is a visible and near infrared (VNIR, 0.4-
2.2 um) miniaturized spectrometer hosted by the drill
system of the ExoMars 2020 rover [1]. Ma_MISS
will characterize the mineralogy and stratigraphy of
the shallow subsurface down to two meters [2].
ExoMars will focus on the search for signs of life
from both a morphological and a chemical point of
view. Ma_MISS will be implemented to accomplish
the following scientific objectives: (1) determine the
composition of the subsurface materials; (2) map the
distribution of the subsurface H,O and volatiles; (3)
characterize important optical and physical properties
of the materials (e.g., grain size); (4) produce a
stratigraphic column that will provide information on
the subsurface geology. The detector operating
temperature is -50°C. The thermal excursions at the
equatorial and mid latitudes that the ExoMars
mission can target for landing oscillate between a
few degrees above 0 and -120°C. Ma_MISS will
operate periodically during pauses in drilling activity
and will produce hyperspectral images of the drill’s
borehole.

2. The Ma_MISS instrument

The Ma_MISS instrument main requirement is its
miniaturization because it is embedded within the
drill (Fig. 1). The spectrometer is placed in a box on
the side wall of the drill box. The spectral range is
0.4-2.2 pm, with a spectral sampling of 20 nm a
SNR~100 and a spatial resolution of 120 pum. The
light from a 5W lamp is collected and carried,

through an optical fiber bundle, to the miniaturized
Optical Head, hosted within the drill tip. A Sapphire
Window with high hardness and transparency on the
drill tip protects the Ma_MISS optical head allowing
to observe the borehole wall. Different depths can be
reached by the use of three extension rods, 50 cm
long, each containing optical fibers and a collimator.
The first extension rod is connected to the non-
rotating part of the Drill, hosted on the rover, through
a Fiber Optical Rotating Joint (FORJ), that allows the
continuity of the signal link between the rotating part
of the drill and the spectrometer.

' PanCam WAC
PanCam HRC e
ISEM

In rear:
WISDOM, ADRON

o Ma MISS

Fig. 1: Artistic view of the ExoMars-Pasteur Rover with

instruments allocations. Ma_MISS is integrated within the
drill.

3. Experimental setup

The characterization of the scientific performances of
the Ma_MISS instrument was made in April 2018, at
the Leonardo calibration facility in Florence (ltaly).
During this activity, the Ma_MISS spectrometer was
inside a thermo-vacuum chamber (TVC) to maintain
the detector unit at the operating temperature. The
setup also included the GSE Tip Drill Tool



comprising the optical head with the illuminating
system, the optical fibers with the FORJ, and the
mini-AVIM connection adapters to pass the signal
inside the TVC. During the characterization phase we
selected three samples: a slab of Dunite rock, a slab
of Montiferru lava and a slab of gypsum, a mineral
that shows several spectral features in the range of
Ma_MISS. All the samples were mounted on an ad-
hoc sample holder (Fig. 2) screwed on a guide to
permit micrometric movement, which was necessary
to reach the focus position or to illuminate specific
features of interest on the selected sample.

Fig. 2: The GSE Tip Drill Tool illuminating a dunite
sample during the measurement session.

4. Discussion

Several measurements have been performed on
samples of different nature to test the spectral
performance of the Ma_MISS instrument. Data are
reported here as function of spectral channels on X-
axis. The spectra collected on the three points on the
slab of Montiferru lava (purple, blue and black
spectra in fig. 3) are quite similar to each other. The
weak absorption features indicated with the gray
dashed line (at ~ 340 px) represents the absorption at
1.9 um due to the presence of hydrated phases in the
sample.

The spectra obtained on the gypsum slab (cyan
spectra in fig. 3) show all its typical absorption
features reported in literature [3].

The green spectrum acquired on the dunite sample
shows the wide absorption band (from 125 to 275 px)
near 1um typical of olivine. All the samples were
measured a second time using a FieldSpecPro
spectrometer in the INAF-1APS laboratories to cross-
check the obtained results, which are consistent with
each other. However, the different spatial resolution
between the two instruments (Ma_MISS 120 um and

FieldSpecPro 6 mm) can lead to collect quite
different spectra when analyzing heterogeneous

samples.
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Fig. 3: Spectra obtained on Montiferru Lava, gypsum and
dunite. The value on the x axis is referred to the number of
pixels on the detector and not to the wavelength.

5. Summary and Conclusions

The Ma_MISS instrument has been developed to
provide hyperspectral images of boreholes excavated
by the ExoMars rover drill. The obtained results on
the mineral/rock samples confirm that the Ma_MISS
spectrometer have a spectral range, resolution and
imaging capabilities suitable for the Mars subsurface
characterization. An unambiguous understanding of
the landing site subsurface composition will be
crucial to reconstruct the geological evolution of
Mars and determine whether life might have occurred
on the planet.
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Abstract

The Martian atmosphere is characterized by the
presence of dust particles that during dust storms
(global or regional) can reach opacities > 1. The aim
of the present work is to identify and validate a
strategy to better constrain atmospheric dust content
in the NOMAD/TGO nadir observations making use
of aerosol-free reflectance spectra derived from the
OMEGA/MEX data set.

1. Rationale

NOMAD, the "Nadir and Occultation for MArs
Discovery" experiment [1], is a suite of
spectrometers on board the ExoMars Trace Gas
Orbiter (TGO) mission that will operate in nadir,
limb and solar occultation viewing modes. Nadir
spectra will be collected by the Limb, Nadir and
Occultation (LNO) and Ultraviolet and Vlsible
Spectrometer (UVIS) channels, covering respectively
the 2.3-3.8 um and the 0.2-0.65 um spectral ranges.
In the visible and infra-red ranges covered by
NOMAD dust does not show well-defined absorption
bands, although this indication is being tested by
other members of the NOMAD team. Airborne dust
particles can increase/decrease the albedo for
dark/bright terrains and introduce specific slopes
depending on opacity and grain size. Surface
reflectance in aerosol-free conditions is thus a crucial
parameter in the retrieval codes used to assess the
dust content in nadir viewing mode. The OMEGA
(Observatoire pour la Minéralogie, 1’Eau, les Glaces
et I’Activité [2]) instrument on boarda the Mars

Express mission investigated Martian surface
properties on a global scale between 0.4-5.1 pum in
nadir-pointing geometry and provide a valuable
dataset to derive reflectance spectra of the surface in
dust-free conditions [e.g. 3].

2. Method

Figure 1 shows two spectra from OMEGA sessions
collected in two different seasons but covering the
same location (LON= 68.6°E, LAT =15.9°N).
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Figure 1: An example of OMEGA spectra, showing
the overlap with NOMAD ranges.

The thin spectrum represents the atmosphere
corrected reflectance retrieved from the OMEGA
session ORB2458 5 wusing the SAS (Surface



Atmosphere  Separation) method [3]. Here,
atmospheric features (dust and CO; absorptions at 1.5
um and 2.2 um) have been removed. The thick
spectrum has been measured at the same location
during the OMEGA session ORB4558_4 but presents
a higher dust content. It represents the top of dusty
atmosphere, showing the CO, atmospheric features
as well. For the dusty spectrum, opacity of the order
of 3 has been estimated by means of the method
described in [4], using the thin spectrum as input for
the surface in dust-free conditions.

3. Summary

Aerosol-free reflectance spectra derived from the
OMEGA data set can be used as input for the surface
reflectance into NOMAD  retrieval  codes.
Uncertainties due to the different spectral ranges
covered by NOMAD and OMEGA will be evaluated
and reported in this work. Water ice cloud effects
will be also investigated. Improvements in the
aerosol properties gathered thanks to NOMAD
limb/occultation measurements will be taken into
account.
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Abstract

The ExoMars Trace Gas Orbiter (TGO), a mission by
ESA and Roscosmos started its operational scientific
phase in March 2018. The Atmospheric Chemistry
Suite (ACS) is a set of three spectrometers (NIR,
MIR, and TIRVIM) designed to observe the Martian
atmosphere in solar occultation, nadir and limb
geometry [1]. The thermal infrared channel —
TIRVIM is a Fourier-transform spectrometer
encompassing the spectral range of 1.7-17 um, with
the best spectral resolution 0.13 cm™. In nadir
operation mode, the primary goal of TIRVIM is the
long-term monitoring of atmospheric temperature
and aerosol (dust and ice clouds) state from the
surface to approximately 60 km. We present the
results of the first half year operation in orbit around
Mars.

1. ACS TIRVIM Fourier transform
spectrometer

TIRVIM is a 2-inch double pendulum Fourier-
transform spectrometer with cryogenically-cooled
HgCdTe detector, allowing both nadir and solar
occultation observations. In nadir operation mode
TIRVIM effective spectral range is limited to 5-17
um (590-2000 cm) with the apodized spectral
resolution of 1.2 cm™. The capabilities of TIRVIM
are similar to those of the previous experiments:
IRIS/Mariner 9, TES/IMGS and PFS/Mars Express,
with advantages provided by the highest spectral
resolution and better noise equivalent radiance (from
0.08 mW/m?sr/cmt) of the instrument, as well as the

dense spatial coverage of the Martian surface due to
TGO 400 km circular orbit. The altitude sensitivity
range extends from the surface to 60 km with the
vertical resolution from 3 km near the surface to 20
km at high altitudes. The best spatial resolution on
the surface of 17 km is defined by the 2.5° field of
view. In flight calibrations of TIRVIM are carried out
with alternating observations of the deep space and
the internal calibration black body.

2. Observations

First trial observations of TIRVIM were carried out
from the equatorial capture orbit in November, 2016,
and repeated from an intermediate orbit in February —
March 2017. Routine operations started in March
2018. In nominal operation mode, 600 spectra are
recorded from each orbit lasting 2 hours. The whole
planet is covered with observations in just a couple of
weeks. Examples of Martian spectra recorded by
TIRVIM for a variety of locations and local times are
shown in Figure 1.

3. First results

Inverse  problem solution methods for the
atmospheric thermal sounding are well known. We
used both Bayesian approach, known also as
statistical regularization, coupled with line-by-line
radiative transfer for final result presentation with
associated formal error, and a relaxation method
coupled with convolved transmittance technique for
fast evaluation of the temperature field. Vertical
temperature profiles with the surface temperature in



the bottom of each curve are presented in Fig. 2,
while 2-D temperature field along the sub-spacecraft
track on the surface is presented in Fig. 3. Half year
of TGO operation should provide a unique
opportunity to monitor a daily cycle of temperature
field in addition to its seasonal variations.
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Figure 1: Examples of ACS TIRVIM measured and
model spectra recorded at various locations and local
times. Absorption bands of CO,, dust and water ice,
as well as the region with minimum opacity used for
monitoring of the surface temperature are marked
with arrows.
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spectra shown in Figure 1.
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Figure 3: Temperature field along the sub-spacecraft
track on the Martian surface measured from the
equatorial capture orbit.
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Abstract

We present preliminary results from data assimilation
of observations from the thermal infrared instrument
TIRVIM, part of the Atmospheric Chemistry Suite on
board ESA-Roscosmos’ ExoMars Trace Gas Orbiter.
These assimilations focus on atmospheric tempera-
tures retrieved from the first few months of nadir data.
We use the Local Ensemble Transform Kalman Fil-
ter technique to assimilate observations into the LMD
Mars General Circulation Model.

1. Introduction

The ExoMars Trace Gas Orbiter (TGO), a collabo-
rative project between the European Space Agency
(ESA) and Roscosmos (Russia), was successfully in-
serted into Mars orbit on 19 October 2016, and
reached its final science orbit on 7 April 2018. TGO
began taking observations as part of commissioning
operations in March 2018.

At the Laboratoire de Météorologie Dynamique
(LMD) we are responsible for data assimilation of
observations from the Atmospheric Chemistry Suite
(ACS) thermal infrared instrument (TIRVIM) on
board TGO [4]. This instrument measures vertical pro-
files of temperature as well as dust and water ice in-
tegrated content, at various local times, latitudes and
seasons. Our aims are to generate analyses of the Mar-
tian atmosphere in a semi-operational way, provide
these to the community in the short term, and use them
to better understand Mars’ climate.

2. Observational data

TIRVIM is a thermal infrared spectrometer with spec-
tral range 1.7-17 pm, whose main purpose is to con-

tinuously monitor the Martian environment in nadir in
support of solar occultation measurements by ACS’s
near-infrared and mid-infrared channels [4]. Its pri-
mary observations are vertical profiles of atmospheric
temperature, but it also produces surface tempera-
tures and column-integrated dust, water ice, and other
aerosol opacities.

We use the first few months of nadir data from
TIRVIM. These have been calibrated and then re-
trieved using a line-by-line radiative transfer model
[2]. We focus on assimilation of atmospheric temper-
atures, with assimilation of the other available data to
follow. The observations cover various local times of
day with full coverage in longitude every 7-10 days,
over £75° latitude, with vertical coverage between
~ 5 — 45 km altitude.

3. Model and assimilation

The LMD Mars General Circulation Model (GCM) [1]
is a detailed model of Mars’ atmosphere that includes
representations of the dust cycle, water cycle, bound-
ary layer, subsurface, aerosols, upper atmosphere, and
other parametrizations relevant to the Martian environ-
ment.

Assimilation of observations into the LMD Mars
GCM is achieved using the Local Ensemble Transform
Kalman Filter [3, 6]. The LETKF is an ensemble-
based assimilation scheme where we typically use 16
ensemble members and multiplicative inflation to ad-
just the background ensemble error covariance.

Assimilation of Martian atmospheric data provides
a significant challenge for ensemble-based data assim-
ilation. Quantities available to assimilate are strongly
inter-dependent, and Mars’ atmosphere is less chaotic
than the Earth’s, so the ensemble can converge over
time, with bias dominating the ensemble in a way that



cannot be alleviated by synoptic variability.

4. Previous work

Work up to now has assimilated temperature, dust, and
water ice observations from the Mars Climate Sounder
on NASA’s Mars Reconnaissance Orbiter [5, 6]. Fig-
ures | and 2 show example comparisons between tem-
perature analyses and MCS observations, varying the
time between assimilations. The errors are reduced
visibly as the time between assimilations is reduced
to 2 hours (Fig. 1), and error diagnostics (Fig. 2) show
that a 1 hour cycle improves this even further.
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Figure 1: Difference between analysis mean and ob-
served night-time (~3 am) temperatures for MCS ob-
servations binned over Ly = 175—180° during MY?29.
The top panel has no assimilation, and the others vary
the time between assimilations. In hatched regions the
difference is larger than observational error.

5. Summary and Conclusions

The LMD Mars data assimilation scheme is ready to
analyse data from the TIRVIM instrument, part of the
ACS suite on board ExoMars TGO. We shall present
our preliminary analysis of the first few months of as-
similated atmospheric temperature observations.
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Figure 2: Temperature bias and RMS error in the
analysis mean compared with raw observations, glob-
ally and diurnally averaged over 10-1.0 Pa between
L, = 150—180° during MY?29 (same period as Fig. 1).
We show the pressure range where the assimilation is
poorest. Lines show the free run and 6, 3, 2, and |
hour assimilation cycles. Black lines show observa-
tional error.
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Abstract

The ExoMars Trace Gas Orbiter (TGO) intends to
study the composition of the Martian atmosphere. It
was jointly developed by ESA and Roscosmos and
successfully entered orbit around Mars in October
2016. After a lengthy, but crucial, aerobreaking cam-
paign, its orbit was nominally reduced to a near-
circular 400 km altitude, with a 2 hour period, in
January 2018. There are four scientific instruments
on TGO: the Atmospheric Chemistry Suite (ACS),
the Nadir and Occultation for Mars Discovery (NO-
MAD), the Colour and Stereo Surface Imaging System
(CaSSIS), and the Fine-Resolution Epithermal Neu-
tron Detector (FREND). This presentation will fo-
cus on trace gas retrievals for the mid-infrared (MIR)
channel of the ACS instrument operating in solar oc-
cultation mode. The first solar occultation observa-
tions were made on April 21, 2018, with nominal sci-
ence operations to follow. We will present the retrieval
scheme, our evaluation of spectroscopic parameters,
sensitivity to a priori data, results from retrievals for
simulations of the Mars atmosphere, and spectral fit-
ting results for the first set of solar occultation obser-
vations made by ACS MIR.

ACS is a set of three spectrometers that are designed
to better characterize the atmosphere of Mars with un-
precedented accuracy (Korablev et al., 2018). It aims
to detect and quantify unknown trace gases diagnos-
tic of active geological or biological processes, to map
their distribution and attempt to identify sources, and
to refine our knowledge of the vertical distribution of
major and minor atmospheric gases. It has three chan-
nels: near-infrared (NIR), thermal-infrared (TIRVIM)
and MIR. The ACS MIR channel uses a novel concept
for atmospheric studies: a cross-dispersion spectrom-

eter combining an echelle grating with a wide blaze
angle and secondary, steerable diffraction grating (Ko-
rablev et al., 2018). It covers the wavenumber range of
23754340 cm™ 1L,

ACS MIR data is being processed by several groups.
This presentation will focus on the data product gen-
erated at LATMOS using the Gas Fitting software
(GFIT) maintained by NASA’s Jet Propulsion Lab-
oratory. GFIT if a part of the GGG software suite
and is designed to be a multipurpose and robust spec-
tral fitting suite (e.g., Sen et al., 1996; Irion et al.,
2002). It was derived from early versions of the Oc-
cultation Display Spectra (ODS) software developed
or the ATMOS spectrometer flown on the space shut-
tles (Norton and Rinsland, 1991). It is currently used
for the MKIV balloon missions (Toon, 1991) and the
Total Carbon Column Observing Network (TCCON)
of ground-based FTSs (Wunch et al., 2011).

GFIT computes volume absorption coefficients for
each gas in a chosen spectral range, computes a spec-
trum line-by-line, and fits the computed spectrum to
the measured spectrum using a non-linear Levenberg-
Marghardt minimization. The state vector contains
the continuum level and tilt, and volume mixing ra-
tio (VMR) scaling factors (VSFs) for each target gas.
GFIT is capable of fitting multiple gases at the same
time. The VSF is a multiplicative scaling factor ap-
plied to the a priori VMR vertical profile. In princi-
ple, GFIT only modifies the magnitude, and not the
shape of, the a priori VMR vertical profile. However,
in solar occultation mode, the a priori can be scaled
for each observed spectrum at each tangent altitude.
To retrieve a VMR vertical profiles for a target gas
from a set of solar occultation spectra, the set of re-
trieved slant columns abundances from each observa-
tion are inverted with calculated slant column paths



traced through the atmosphere using a linear equation
solver.

Two major spectroscopic line lists, HITRAN and
GEISA, have been recently updated. Both the
2015 edition of the GEISA spectroscopic database
(Jacquinet-Husson et al., 2016) and the 2016 edi-
tion of the HITRAN spectroscopic database (Gordon
et al., 2017) feature significant changes to the spec-
troscopic parameters for CO,. These changes were
developed to support greenhouse gas measurements
at Earth by TCCON, the Greenhouse Gases Observ-
ing Satellite (GOSAT) and the Orbiting Carbon Ob-
servatory (OCO-2). On Mars, while the average sur-
face pressure is roughly 200 times less than Earth’s,
the VMR of CO5 is over 2000 times that of Earth.
Therefore, CO, absorption lines in solar occultation
spectra are can be larger for Mars than for Earth,
and minor changes to the spectroscopic parameters
can lead to large differences in the calculated spec-
tra. To determine whether these changes lead to im-
proved spectral fits, we have applied both databases, as
well as HITRAN 2012 (Rothman et al., 2013) to spec-
tral fitting of Earth-observing solar occultation spec-
tra recorded by the Atmospheric Chemistry Experi-
ment FTS (ACE-FTS) Bernath et al. (2005). We have
also investigated the effects of spectroscopic param-
eters recently made available for air-broadening pa-
rameters in a CO2-rich atmosphere. Parameters for
some gases have been compiled by HITRAN (CO,
SO2, NH3, HF, HCI, OCS, and C2Hy) (Li et al., 2015;
Wilzewski et al., 2016), while parameters for water
vapour have been made available by Gamache et al.
(2016) and Devi et al. (2017). We will present the re-
sults of our validation of HITRAN 2016 and GEISA
2015, and also show the effects that CO5 broadening
parameters have on synthetic Mars spectra.

A first attempt at spectral fitting will be done us-
ing climatological models from the Mars Climate
Database (Forget et al., 1999; Millour et al., 2015).
New observations of temperature and pressure made
by the Mars Reconnaissance Orbiter’s Mars Climate
Sounder and the TIRVIM channel will be assimilated
into the LMD General Circulation Model. When
a more accurate assimilation is ready, the retrievals
will be reprocessed using the updated a priori verti-
cal profiles of temperature, pressure, CO2 VMR, and
H>0 VMR. Vertical profiles of temperature and pres-
sure will also be retrieved by simultaneous observation
made with ACS NIR and TIRVIM. These will be used
to produce a third version of our MIR data product.
As the mission progresses, we will quantify the differ-

ences among sources of a priori data, and study their
effects on retrievals.

Much work has been done to investigate the lim-
its of the retrieval algorithm by generating synthetic
spectra for different atmospheric conditions (tempera-
ture, pressure, dust loading, and trace gas abundances).
Noise is added to the spectra, they are resampled to a
uniform fitting grid, and spectral fitting is performed
using generic a priori to see how well the trace gas
VMR vertical profiles used to create the synthetic
spectra are reproduced. We found that given accurate
temperature and pressure a priori, and a CH,4 abun-
dance between 2—-6 ppbv, we can accurately recon-
struct the vertical profiles of CHy in the presence of
noise. However, at low altitudes, due to signal at-
tenuation from dust and interference from strong COo
absorption features, our retrieval becomes less accu-
rate when the dust is high. Similarly, at high altitudes,
where absorption line depths approach the magnitude
of the noise, our retrieved profiles diverge from the
true state of the atmosphere.

Since the end of April 2018, ACS MIR has been
recording sets of solar occultation spectra. We will
present our initial investigations into processing and
fitting the data, focusing on the spectra and the good-
ness of fit for target gases in selected micro-windows.
We will also present the latest state of our data pro-
cessing and current best estimates of the composition
and vertical structure of the atmosphere as estimated
using GGG and ACS MIR.
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Abstract

Raman Laser Spectrometer (RLS) is part of the
Exomars 2020 key instruments devoted to the
analysis of samples collected below the Martian
surface. This paper aims to describe the instrument
technical characteristics, the scientific performances
and the operation it will perform on Mars in the
context of Exomars 2020 rover mission.

1. Introduction

The main ExoMars 2020 mission scientific objective
is “Searching for evidence of past and present life on
Mars". For that purpose the ExoMars rover will carry
a drill able to obtain samples up to 2 meters depth
under the Martian surface. These samples will be
analyzed by a suite of instruments (Pasteur Payload)
located inside the Rover’s Analytical Laboratory
Drawer (ALD) and dedicated to exobiology and
geochemistry research at the mineral grain scale after
these samples have been crushed and powdered. The
Raman Laser Spectrometer (RLS) is one of these key
instruments. The RLS will contribute to this
scientific goal through the precise identification of
the mineral phases and the capability to detect
organics on the powdered samples (1). RLS is being
developed by a European Consortium composed by
Spanish, UK, French and German partners.

2. Instrument description

The RLS Instrument is made by the following units:
SPU (Spectrometer Unit), iOH (Internal Optical
Head), ICEU (Instrument Control and Excitation

Unit) and CT (the calibration target) (see Fig.1). The
instrument main scientific characteristics are:

* Laser excitation wavelength: 532 nm

* Irradiance on sample: 0.4 - 8 kW/cm2

* Spectral range: 150-3800cm-1

» Spectral resolution: between 6 and 8 cm-1
* Spectral accuracy: <1 cm-1

* Spot size: 50 microns

And the instrument main technical and physical
characteristics are:

* Mass ~ 2.4 kg

» Power consumption between 20W and 30 W
(depending on the temperature and operation-al
mode).

* It is designed to provide full performances in a
thermal environment between -40°C and 0°C and
survive in a non-operational envi-ronment between -
60°C and +50°C

« Active focusing of laser onto the crushed sample of
+1mm range and sub-pm resolution

* Redundant laser excitation chain

* Processing activities are shared between RLS and
rover processors

o Storage needs on Rover memory is around
200Mbits (20 measurements + auxiliary data)

The RLS instrument operation on Mars consists on a
micro analysis of the powdered samples along a line
defined by the motion of the rover’s carrousel. This
analysis is performed in automatic mode with the
optimal spectral acquisition parameters defined my
specific algorithms.



Figure 1: Overview of the RLS instrument showing
the main component units.

3. Summary and Conclusions

This paper aims to describe the RLS instrument and
the operation it will be perform on Mars in order to
contribute to the Exomars 2020 scientific objectives.
The model philosophy and the technical and
scientific steps leading to the current flight model
(FM) RLS instrument will also be presented and
discussed. In particular the results obtained with the
EQM model at room conditions and relevant Martian
conditions. These results will be compared with those
obtained in a specific simulator of the Exomars
powder analysis operation. Finally the discussion will
include the conclusions obtained from these results
and the potential scientific capabilities of the Raman
technique in the context of the rover operation on
Mars.
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Abstract

The Atmospheric Chemistry Suite (ACS) of three
spectrometers started its scientific operations in April
2018 on board the Exomars 2016 Trace Gas Orbiter
(TGO). This paper will present the first observations
by ACS of the vertical distribution of carbon
monoxide (CO) in the atmosphere of Mars.

1. CO in the atmosphere of Mars

Carbon monoxide (CO) is formed in the atmosphere
of Mars through the photolysis of CO, at
wavelengths shorter than 200 nm:

CO,+hv—>CO+0 (1)

Since the 1970s and the classic papers of [1, 2] it has
been known that OH and the trace amounts of odd-
hydrogen species (HOy) produced by H,O
degradation represent the main loss of CO and can
efficiently recycle CO, from its photodissociation
product:

CO+OH—CO,+H (2

CO is therefore an important tracer of the catalytic
chemistry that explains the remarkable stability of the
Mars quasi-pure atmosphere of CO,.

The photochemical lifetime of CO is estimated from
reaction (2) to 5 terrestrial years [3]. This long
lifetime does not authorize chemical variations of CO
with local time or even at the seasonal timescale. Yet,
observations show a pronounced seasonal cycle of
the CO mixing ratio at high latitudes [4,5]. This
phenomenon is not of chemical origin but a response
to the condensation—sublimation cycle of CO, to and

from the seasonal ice caps, which leads to
enrichment—depletion of all non-condensable gases in
polar regions. Thus, CO is also a good tracer of such
processes and of atmospheric dynamics in general.

In terms of absolute amounts, previous measurements
of Martian CO carried out from space or from the
Earth indicate values of 700-1100 ppmv averaged
over the atmospheric column [4,5]. Those
abundances have historically been a challenge and
remain unsolved for chemical models, which
typically underestimate CO by a factor 2 to 8 [3].
The fact that such a basic problem persists after
decades of research may be indicative that an
important process is missing or largely inaccurate in
our understanding of the Mars photochemical system.

To date, only column-averaged amounts of CO have
been measured on Mars and no measurements of the
vertical distribution of CO have been published.
Vertical profiles of CO will be provided for the first
time by the instruments on board the Trace Gas
Orbiter.

2. The Atmospheric
Suite (ACS)

The Atmospheric Chemistry Suite (ACS) package is
an element of the Russian contribution to the ESA-
Roscosmos ExoMars 2016 Trace Gas Orbiter (TGO)
mission [6]. ACS consists of three separate infrared
spectrometers,  sharing common  mechanical,
electrical, and thermal interfaces.

Chemistry

Among the three spectrometers of ACS, the mid-
infrared channel (MIR) is a cross-dispersion echelle
instrument  dedicated to solar  occultation
measurements in the 2.2-4.4 um range and achieves a
resolving power of > 50000. With its unprecedented



sensitivity and its spectral range that covers the 2.3
pwm band of CO, MIR is well suited to retrieve
accurate vertical profiles of CO from 10 km to about
140 km. In low dust conditions, we anticipate a
sensitivity to CO of about 5 ppmv, i.e. less than 1%
of the mean mixing ratio of CO on Mars.
Measurements of the CO vertical distribution will
also be possible with the thermal infrared (TIRVIM)
channel of ACS, a Fourier-transform spectrometer
encompassing the spectral range 1.7-17 um. TIRVIM
covers the strong CO band at 4.7 um, which should
allow the retrieval of accurate CO profiles in solar
occultation mode, despite a lesser spectral resolution
than MIR.

3. First observations of CO

The first vertical profiles of CO obtained by solar
occultation from the MIR and TIRVIM channels of
ACS, not retrieved yet at the time of writing, will be
presented in this talk. They will be analysed in the
context of Mars atmospheric dynamics and
photochemistry. We will also present comparisons
with three-dimensional simulations of Mars CO
carried out with the LMD global climate model with
photochemistry.
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1. Introduction

As part of an ongoing regional study, we present
preliminary observations of catchments associated
with the Oxia Planum ExoMars 2020 rover landing
site in northwest Arabia Terra. With the primary goal
of searching for signs of past and present life on
Mars, the ExoMars rover will investigate the
geochemical environment in the shallow subsurface

over a nominal mission of 218 martian days (sols) [1].

To meet this ambitious mission goal, and for the
results of the geochemical experiments to be
meaningful, it is crucial to understand the context of
the landing site as a whole, and to consider the
geological processes that might affect the potential
for the formation, concentration and preservation of
biomarkers within strata exposed in the landing
ellipse.

Here, we present the first stage of a study to
characterise the Noachian to early Hesperian
geological context of the Oxia Planum landing site.

Ancient fluvial systems fed into the Oxia landing site
region from the southeast; we compare a
hydrological model of the modern topography with
geomorphological indicators of ancient fluvial

activity such as channels, visible in remote sensing
data. We use differences between the two to
understand (1) the size of the Oxia Basin catchment
which might have sourced potential biomarkers
feeding the sediment fan identified within the landing
ellipse, and (2) how the catchment may have changed
though Martian history.

Figure 1: Model catchments (black) flow accumulation paths (white) and impact craters with smooth
sedimentary floors that fall below the elevation in the catchment that water should pond (blue areas) of the Oxia
Planum basin. Overlain with the observed fluvial network from this study (light blue) and Hynek et al (2010):

dark blue).



2. Method

The model palaeo-watershed area and a drainage
network map were calculated using the ArcMap 10.5
Spatial Analyst ‘ArcHydro’ toolset [2] and MOLA
topography data. Ongoing  geomorphological
observations of fluvial features are being made using
THEMIS, HRSC and CTX data, digitized on to a
HRSC basemap at a scale of 1:50,000. The data were
then visually compared to identify where the model
flow accumulation agrees with, or deviates from, the
geomorphological observations.

3. Observations

The model watershed and flow accumulation (Figure
1) shows that the Oxia Planum landing ellipse lies
within an area with two contributing catchments. The
larger, covering ~1.5x10° km? enters the Oxia Basin
at the eastern end of the landing ellipse area and the
smaller, of ~0.6x10% km?, contributes flow to Oxia
Basin from the south.

Fluvial
Lchannel

i~ SV
| Tectonicly' %,
‘controlled rise.
5

Figure 2: (a) Fluvial channel uplifted by a wrinkle
ridge crossing the model watershed and (b) a pit in

the smooth floor of a possible crater lake showing
layered sediments in CTX image
B19 016961 _1970_XN_17N022W.

The model watershed is broadly representative of the
observedchannel network and includes the large
valley Coogoon Valles [3]. However, there is an
important deviation to the north of Coogoon, where a
channel crosses the model watershed (figure 2a).
Here the topography has been affected by the
formation of a wrinkle ridge, showing that regional
tectonic activity postdates the observed fluvial
network, and that the true catchment area for the
Oxia basin is more extensive than the model suggests.

The model catchments include several basin forming
craters (Figure 1), which are found below the
elevations at which water should pond. None have
previously been identified as candidate paleolakes
because they do not have feeder channels. However,
may have channel-like incisions in the interior walls.
onlapped by smooth, layered crater floor deposits
(Figure 2b). The lack of feeder channels may be
ascribed to the crater’s location on a topographic rise
at the edge of the Oxia basin catchment but the
possibility of ground water fed paleo lakes remains to
be investigated.

4. Conclusions

Thus far our ongoing work shows that: (1) The Oxia
basin has been fed by an extensive fluvial system
with a minimum catchment area of ~2.1x10°km?. (2)
Tectonic activity postdates the formation of the
fluvial network, consequently the catchment may be
significant larger than the model value. (3) Several
craters suggest there may be evidence for interior
palaeolakes, although, being located on a topographic
rise, they do not have feeder channels. It is likely
they were sustained by ground water.
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Abstract

The NOMAD (Nadir and Occultation for MArs
Discovery) — operating on board the ExoMars 2016
Trace Gas Orbiter mission — started to acquire the
first scientific measurements on 21 April 2018.

Here, we will present first retrievals of ozone vertical
profiles obtained with NOMAD UVIS solar
occultations.

1. The NOMAD UVIS channel

NOMAD is a spectrometer operating in 3 channels: 1)
a solar occultation channel (SO) operating in the
infrared (2.3-4.3 pum); 2) a second infrared channel
LNO (2.3-3.8 pum) capable of doing nadir, as well as
solar occultation and limb; and 3) an
ultraviolet/visible channel UVIS (200-650 nm) that
can work in the three observation modes [1,2].

The UVIS channel has a spectral resolution <1.5nm.
In the solar occultation mode it will be mainly
devoted to study the climatology of ozone and
aerosols content [3].

2. Ozone retrievals

Ozone is a highly reactive species on Mars. In
particular, it displays steep gradients across the
terminator due to photolysis [4]. Odd hydrogen
radicals play an important role in the destruction of
ozone. This results in a strong anti-correlation
between Oz and H,O [4]. NOMAD will help us
improve our knowledge of the climatology of ozone
and of its complex photochemistry.

We will present first retrievals of ozone vertical
profiles. NOMAD-UVIS spectra will be simulated
using the line-by-line radiative transfer code
ASIMUT-ALVL developed at IASB-BIRA [5], and
the NEMESIS code [10] developed for use on
NOMAD-UVIS data at the Open University. In a
preliminary study based on SPICAM-UV solar
occultations (See [6]), ASIMUT was modified in
order to take into account the atmospheric
composition and structure at the day-night terminator.
We will follow the same method described in [7] to
check that the spectra are correctly calibrated and
accurately normalized to the solar spectrum. As input
for ASIMUT, we will use gradients predicted by the
3D GEM-Mars v4 Global Circulation Model (GCM)
[8,9] and the UK version of the LMD GCM. UVIS
ozone profiles will also be compared to SPICAM-UV
retrievals.
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Abstract

The Colour and Stereo Surface Imaging System
(CaSSIS[1-4]) aboard ESA’s Trace Gas Orbiter is
enabling the acquisition of elevation data at
~20 m/pixel of the surface of Mars. Here we evaluate
the performance of CaSSIS for geomorphological and
geological studies by comparing with other elevation
data used for such a purpose. These datasets are from
the ConTeXt (CTX) and the High Resolution Imaging
Science Experiment (HiRISE) cameras on NASA’s
Mars Reconnaissance Orbiter, whose elevation
datasets are produced at 20-25 and 1-2 m/pixel,
respectively. We find that CaSSIS elevation data have
similar potential to those from CTX, yet CaSSIS will
have better coverage and the addition of colour across
the whole swath.

1. Technical details and methods

CaSSIS operates a pushframe image-capture system
and performs in-track stereo by rotation of the
telescope assembly in flight. Via this mechanism a
stereo convergence angle of ~20° is obtained and the
delay between subsequent images is on the order of
15-20s [1]. The CaSSIS elevation data shown here
were produced by the team at the Astronomical
Observatory of Padova (OAPD-INAF) from data
acquired during the aerobraking phase of TGO in 20
November 2016. Two sets of framelets have been
acquired from a mean distance of 520 km with a mean
pixel scale of 6 m/px. At this time the orbit was highly
elliptical and the spacecraft was rapidly changing
altitude and speed across the scene causing unique
challenges for the stereo reconstruction. Hence, the
analysis of these elevation data should be considered
as a minimum estimate of CaSSIS’ performance. The
production of the elevation data performed by 3DPD
[5] includes: initial identification of tie-points using a
SURF-type algorithm [6], production of an initial
disparity map based on Delaunay triangulation,
refined by a fast normalized cross correlation (NCC)

[7], and an iterative sub-pixel refinement with a least
square matching algorithm [8]. CTX and HiRISE
elevation data of the same region were produced from
bundle adjusted images using the Ames Stereo
Pipeline [9]. They were vertically controlled to the
HRSC elevation data H3210 0000da4 with 125 m
horizontal resolution.

2. Initial Results

Fig. 1 shows the location of the three elevation
datasets produced for this study. The horizontal
resolution is 18, 25 and 2 meters for CTX, CaSSIS and
HIRISE, respectively. The data are located over Noctis
Labyrinthus to the west of Valles Marineris (6°1°10”S,
10°45°10”W). This area is characterised by steep
escarpments with bedrock at the top and a talus slope
below — a configuration characteristic of many zones
with active slope processes on Mars (e.g. RSL [10],
slope streaks [11], gullies [12]) — hence particularly
suited to test the performance of CaSSIS.

crx

HIeSE Cassis

Lrwteny

Figure 1: Map showing the footprints of the CaSSIS,
HIRISE and CTX elevation data with shaded relief.
Background elevation is from HRSC H3210_000. The
black line marks the trace of the centre of the swath profile,
spanning up to the edge of the HIRISE DTM footprint.



Fig. 2 shows the comparison between the three
topographic swath profiles for CTX, CaSSIS and
HIRISE. The sampling step along the profile has been
chosen according to the horizontal resolution of the
DTMs and the swath profiles have been collected
across width of 3 km. Both values have been chosen
in order to gather the maximum information in the
overlapping area of the three datasets. The
topographic information captured by the three datasets
is consistent and comparable, despite the widely
differing resolutions and noise.

HiRISE

CTX

CasSsIS

Figure 2: Topographic swath profiles derived from the
HIRISE, CTX and CaSSIS elevation datasets along A-B in
Fig.1. No vertical exaggeration.

3. Summary and outlook

Our initial analyses have revealed that CaSSIS
elevation data have a similar potential to data derived
from CTX stereo pairs. The main advantages of
CaSSIS over stereo acquisitions of CTX/HIRISE are:
(1) the ability to take near-instantaneous stereo images
meaning elevation data can be taken over areas that
often change between CTX/HIRISE images making
stereo reconstruction difficult or impossible (dunes,
seasonally frosted areas, polar caps), (2) more data-
volume is specifically allocated to stereo acquisitions
than is possible for CTX/HIRISE which obtain stereo
data by using different orbits and (3) co-registered
colour data can be made available across the whole

swath width, which is particularly important when
measuring active slope processes [13].
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1. Abstract

The ExoMars 2020 Rover will use a panoramic
stereo-camera system to image outcrops along its
traverse, in order to characterise their geology and
focus the search for ancient life. Photogrammetric
reconstructions of these images are created using the
Planetary = Robotics  Vision  Processing  tool
(PRoViP)[1]. 3D Ordered Point Clouds (OPCs) of
the reconstructed stereo images are visualized and
interpreted in PRo3D [2], which has been tested
using stereo-image data obtained by NASA’s MER
and MSL rover missions [3][4][5]. The Aberystwyth
University PanCam Emulator (AUPE), an emulator
for the ExoMars 2020 Rover, has been developed to
collect stereo-image data of outcrops in the UK
which are analogous to those expected in the
candidate landing sites [6]. Stereo-image panoramas
collected with AUPE are rendered in PRo3D, and full
geological analyses of these outcrops are carried out.
The results are compared with detailed field
investigation of the same outcrops, allowing us to
understand the reliability of this data when the
ExoMars 2020 Rover carries out its mission.

2. Planetary Robotics 3D Viewer
(PRo3D)

The interactive 3D viewing tool PRo3D [1][2][3]
allows virtual exploration of reconstructed Martian
terrain and geologic analysis of 3D datasets. It
provides measurement and annotation tools to
delineate geological boundaries, obtain dimensions
of geologic features as well as the linear and
projected distances between surface points and to
calculate dip and strike of stratigraphic layers.

3. Aberystwyth University PanCam
Emulator (AUPE)

AUPE was developed to allow the capture,
processing and analysis of PanCam field data during
the design, development, testing and qualification of
the flight model. AUPE was constructed to match as
closely as possible the specifications and capabilities

of the PanCam instrument [7] using Commercial Off
The Shelf components. Like PanCam, the AUPE
WACs have both RGB colour and multispectral
imaging capabilities although only the RGB imaging
filters were used in these studies. The transmission
properties of the PanCam and AUPE RGB filters are
closely matched and have the same center
wavelengths and bandwidths. AUPE includes a
motorized Pan-Tilt Unit (PTU) to allow panoramas to
be captured and ensure the precise and repeatable
pointing of the cameras during image capture.

4. Validation methodology

The primary concerns of this validation are the
accuracy of measurements carried out in PRo3D and
the geometry of the processed OPC surfaces,
adherence to true geometry at an optimum imaging
distance, and how this geometry varies with distance
and distance:baseline ratio. We are particularly
interested in how any changes in geometry will affect
key measurements, particularly vertical and lateral
dimensions and layer dip and strike. Field validation
also lets us gain a greater understanding as to what
details we are likely to miss when just interpreting
geology from panoramas and DOMs.

5. Validation at Brimham Rocks,
Yorkshire, UK.

The first stages of the validation process took place at
Brimham Rocks, Yorkshire, UK, in July and August
2017. Three outcrops of spectacular fluvial cross-
bedded sandstones were imaged extensively using
AUPE. Reference measurements were collected after
imaging, for comparison to those taken from the
processed OPCs in PRo3D. These included field
outcrop interpretations, imaging distance
measurements, general scale, bedset thicknesses,
layer thicknesses, grain size and variation, as well as
the dip and strike of foresets, set boundaries and
cross beds. Geo-referencing of these datasets has
been carried out, using a handheld GPS and compass
to place the OPCs into their true positions. Initial
analysis of range maps derived from the OPCs show



that the surfaces are consistent with field measured
imaging distances. Set thickness measurements in
PRo3D also show a good agreement with the field
measured values. Statistical analyses of the dip and
strike measurements are ongoing.

6. Resolution of sedimentary
structures at Pembrokeshire, Wales,
UK.

A major issue in interpreting image data returned by
the ExoMars rover mission will be the resolution of
the images taken. We have imaged a series of
Silurian-Ordovician outcrops of fluvial flood-plain
mudstones and channel sandstones, which typically
consists of thick sequences of mudstones, and fine-
medium grained cross-laminated sandstones. Imaging
took place at incremental distances of 2, 4, 8, 16 and
in some cases 32 m from the outcrop. Automated
processing using PRoViP is underway with this data,
to create panoramic images and 3D OPCs.
Interpretation of mosaics and OPCs taken at the
different distances will be carried out to determine
the level of image and OPC detail required to
robustly identify and analyse key sedimentary
structures which can be used for
palaeoenvironmental reconstruction. Collection of
this data will also help us to understand the reliability
of stereo-reconstruction with an increasing
distance:baseline ratio. This will provide a valuable
basis for interpretation and reconstruction of the
ancient environments along the ExoMars traverse,
therefore providing context for the instrument
science which will take place.

7. Summary and Conclusions

We show the first validation for photogrammetrically
produced 3D digital outcrop models which are
representative of those which will be collected by the
2020 ExoMars Rover PanCam. 3D visualization and
analysis of photogrammetrically  reconstructed
stereo-image data enables geoscientists to extract
large amounts of quantitative information from the
images, so an understanding of the validity of those
3D digital outcrop models and the measurement tools
used to analyse them is essential.

Acknowledgements

RB and SG were funded by UKSA grant
ST/P002064/1. Thanks also to National Trust

Brimham Rocks for allowing us to work on their
premises. This work receives ESA-PRODEX funding,
supported by the Austrian Research Promotion
Agency under ESA PEA Grants 4000105568 &
4000117520.

References

[1] Paar, G, et al. Vision and Image Processing. In Gao,
Yang, ed. Contemporary Planetary Robotics: An Approach
Toward Autonomous Systems (2016). John Wiley & Sons,
2016.

[2] Traxler, C., Ortner, T., Hesina, G., Barnes, R., Gupta,
S., Paar, G., Muller, J.-P. and Tao, Y. (2018) The
PRoViDE Framework: Accurate 3D geological models for
virtual exploration of the Martian surface from rover and
orbital imagery. In: 3D Digital Geological Models: From
Terrestrial Outcrops to Planetary Surfaces (Ed. A.
Bistacchi), John Wiley & Sons, Hoboken, NJ.

[3] Barnes, R., Gupta, S., Traxler, C., Ortner, T., Hesina,
G., Paar, G., Huber, B., Juhart, K., Fritz, L., Nauschnegg,
B., Muller, J. P., Tao, Y. (2018). Geological analysis of
Martian rover-derived Digital Outcrop Models using the
3D visualization tool, Planetary Robotics 3D viewer —
PRo3D. Earth and Space Science.

[4] Banham, S. G., Gupta, S., Rubin, D. M., Watkins, J. A.,
Sumner, D. Y., Edgett, K. S., ... & Barnes, R. (2018).
Ancient Martian aeolian processes and palaeomorphology
reconstructed from the Stimson formation on the lower
slope of Aeolis Mons, Gale crater, Mars. Sedimentology.

[5] Balme, M., Robson, E., Barnes, R., Butcher, F.
Fawdon, P., Huber, B., Ortner, T., Paar, G., Traxler, C.,
Bridges, J., Gupta, S., Vago, J. L. (2018). Surface-based
3D measurements of small aeolian bedforms on Mars and
implications for estimating ExoMars rover traversability
hazards. Planetary and Space science. v15, 39-53.

[6] Vago, J. L., et al., (2017). Habitability on Early Mars
and the Search for Biosignatures with the ExoMars Rover.
Astrobiology. v17, no 6-7.

[7] Coates, A.J., et al., (2017). The PanCam instrument for
the ExoMars Rover. Astrobiology, v17, no 6-7



EPSC Abstracts

Vol. 12, EPSC2018-988, 2018

European Planetary Science Congress 2018
(© Author(s) 2018

EPSC

European Planetary Science Congress

Formation of titanium oxide (TiO2) polymorphs in an
emerged submarine volcano environment: Implications for
Mars.

Patricia Ruiz-Galende, Imanol Torre-Fdez, Julene Aramendia, Leticia Gomez-Nubla, Kepa Castro, Gorka Arana, Juan

Manuel Madariaga.

Department of Analytical Chemistry, University of the Basque Country UPV/EHU, P.O. Box 644, E-48080 Bilbao, Spain.

(patricia.ruiz@ehu.eus )

Abstract

The study of terrestrial Martian analogues is crucial
for the knowledge of the mineralogy and the
formation mechanisms that occur in Mars. This work
is focused on the study of titanium oxide polymorphs
found in the same volcanic emplacement (a 100
million years old submarine volcano), as their
formation need different environmental conditions.
The three most common phases (rutile, brookite and
anatase) were identified in the same samples by
means of Raman spectroscopy, a technique that will
be implemented in the next ESA Exomars2020
mission.

1. Introduction

The landing site of the Exomars2020 mission could
be a sedimentary terrain fractured with volcanic
events, formed in a submarine environment. The
analysis of such a terrestrial environment is a
fundamental step to understand the geological
processes that could have happened in Mars. For that
purpose, the Mefiakoz outcrop (Biscay, northern
Spain) is being currently studied and proposed as a
terrestrial Martian analogue. It represents a 100
million submarine volcano scenario that erupted at
800-1000 m in depth through sea sediments; the
pillow lavas together with the sedimentary units
emerged 60 million years ago [1]. Among others,
titanium dioxides are commonly found in this kind of
emplacements.

On Earth, titanium occurs mainly in oxide or mixed
oxide forms. Main polymorphs of TiO; are rutile (the
most thermodynamically stable phase) brookite and
anatase (both metastable and can be transformed into
rutile irreversibly at high temperatures) [2] Rutile is
the high-pressure and high-temperature polymorph
that can be formed, among other reasons, because of
hydrothermal alterations [3]. On the other hand,
brookite and anatase are the low-temperature

polymorphs, being the latter the one with the lowest
formation temperature. Brookite is the rarest of the
natural TiO, polymorphs due to its lowest stability,
although both brookite and anatase are stable even at
700°C. Above this temperature, brookite is converted
into rutile while, in some cases, anatase could begin
its transition to rutile at ~600°C [4].

2. Sample description

The analysed samples were extracted from the cliff on
the Mefiakoz outcrop with the help of a hammer.
Samples were sliced and polished until the surface
was free of deformations using progressively finer
abrasive grit.

3. Materials and methods

For the proper characterization of the titanium oxide
polymorphs, Raman spectroscopy was employed.
The instrument used was an InVia confocal micro-
Raman spectrometer (Renishaw, UK), provided with
a 532 nm excitation laser, working in both point by
point and Raman image mode using laser power
filters to avoid thermal transformations.

4. Results and discussion

Rutile (Figure 1) with its main Raman bands at 447
(weak, w) and 610 (medium, m) cm* was detected in
the inner part of the samples. In order to clearly see
the band at 447 cm™, a band decomposition procedure
was performed.

As the high-pressure and temperature polymorph, it
can be stated that rutile was formed during the
eruption of the volcano, when the pressure and the
temperature reached high enough values. Due to its
stability, it is still present nowadays inside the rocks.

Brookite (Figure 2, black) was identified also in the
inner part of the sample with Raman bands at 154



(strong, s), 214 (w), 248 (w), 284 (w), 322 (m), 366
(w), 410 (very weak, vw), 501 (vw), 543 (vw) and 640
(vw) cm. Regarding anatase (Figure 2, blue), it was
detected both in the inner part and on the surface of
the samples. Its Raman bands are 143 (very strong,
vs), 198 (vw), 397 (m), 514 (w) and 637 (m) cm™.
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Figure 1. Raman spectrum of rutile (R) together
with quartz (Q) and calcite (Ca). The decomposition
of the band at 447 cm™ is presented.
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Figure 2. Raman spectra of brookite (together with
quartz, Q) and anatase.

Formation mechanism of brookite is still unclear. It is
an accessory mineral in igneous rocks and it may be
formed under hydrothermal conditions [5], but also
during the cooling process of the lava. Anatase arises
as an alteration product of Ti-rich minerals such as
ilmetite (FeTiO3), which is common in volcanic rocks;
the formation of this TiO, polymorph suggest a
hydrothermal like origin [6], which could happen in
Mefakoz, due to its submarine volcanic nature.

5. Conclusions

The identification of titanium oxides is very helpful
in the comprehension of the formation mechanisms in
Mars. The differences related to the temperature or
pressure for their formation could provide clues to
establish different formation environments and thus,
to understand the environmental and geological
history of Martian rocks. The presence of rutile
indicates that there was an episode where the
temperature and pressure were high, probably during
the eruption of the volcano. The other polimorphs
(brookite and anatase) arise from alteration processes
indicating their later formation.
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Abstract

WISDOM  (Water Ice Subsurface Deposits
Observation on Mars) is a ground penetrating radar
designed to characterize the shallow subsurface of
Mars, it will be accommodated on the rover of the
ExoMars mission and will provide global
information about the landing site geological history
as well as accurate descriptions of the buried
structures that will be essential to collect the samples
at depth. In this paper, we focus on the tools that
have been developed to process the signal and the
polarimetric data in order to achieve the technical
and scientific objectives of WISDOM and contribute
to the success of the rover mission. Experimental
data acquired in natural environments will be shown
and analyzed.

1. The
ExoMars

WISDOM radar for

WISDOM s a polarimetric radar, it can be operated
in co/cross-polar mode, which is essential to
characterize the shape of buried reflectors, estimate
the roughness of the surface.

WISDOM will be accommodated on the rover of the
ExoMars 2020 mission [1][2].

The main objectives of WISDOM are to:

* Give clues into the geological context of the
investigated site by providing information about
the structure of the subsurface (layers, blocks,...),
constraining the composition of the detected units
(porosity, composition) and mapping the
distribution and state of the subsurface water

* Provide input for the identification of the most
promising locations for sampling

» Provide guidance for the drilling operations

2. The experimental data set

We are leading a series of field tests in natural
environments order to acquire experimental data in a
variety of environments. These data are currently
used to design the data processing pipeline and
validate the algorithms. To assess the performances
and limits of the tools, it is essential to operate on a
number of interesting geological structures (outcrops,
layered subsurface, sedimentary rocks ...).

We use a prototype of the instrument representative
of the flight model to perform the measurements. The
WISDOM prototype is mounted on a cart inside a
case and the antenna system is 40 cm above the
surface as shown on Fig.1

Fig.1 : WISDOM prototype during a field test in
South of France

3. Data Processing

For the purpose of the operations on Mars, as
automatic as possible codes are developed. They
allow to detect in limit time layers and buried blocks.



High resolution algorithms are used to accurately
retrieve the surface topography. On smooth surfaces,
the amplitude of surface echo provides a first
estimate of the permittivity value which is used to
convert the measured delays in distances. Entropy
computation allows a local characterization of the
heterogeneities. Image processing codes are
developed to map the interfaces below the surface.

On-going work is done to optimize the processing of
the data and a collaboration with the Ma-MISS team
has recently be initiated to work on and optimize the
necessary synergy with the other instruments.
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Abstract

We present our research on the development of a
Mars modified version of Tau-REx (Tau Retrieval
for Exoplanets)!¥, an exoplanetary atmospheric
retrieval framework, designed to retrieve areo-located
13CHy, *CH,4 and C2Hs volume mixing ratios
(VMRs), using the ESA ExoMars Trace Gas Orbiter
(TGO) Nadir and Occultation for MArs Discovery
(NOMAD) radiance spectra. The VMRSs, of C;Hg and
the isotopologues of CHsa, are of great interest in
exploring whether CH, in the Martian atmosphere is
biotic or abiotic.l Whilst *CH,, **CH, and C,Hg
VMRs areo-located retrievals are yet to be obtained,
we present transmission and emission spectra,
simulated using a Mars modified version of Tau-REx
with the Mars Climate Database Version 5.2
(MCDV5.2)EL Finally, we present a series of movies
of the global variation of the atmosphere and climate
of Mars, created using the MCDv5.2 and comment
on their use in the development of DeepMars, a deep
neural network (DNN) retrieval framework.

1. Introduction

In 2003, methane, CH., was detected in the Martian
atmosphere (10 ppbv), which has, at most, a
photochemical lifetime of a few hundred years.[
This short lifetime of CH,4 in the Martian atmosphere
implies that CH4 should be uniformly distributed
over Mars. However non-uniform distributions of
CHj are observed.[® This raises questions with regard
to the source(s) and sink(s) of CHi. Abiotic and
biotic sources have been suggested to explain the
detection, ranging from serpentinisation of olivine to
methanogenesis®! by methanogenic archaea.l’? ESA’s
ExoMars TGO NOMAD instrument is expected be
able to measure the isotopic ratios of carbon-based
molecules in the Martian atmosphere.® On Earth, the
ratios of 13CH4/(C2H6 + C3Hg) and 513CCH4 and
8?Hcra, can be used to infer whether sources of CH,

are biogenic or abiogenic.l! Assuming similar
conditions hold on Mars, NOMAD measurements
have the potential to address this question.

2. Methods
2.1 A Mars modified Tau-REx

Tau-REX is a fully Bayesian retrieval framework that
uses Multinest/MCMC/Nested Sampling to sample
the entire likelihood space, unlike other planetary
atmosphere retrieval frameworks that often only find
the MAP solution, which may be biased.[*! Tau-REx
can also be used to produce posterior distributions of
model parameters. The posterior distributions of the
VMRs of 3CHy, ?CHy4 and C;Hg, with one another
(and other model parameters) are particularly
relevant for associating a likelihood to the nature of
CH,4 on Mars; abiotic or biotic, by showing whether
the retrievals of different state vector parameters are
correlated. Our research has involved modifying the
Tau-REXx radiative transfer model (RTM) module,
which acts within the Tau-REXx retrieval framework,
for Mars. The RTM has been used with vertical
temperature, pressure and VMRs profiles derived
from the MCDv5.2 (Figure 1), to produce simulated

Figure 1: A single frame of a movie of the global
atmospheric temperature (K) of Mars at 1m above
the local surface, created using the MCDV5.2.



Mars emission (Figure 2) and transmission (Figure 3)
spectra over NASA’s MSL location (4.5¢S, 137.4°E).
The developed framework will eventually use
calibrated ESA PSA files, generated from NOMAD
measurements. These are expected to be publicly
released by ESA in September 2018. Through
inverting measured radiance spectra, with simulated
spectra with 3CHyg, **CH, and C,Hs present, Tau-REXx
can obtain volume mixing ratios (VMRs). After the
Mars modified Tau-REXx has obtained areo-located
profiles of trace gas VMRs, we intend to attempt to
validate these results against the NASA Mars Science
Laboratory (MSL) Curiosity rover SAM-TLS
measurements in Gale Crater. (6]

2.2 The Mars Climate Database

We also present a set of movies of the global
variation of the atmosphere and climate of Mars
created with the MCDv5.2, (Figure 1), e.g. the
average solar scenario climatology, with increasing
solar longitude and local times, at the local surface
and 1m above, can be viewed by the reader online at:
https://www.youtube.com/watch?v=shQGEKY FW8U&t.

2.3 DeepMars

In parallel to a Mars modified Tau-REX retrieval
framework, a machine learning Mars retrieval
framework is being developed; DeepMars, which
uses a DNN to empirically derive a statistical
relationship between an ensemble of NOMAD
radiance spectra (using an extremely large training
database of Mars modified Tau-Rex RTM simulated
spectra) and different state vector parameters.[!

R = 7000
—_— R =300

2 4 6 8 10 12 14
Wavelength (um)

Figure 2: A simulated emission spectrum created,
using a Mars modified Tau-REXx retrieval framework,
exploiting a vertical atmospheric profile at NASA’s
MSL location (4.5¢S, 137.4°E), using the MCDV5.2.

A= 7000
— A=300

wavelength tum

Figure 3: A simulated transmission spectrum, created
using a Mars modified Tau-REX retrieval framework.

3. Conclusions

Our research has described the development of two
retrieval frameworks; a Mars modified Tau-REX
together with DeepMars, which will be used for the
interpretation of future NOMAD observations, in
particular to assess whether CH, detected in the
Martian atmosphere is biogenic or abiogenic.

Acknowledgements

We would like to thank UK Space Agency for their
support of this studentship through the Aurora
science programme. STFC no: 535385. We would
like to thank the LMD for providing a copy of the
MCD and Ehouarn Millour for his help in the
installation of the MCDV5.2, as well as James
Holmes for a set of column averaged methane mixing
ratios from Holmes et al. (2015).

References

[1] Waldmann et al. (2015), The Astrophysics Journal,
Volume 802, Number 2. [doi:10.1016/j.icarus .2004.07.004]
[2] Allen et al. (2006), EOS, Vol 87, Issue 41, pp. 433-439,
2006. [doi: 10.1029/2006EO410001].

[3] Forget, F., Millour, E., and Lewis, S.,
http://www.mars.Imd.jussieu.fr/mars/info_web/MCD5.2_d
dd.pdf, 2015.

[4] Krasnopolsky et al. (2004), Icarus 172, pp. 537-547.
[doi:10.1016/j.icarus .2004.07.004]

[5] Formisano et al. (2004), VVol. 306, pp. 1758-1761. [doi:
10.1126/science.1101732].

[6] Webster et al. (2015), Science, Vol. 347 (6220), pp.
415-417. [doi: 10.1126/science.1261713].

[7] Morozova et al. (2007), Vol. 37, Issue 2, pp. 189-200.
[doi: 10.1007/s11084-006-9024-7].

[8] Robert, S et al. (2016), Planetary and Space Science
124, pp. 94-104, 2016. [doi: 10.1016/j.pss.2016.03.003].
[9] Goodfellow 1., Bengio Y., and Courville A., Deep
Learning, pp., The MIT Press, 2017.




EPSC Abstracts

Vol. 12, EPSC2018-1023, 2018

European Planetary Science Congress 2018
(© Author(s) 2018

EPSC

European Planetary Science Congress

Processing and Calibration for the WISDOM Radar Applied
to Field Measurements

Dirk Plettemeier (1), Christoph Statz (1), Yun Lu (1), Wolf-Stefan Benedix (1), Valérie Ciarletti (2), Alice Le Gall (2),

Charlotte Corbel (2) and Yann Hervé (2)

(1) Technische Universitit Dresden, 01062 Dresden, Germany. (dirk.plettemeier @tu-dresden.de)

(2) UVSQ/LATMOS, 78280 Guyancourt, France

Abstract

The capabilities of the WISDOM GPR, which is part
of the 2020 ExoMars rover payload, are demonstrated
on field test data from two different sites. The objec-
tives of this paper are calibration, data processing and
polarimetric classification of buried scatterers.

1 Introduction

The WISDOM GPR is part of the 2020 ESA-
Roscosmos ExoMars rover payload. It operates at fre-
quencies between 500 MHz and 3 GHz yielding a cen-
timetric resolution and a penetration depth of about 3
m in Martian soil. Its primary scientific objective is
the detailed characterization of the material distribu-
tion within the first meters of the Martian subsurface
as a contribution to the search for evidence of past life
[1]. In addition to the primary scientific objectives, the
WISDOM data is supposed to be embedded in terrain
visualizations [2] in order to support the drilling oper-
ations [5].
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Figure 1: WISDOM calibration and data processing
scheme.
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Imaging

2 Calibration and Processing

The WISDOM data measured along the rover path is
subjected to calibration and pre-processing (removal
of ringing artifact). From the fully polarimetric mea-
surements a left-right discrimination [4] and classifica-
tion of the buried scatterers is possible. The processing
scheme is depicted in Fig. 1. The processing consists
of a calibration using freespace laboratory measure-
ments of the WISDOM antenna pattern, time-domain
transform of the measured data, removal of ringing ar-
tifacts, spatial high-pass filtering, imaging (Stolt) and
subspace projection. The processed results are decom-
posed using Entropy-a analysis for classification.

3 Field Data

Sphere

Dihedral

Plate

Dipole

(Site 1) (Site 2)

Figure 2: Depiction of the test sites. Left: Site 1, right:
Site 2.

The WISDOM data processing, calibration and
analysis has been testen on different occasions, e.g.
during the SAFER experiments [3].

Here we present further data from field measure-
ments. The two test sites are depicted in Fig. 2. At
site 1, the measured track is approx. 10m across plain
and flat terrain with limited vegetation and surround-
ing scatterers. The regions relevant for the radargram
processing are marked A,B and C. Feature B seems to



be a channel with distinctive material properties and
structure. At site 2 the measured track is approx. 2m
across plain soil inside a concrete channel. Inside this
channel different scatterers have been buried.
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Figure 3: CS (subspace projection) processed radar-
gram of site 1 with marked features.

The processed radargram result of site 1 is depicted
in Fig. 3. After processing, the channel B is clearly
visible in the data. In region A the signature of a de-
scending subsurface horizon is visible. Region C ex-
hibits different surface structure and density. The clas-
sification results of site 2 are depicted in the Fig. 4 and
Fig. 5. The buried scatterers are clearly visible in the
C-scan and correctly classified in the Entropy-a-plane.
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Figure 4: C-Scan and polarization of measurement site
2.

4 Conclusions

The derived WISDOM calibration and processing
scheme yields stable results at the expected resolution.

The processed data can be embedded in a terrain visu-
alization, aiding in the selection of viable drill sites.
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Figure 5: Polarization behavior of site 2. The buried
objects are classified correctly in the expected regions.
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Abstract

The MSL-SAM team recently presented in situ
measurements of the background methane levels in
Gale Crater that exhibits a strong, repeatable seasonal
variability with a mean value of 0.4 ppbv [1]. The
Mars Regional Atmospheric Modeling System
(hereafter MRAMS, [2]) is ideally suited to study the
role of local atmospheric transport and mixing in the
evolution of methane from potential source locations
using instantaneous and steady-state (Figure 1) in
time tracers, and to investigate whether methane
releases inside or outside of Gale crater are consistent
with TLS-SAM observations. Clathrate hydrates
could be a possible source of episodic methane
releases on Mars, and are used to estimate
atmospheric abundances based on reasonable surface
flux rates.

1. Experiment configuration

The model was run for twelve sols. Although the
circulation patterns are highly repeatable from sol to
sol beginning within a few hours of initialization, the
first sol may be regarded as ‘‘spin-up’’. All
simulations were started, at or slightly before local
sunrise. In order to characterize seasonal mixing
changes throughout the Martian year, simulations
were conducted at Ls 270° (the wholesale inundation
and flushing season of the crater reported in [3, 4])
and Ls 90° (as a representative of the rest of the year)
and Ls 155° (the highest methane values in [5,
Mummal). Using the above model configurations, [3]
demonstrate that the model was able to reproduce the
meteorological observations obtained by the MSL
Curiosity rover REMS instrument [6] in Gale crater.

2. Results

In our simulations, mixing of the crater air with
external air is found to be high during all the martian
year, being slightly more rapid at Ls 225-315
compared to other seasons. This result is in contrast
to prior work, and we find that the crater is not
isolated at any period of the year. The mixing time
scale is ~1 sol or less. The model simulations further
suggest that there must be a continuous release of
methane to counteract atmospheric mixing, because
the timescale of mixing is much shorter than the
observed span of elevated methane levels. The model
also indicates that the timing of MSL-SAM sample
ingestion is very important, because the modeled
methane abundance varies by one order of magnitude
over a diurnal cycle (Figure 2). The crater
atmospheric circulation is strongly 3-D, not just 1-D
or 2-D, and any scenario describing the transport of
methane must recognize this dimensionality [7].

3. Conclusions

Presumably, ground temperature controls the release
of methane trapped in clathrates on seasonal
timescales. The methane flux should be higher during
warmer seasons, implying a seasonal hemispheric
difference in methane background values if we
assume ubiquitous release sources over the planet.
During Ls 225-315, the strong northwesterly air
flowing down the crater rims during nighttime
originates from deep within the northern hemisphere,
whereas at other seasons the origin of that external
air is from locations closer to the crater or from more
tropical regions. The consequence of this is that
although the local methane emission in the crater
may be highest during the warm Ls 225-315 season,
those emissions are rapidly transported away and
replaced by methane-poor air emanating from the
cold northern hemisphere (red circle in Figure 3). In
contrast, the methane flux in the crater at other
seasons is similar to the flux for the source air
location (blue circle in Figure 3). In this scenario,



mixing has little effect on the overall methane
concentration and the concentration should be better
correlated with the local ground temperature.

Based on the mean meridional circulation, surface
winds would be expected to converge and confine in
the equatorial zone as the rising branch transits
through the equatorial region from one hemisphere
into the other as it migrates to its solstitial location
(green circles in Figure 3), containing and circulating
methane-rich air in the equatorial zone.

Synergy of our modeling results with TGO
observations could help to answer next intriguing
questions: Where are the methane release locations?
How spatially extensive are the releases? For how
long is methane released?

4. Figures

Figure 1. Steady state methane release scenarios
aerial view. Gale crater encircled. The yellow cross
represent the MSL Curiosity rover location. Four
independent methane release sources were located
outside the crater ~100 km NW, NE, SW and SE of
the rover landing site, each with an area of ~6,400
km? and another one located inside of the crater ~1
gri(; point west from the rover with an area of ~149
km~:

Steady-state methane emission in a small area inside Gale
and in medium size areas (NW-NE-SW-SE) outside Gale crater
MRAMS CH, flux rate from-ground is 2x10¢ kg m2s
(derived from Gloesener et al. MAMO17 clathrates fluxes)

1 sw SE

o

All release areas outside Gale crater have the same size
Methane in MRAMS is not predictive per se but notional, that is, one can adjust
the flux knob in order to get a proportional answer (e.g. multiplying flux in
MRAMS by 200 we get a 200 times higher methane value)

Figure 2. Nine-sols timeseries (left) and two-sols
timeseries (right) of MRAMS methane abundances
sampled ~14.5 m high at release site which is located
inside of Gale crater ~1 grid point west from the
rover with an area of ~149 km2. The release emission
is steady state. Only nine of the twelve sols simulated
were included into the figure:

Steady-state methane release(~140 km?) inside Gale close to MSL
MRAMS methane abundance in release location
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CH4 abundances of a steady state source vary by an order of magnitude over a diurnal cycle. So
the local time of sample ingest may strongly impact CH4 abundance measurements

Nighttime downslope winds from rims and Mt. Sharp converge and contain CH4 at the bottom
of the crater, persisting and becoming trapped for longer close to the point where it is released

Figure 3. SAM methane background levels at Gale
crater vs atmospheric mixing periods:

New hypothesis: seasonal methane variations could be driven by winds
combination with other variable (sfc temperature, UV, *+-)

CH4 rich (warmer seasons at Gale) internal crater air is being rapidly replaced with a wholesale
inundation of CH4 poor external crater air from the NORTH winter hemisphere
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Abstract

The ExoMars programme is a joint activity by the
European Space Agency(ESA) and ROSCOSMOS,
Russia. It consists of the ExoMars 2016 mission,
launched 14 March 2016, with the Trace Gas Orbiter,
TGO, and the Entry Descent and Landing
Demonstrator, EDM, named Schiaparelli, and the
ExoMars 2020 mission, to be launched in July 2020,
carrying a Rover and a surface science platform.

TGO arrived at Mars on 19 October 2016 and was
inserted into a near equatorial, highly elliptical 4 sol
period capture orbit. Two orbits in late November
were dedicated to instrument calibration and initial
science observations, where an excellent performance
of all instruments could be confirmed. In January
2017 the orbital plane was changed to its final
inclination of 74 degrees and the period was reduced
to one Sol. Early March 2017 an additional two
orbits were scheduled for instrument tests and
observations, after which a long period of
aerobraking commenced. The aerobraking phase was
running very smoothly and was suspended for two
months during the solar conjunction in the summer of
2017, and then finished with an orbit having an
apocentre just above 1000km on 20 February 2018.
After this a series of thruster firings brought the
apocentre further down to 400 km. The final near
circular 400km altitude orbit, with a 2 hour period,
was reached on 7 April 2018, after which a full check
out of the spacecraft and the instrument was
performed. The science operations in the
Commissioning and Verification Phase, including
solar occultation measurements with the two
spectrometers, started on 21  April.  The
commissioning phase will be concluded with a Mars
Orbit Commissioning Review on 14 June and the full
nominal science operation will start in September
2018.

The TGO scientific payload consists of four
instruments. These are: ACS and NOMAD, both
being spectrometers for atmospheric measurements

in solar occultation mode and in nadir mode, CASSIS,
a multichannel camera with stereo imaging capability,
and FREND, an epithermal neutron detector for
search of subsurface hydrogen. The mass of the TGO
is 3700 kg, including fuel and the mass of EDM was
600 kg. The EDM was carried to Mars by the TGO
and was separated three days before arrival at Mars
but unfortunately failed during the last stage of the
descent.

This presentation will cover a brief description of the
Trace Gas Orbiter mission, the present status, an
overview of the first operations in the science orbit,
and the planned future activities.
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Abstract

The Martian mesosphere and thermosphere (altitudes
above 50-60 km), is not the primary target of the
Trace Gas Orbiter (TGO) but TGO is exploring the
region, both during the aerobraking phase and, after
April 21st, 2018, during the science phase using sev-
eral geometries and instrumentation. Further upper at-
mospheric science could be obtained during the nomi-
nal mission if some “additional” observational modes
were implemented ([2]). These would add capabilities
to explore the limb off-the-terminator. However some
of the new target emissions are weak and variable. In
this work we will review the performance of the two
key instruments on board TGO for atmospheric sci-
ence, NOMAD and ACS, and revisit the potential for
pursuing those additional observation modes.

LNO Slit| I _ velocity
uviIs —  ~ vector
FOV along-track

T

Flip Mirror

Figure 1: Illustration of the use of NOMAD LNO’s
flip mirror to observe the limb (at a fixed elevation)
during the nadir mapping phase.

1. Introduction

During the TGO regular science phase, the Martian
upper atmosphere is routinely explored remotely by
means of its three nominal observing modes, nadir,
solar occultation and limb pointing (using NOMAD’s
flip mirror, see Figure 1), and by combining the 2 so-
lar occultation spectrometers on board, NOMAD and
ACS, which cover from the UV to the IR. This is a
superb configuration to detect trace species but also to
measure faint absorptions from the solar flux at high
altitudes and to investigate atmospheric emissions off-
the-terminator ([2]).

Lopez-Valverde et al. (2018) made simulations of
possible UV and IR emissions which could be ob-
served with the nominal observing modes, and pro-
posed a few “additional” observational modes for
TGO. In particular they mentioned the possibility to
perform inertial limb scans, nadir boresight slews, and
fixed limb tracking. The obvious goal is to extend the
local time of the upper atmosphere observations. None
of their additional modes is currently contemplated in
the science phase but they would add capabilities to
explore the limb off-the-terminator (i.e. the nightside
and dayside hemispheres). In particular, they could be
useful to improve:

* vertical profiles of minor species and dust
* the daily cycle of minor species

* detection of airglow emissions outside the termi-
nator

Some of their simulations for these modes correspond
to solid predictions, some to likely detections, and
other ones may be at the limit of detection. Using the
better characterization of NOMAD and ACS perfor-
mances that we will have after the first months of reg-
ular operations, we will review those possibilities to
study the Mars upper atmosphere with TGO.



Table 1: Characteristics of the NOMAD and ACS channels (before the Science Phase)

Instrument and Channel | Range (um) | Resolution (cm~1) [ LIMB FOV® NESR *
NOMAD SO 2242 0.15-0.22 1x 14 8§ x10~10
NOMAD LNO 23-38 0.3-0.5 2 x 67 2x107% —6x 10710
NOMAD UVIS 0.2 —0.65 ~ 1.5 nm 1x1 10— 8 x 10~
ACS NIR 0.76 — 1.6 0.4 5% 50 5x 1077 — 4.5 x 10710
ACS MIR 23—-43 0.085 0.5x75 5x 10710

ACS TIRVIM 217 0.25-1.3 70 x 70 ~2x1078 -107°

X Limb Field-Of-View in km.

x Noise Equivalent Spectral Radiance units: W/em?/cm ™1 /sr. Estimations based on [4], [3] and [1]
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Abstract

We describe how a simulation of the PanCam Wide
Angle Cameras (WACSs) can be used as a tool for
validating and refining the algorithms and parameters
involved in image acquisition and post-processing
during the ExoMars 2020 rover mission. We
demonstrate how the tool has been used to evaluate
and optimise the PanCam WAC auto-exposure
algorithm, and discuss on-going work towards
validation and optimisation of the noise-removal and
calibration pipelines.

1. Introduction

The stereo and multispectral image products of the
PanCam [1] Wide Angle Cameras (WACs) will be
used, in conjunction with the PanCam High-
Resolution Camera (HRC), to produce geologic maps
of the ExoMars 2020 Rover environment, to assist
traverse planning, target selection for in-situ studies,
and to support geological and atmospheric studies.
The quantitative 3D and surface reflectance
reconstructions required to meet these objectives
benefit from high signal-to-noise ratio (SNR) images.

Once in operation, SNR for WAC images can be
maximised by 3 key tasks: auto-exposure, for
optimisation of the dynamic range used in each
image; noise-removal; and calibration, against the
PanCam  Calibration Target and pre-flight
characterisation measurements. Developing and
validating the algorithms that perform these tasks
with the PanCam flight hardware is an expensive
process. Large quantities of images must be captured
across the range of illumination, surface, and thermal
conditions expected at the Mars surface environment,
which are difficult, or not possible, to emulate in
laboratory conditions.

We present a method for efficiently and
autonomously evaluating and optimising trial
algorithms, by utilising a full-system simulation of
the WACs, as described by Stabbins et al [2], to
support further validation with the flight hardware.

2. Simulated Algorithm Evaluation

for Algorithm f,",, € Frp

for Test Scene L. € L for Algorithm Parameters 84 € ©, do
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Figure 1 Method for evaluating image acquisition
and post-processing algorithms

The general method is illustrated in figure 1. Ideal
image products for a given task are defined and
synthesized from an input test scene, as a
hyperspectral radiance image cube. The parameter
spaces of candidate algorithms are sampled, and the
input test scenes processed according to the camera
system simulation and implementation of the
algorithm. Resultant images from the simulation are
compared to the ideal examples via a cost-function.
Cost-minimisation then guides the selection of
optimal algorithms and parameter combinations.



3. Example: Auto-Exposure
Evaluation and Optimisation

The PanCam WAC Auto-Exposure (AE) algorithm
has the objective of finding the optimal exposure
time of a given scene, for a selected filter. This is
found by acquiring an image at an initial 'seed'
exposure time, and then comparing the value of some
statistical property of the image to a target value. The
distance between the values is used to rescale the
exposure time, until this distance is within a tolerance,
or a maximum number of iterations are exceeded.
The algorithm returns an image acquired at this final
exposure time.

We have trialled the algorithm against 4 classes of
scene composition (Solar, Horizon, Calibration
Target, and Rock Target) and across radiance
dynamic ranges scaled according to expectations
derived from previous Mars surface measurements
(e.g. [3]). The algorithm parameter space has been
sampled comprehensively, including 2 statistical
parameters over 128 values each (Target and Outliers)
and the seed exposure parameter over 64 parameters,
generating >1x10° images per scene.

Figure 2 Example of Peak-SNR as a function of the 2
statistical parameters, Target and Outliers, for the
Horizon test scene.

The most challenging part of the analysis is choosing
a suitable representation of this high-volume dataset
and high-dimensional cost-function, that provides
information that can be used to optimise the
algorithm. We pair the two statistical parameters, and
produce 2D contour plots of the peak-SNR
representation of the cost-function (e.g. figure 2). We
have found from this representation that optimal
values for these parameters lie on a function that can

be derived from the original scene cumulative
distribution function.

By comparing cost-function plots for the trialled
scenes and radiance dynamic ranges, we found that
no optimal solutions exist for all scene compositions,
due to the wide diversity between, for example, a
simple image of the solar disc and a more complex
image of the PanCam Calibration Target.

4. Future Work

We have demonstrated how this method can evaluate
an algorithm by generating and assessing over 1
million images, a task that would be unfeasible using
flight hardware. We currently are leveraging the
comprehensive noise simulation of the PanCam
WAC Simulator to develop noise-removal algorithms,
a less subjective task. This is performed by passing a
given scene through the simulator with all noise
functions disabled, and using the resultant image as
our ideal image product. Similarly, we can tune
calibration algorithms by comparing derived
radiometric images to the input scene radiance cubes.

Once these key algorithms are refined, we can deploy
this complete image chain simulation on simulated
scientific observations, allowing for rigourous
confidence limits to set on noise-sensitive
observations.
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Abstract

The ExoMars programme has a long history, and
demonstrated a key milestone with the 2016 mission
[1,2]. The next mission for the ESA-Roscosmos
cooperative endeavor is the launch in 2020 of the
long-awaited Rover with its Pasteur Payload [3]
which will be accompanied by a science payload on
the Surface Platform of the Descent Module.

1. Introduction

This presentation will report on the status of the
ExoMars 2020 development at the time of the
meeting, given that significant progress is being
achieved during 2018.

2. ExoMars 2020 Integration and
Test

This year, 2018, is planned as a very busy year for
ExoMars 2020. The project completed its Critical
Design Review in early May, and the year will
include:

e Rover Structural and Thermal Model
mechanical and thermal testing to qualify the

Rover design, in France

e Rover electrical and software verification tests

performed on the Avionics Test Benches in U.K.

and Italy

e Completion of the Descent Module (DM) and
Spacecraft Composite Avionics Test Bench
assembly, and software testing, in Italy Entry,

e Descent and Landing comprehensive simulation
and verification campaign, supporting DM

software development, and responding to the
recommendations of the Schiaparelli
Investigation Board Report [4]

Parachute qualification testing with drop tests in
Sweden

Rover  Locomotion  Verification = Model
integration, and start of mobility system
qualification in Switzerland

Completion of all Rover subsystems and
equipment qualifications and Flight Model unit
assemblies

Delivery of all (and integration of most) flight
models of the Pasteur Payload instrument

Integration and test of the Rover’s Analytical
Laboratory Drawer Qualification Model and
Flight Model in Italy

Most of the integration of the Rover Flight
Model in U.K.

Most of the integration of the Carrier Module
(CM) Proto-Flight Model in Germany

Most of the integration of the Surface Platform
Flight model in Russia and Italy, and start of
Descent Module Flight Model integration in
Italy

Spacecraft Composite (DM+CM) mechanical
qualification test campaign on structural model
in Russia

Descent Module thermal qualification with a
test campaign on thermal model in Russia



3. Summary and Conclusions

With its very full programme of activities during
2018 (and more in 2019), the ExoMars 2020 mission
development is on track for the opening of its 3-week
launch window on 25 July 2020.
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Abstract

The Flight Model (FM) of the RLS instrument for the
ExoMars 2020 rover mission has been subject to a
thorough campaign before delivery to ESA in order
to properly characterize its performances. The
Instrument Data Analysis Tool (IDAT) and SpectPro
software tools have been key for the acquisition and
interpretation of the data from the instrument. The
results of the work performed with these tools during
the RLS FM performance characterization and
calibration campaign is presented here.

1. Introduction

The ExoMars 2020 rover mission will carry a drill
able to obtain samples up to 2 meters depth under the
Martian surface. It also features a suite of instruments
(Pasteur Payload) inside the Rover’s Analytical
Laboratory Drawer (ALD) dedicated to exobiology
and geochemistry research at the mineral grain scale
after these samples have been crushed and powdered.
The Raman Laser Spectrometer (RLS) is one of these
key instruments [1]. The main ExoMars 2020
mission scientific objective is “Searching for
evidence of past and present life on Mars". The RLS
will contribute to this scientific goal through the
precise identification of the mineral phases and the
capability to detect organics on the powdered
samples.

The on-ground characterization of the RLS FM is of
utmost importance to guarantee the accuracy of the
data received from the operation on Mars. During the
RLS FM performance characterization campaign,
several representative samples were analyzed, both in
ambient and representative operational temperatures,
including NIST standards, calibration lamps, the RLS
Calibration Target and mineral powdered samples.
These samples have allowed the performance

characterization of the instrument, including spectral
response characteristics to allow for intensity and
wavelength characterization. In addition, the analysis
of representative samples has allowed the proper
parameterization of the instrument acquisition
algorithms [2] for its automated onboard operation.

2. IDAT/SpectPro

The Instrument Data Analysis Tool (IDAT) for the
RLS instrument is a software tool that is used for the
reception, decodification, calibration and verification
of the telemetries generated by the RLS instrument,
including both science and housekeeping (HK) data,
as shown in Figs. 1&2. This allows the verification
of the instrument status and the reception and
interpretation of science data in a very user-friendly
and fast way. The use of this tool is necessary during
the system development phase of the instrument to
provide a fast means for the decompression and
interpretation of data in a fast and friendly way,
saving a lot of data treatment time during the always-
tight schedule on this development phase.

Figure 1: IDAT housekeeping view. This window
allows monitoring the HK telemetry from the
instrument in real time
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Figure 2: IDAT science product view. This window
receives and shows all science products received
from the instrument in real time

Figure 3: SpectPro image spectra view. This window
allows operation on image spectra.
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Figure 4: SpectPro linear spectra view. This window
allows operation on linear spectra using the available
tool palette on the left.

IDAT also incorporates SpectPro, a comprehensive
spectra analysis tool for the interpretation and
analysis of the science data with tools and operations
for both images and binned spectra. This tool
includes all types of spectra analysis tools to operate
both images (Fig. 3) and linear spectra (Fig. 4), and
to perform all kind of operations such as binning,
SNR calculation, baseline removal, cosmic ray
removal, filtering, cutting, band adjustment, and it
even features a spectra calculator to allow operations
with spectra in a very simple and reliable way.

3. Summary and Conclusions

The development of the appropriate software tools
for the analysis of instrument spectra in early stages
of development is not only useful but necessary in
order to save time during the development phase of
the instrument, but also for helping to understand the
instrument behavior and performances. In addition,
these tools will be further used during the operation
of the instrument. For RLS, the development of
IDAT and SpectPro has allowed the characterization
of the FM of the instrument during the scientific
campaign, which will be shown during the
conference.

References

[1] Rull et al., Astrobiology, 2017, 17, 627-654.

[2] Lopez-Reyes, G. and F. Rull Pérez (2017). "A method
for the automated Raman spectra acquisition." Journal of
Raman Spectroscopy 48(11): 1654-1664.



EPSC Abstracts

Vol. 12, EPSC2018-1138-1, 2018
European Planetary Science Congress 2018
(© Author(s) 2018

EPSC

European Planetary Science Congress

Low Temperature Phase Transition in Natural Gypsum:
Relevance in Exomars Mission

Ana Isabel Casado (1,2), Oscar Rodriguez Montoro (1), Mercedes Taravillo (1), Valentin G. Baonza (1,2) and Alvaro

Lobato (1).

(1) MALTA-Consolider Team and Departamento de Quimica Fisica. Facultad de CC. Quimicas. Universidad Complutense

de Madrid. (a.lobato@ucm.es)
(2) Instituto de Geociencias IGEO (CSIC-UCM)

1. Introduction

Mineral samples contain information of the Martian
geochemistry and water distribution. Differences in
their hydration states or crystallographic structure
indicate the thermodynamic conditions and
paleoclimate changes at which these substances have
been submitted, being sensors of the geological
history of Mars.

Raman spectroscopy has proved to be a suitable
technique to discriminate not only the compositional
and structural characteristics of these minerals, but
also the pressure and temperature modifications by
analysing vibrational bands shifting and broadening.
Due to its importance, ExoMars mission incorporate,
among others, a Raman Laser spectrometer with the
scope of identify and characterize minerals of the
Martian subsurface. With that purpose, several
terrestrial analogues have been studied in order to
create a Raman spectroscopy mineral database. Until
now most of the database measurements have been
made in mineral terrestrial analogues focusing on the
different spectral features given by its composition
i.e. sulphates, carbonates and silicates. Moreover,
huge amount of these measurements have been made
at room temperature conditions. Nonetheless, it is
known that the actual Mars surface average
temperature is around 218 K with maxima and
minima of 308 K, at the equator and 120 K at poles.
Such variation in the temperature conditions alter the
thermodynamic stability of the minerals which may
result in phase transitions which could have
implications of the surface processes, and thus on the
understanding of the Mars geochemical history.

On the other hand, temperature conditions alter the
positions and full width half maximum values of the
vibrational Raman bands, and therefore both effects
can produce a mismatching assignment of the Raman
spectra, making necessary to enlarge the Raman
database with the low temperature measurements. In

this sense, few systematic measurements of the low
temperature behaviour of Martian minerals making
emphasis on the band shifting or phase transitions are
found in the literature.

In this work, we show the low temperature history of
of gypsum mineral (CaSO4-2H,0). Our results show
that Mars temperature oscillations could produce
phase transitions and Raman spectra modifications
evidencing the importance of such kind of
measurements in the planetary data interpretation.

2. Material and Methods

Gypsum sample is a selenite gypsum collected in the
town of Hornillos de Cerrato (Palencia, Spain).
Experiments were carried out in a piece cut from the
natural large transparent flattened crystal.

Temperature was controlled by a Linkam stage
model HFS600E-PB4, with an optical glass window
suitable for Raman spectroscopy. Experiments were
carried out within the temperature range from 93 to
298 K. Heating rates of 5 °C/min were used with an
accuracy of 0.1 °C. Refrigerant was liquid air.

Raman measurements where performed in a confocal
Raman spectrometer Jasco NRS-4100, with a 532 nm
laser excitation wavelength with an output power of
about 6.6 mW. Detector is an air-cooled Peltier
Andor CCD with 1650x200 pixels. In order to
improve the spectral resolution, measurements were
performed using 10 binning rows. A long working
distance objective with 50x magnification was used
giving a spot size according to the Rayleigh criteria
of 2 um?. Overall spectra where recorded with a 900
grooves/mm diffraction grating and a rectangular slit
of 50x8000 pum which gives a spectral resolution of
~3 cmrl. Additionally, high resolution measurements
where performed with a 2400 groves/mm diffraction
grating and 10x8000 um rectangular slit which gives



a spectral resolution of ~ 0.5 c¢cm™. Spectra were
calibrated using an emission Neon lamp.

3. Results

Raman spectra of Natural Gypsum at 298 K

Raman spectrum of gypsum crystal at 298 K between
100 and 4000 cm! is shown in Figurel.
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Figure 1: Raman spectra of natural gypsum crystal at

298 K.

Our data agrees well with those previously reported
in the literature [1] and are in agreement with a Cay®
symmetry group of gypsum. However, intensity

variations are observed in contrast with previous data.

These changes are especially significant in the water
stretching region where the band at ~3400 cm! is
much stronger than the one located at ~3480 cm’!.

Theses spectral features are due to a partial
polarization of the scattered light through the gypsum
sample. Indeed, most of the Raman studies of
gypsum use powdered or microcrystalline samples,
and therefore such measurements are performed with
randomly oriented crystals. In this work we have
used a natural crystal, which their intensity
distributions agree well with those reported by
Krishnamur and Soot at an xz+zz polarization [2].

Low temperature Raman spectra of Natural Gypsum

Despite of being one of the most probable minerals in
the Martian surface, there exist a clearly lack of low
temperature data for gypsum mineral. In Figure 2 we
show the thermal evolution of the spectral region
corresponding to sulphates modes. Cooling to 93 K
results in a general decrease of the bandwidth and
consequently an increase in the separation of the
overlapping bands.
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Figure 2: Temperature dependent Raman spectra of
natural gypsum crystal within the range between 93
and 298 K.

However, it also produces intensity variations in the
v2S04 (A1g) bands located at ~415 and ~495 cm’!
specially between 183 and 153 K where the 415 cm’!
band suffers a drastically intensity reduction. These
changes are accompanied with a band splitting of the
viSO4 (A1g) located at ~1005 cm™! as can been seen
in Figure 3.

_W
_gn_KJL
M!
M
ML/\

93 K

Intensity (a.u.)

990 ' 9$I35 ' 10I00 ' 1OI05 ' 10I10 ' 10I15 ' 1020
Raman Shift (cm™)

Figure 3: Temperature dependent Raman spectra of

the viSO4 (A1g) band within the range between 93 and

298 K.

Band splitting can be attributed to a modification of
the SOy tetrahedra upon cooling, which results in a
decrease of local symmetry and therefore a change in
the Raman optical activity. In addition, such features
correlate well with the intensity changes observed in
the OH stretching region of the Raman spectra,
where a sudden increase in the intensity of the band
at ~3480 cm™! occurs (Figure 4). Such characteristics



could be indicative of phase transition however its
confirmation needs a more detailed analysis.
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Figure 4: Temperature dependent Raman spectra of

the OH stretching bands within the range between 93

and 298 K.
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These results are in agreement with those reported
for Kloprogge and Frost [3]. They studied the Raman
spectra of natural gypsum microcrystals at 300 and
77 K, observing intensity changes both in the several
Ag, Ay and By sulphate vibrations and in the OH
stretching region pointing out also the possibility of a
phase transition.

Finally, with regard to anharmonic behavior of the
vibrational modes of gypsum, our results show that
all sulphates modes suffer approximately a 3 cm’!
upshifting during cooling as consequence of the
temperature-induced variations in the vibrational
frequency arising from higher-order anharmonic
interactions under constant volume (pure temperature
effect) and changes in the sample volume under
increasing temperatures (pure volume effect). In the
case of the OH stretching band located at ~3480 cm™
undergoes an 8 cm’' downshifting in its Raman shift
from 93 to 298 K, whereas the one at ~3480 cm’!
increases its frequency as the temperature raises, in
agreement with data reported by Chio et al [4] for
synthetic powder gypsum.

4. Summary and Conclusions

Low temperature behavior of natural gypsum crystal
within the range from 93 to 298 K was studied. Our
results show that upon cooling v,SO4 (A1g) modes
drastically change their intensity at the same time
that the viSO4 (A1) splits, pointing out towards a

possible phase transition around 183 and 153 K
which can have implications in the mars surface
processes. Such behavior correlates with the intensity
fluctuations previously reported for the OH
stretching bands in the literature but needs further
analysis to be confirmed.

Finally, it is shown that low temperature produces
substantial changes in the anharmonic behavior of the
gypsum vibrational modes, where some vibrational
bands increases its frequency as temperature
decreases but other specially those related with
hydrogen bonding of the hydration water molecules
can experience frequency downshifting as
temperature decrease. Therefore, an exhaustive
database with low temperature measurements in
minerals seems to be crucial for the scientific
requirements of the next ExoMars mission.
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Abstract

The composition of atmospheric trace gases and
aerosols is a highly variable and poorly constrained
component of the martian atmosphere, and by affect-
ing martian climate and UV surface dose, represents
a key parameter in the assessment of suitability for
martian habitability. The ExoMars Trace Gas Orbiter
(TGO) carries the Open University (OU) designed Ul-
traviolet and VIsible Spectrometer (UVIS) instrument
as part of the Belgian led Nadir and Occultation for
MArs Discovery (NOMAD) spectrometer suite. NO-
MAD began transmitting science observations of mar-
tian surface and atmosphere back-scattered UltraVio-
let (UV) and visible radiation in Spring 2018. These
are being processed to derive spatially and tempo-
rally averaged atmospheric trace gas and aerosol con-
centrations, intended to provide a better understand-
ing of martian atmospheric photo-chemistry and dy-
namics, and also improve models of martian atmo-
spheric chemistry, climate and habitability. Work pre-
sented here illustrates the development and applica-
tion of the nadir O3 and aerosol retrieval algorithms to
new data from the NOMAD-UVIS instrument. Com-
parisons will be drawn with UVIS retrievals made by
the OU team, and parallel retrievals by BIRA-IASB
colleagues using an updated version of an algorithm
used for Mars-Express SPICAM/UV analysis [1].
UVIS is part of the NOMAD instrument suite [2,
3] on board the joint ESA—Roscosmos ExoMars mis-
sion orbiting Mars, and is a UV / visible spectrom-
eter operating in nadir and solar occultation modes
between 200-650 nm, with 1.5 nm spectral resolu-
tion. The main objectives of UVIS are to improve the

O3 climatology and deliver information on the aerosol
content and variability of the martian atmosphere. O3
is a highly reactive gas in the martian atmosphere,
and through assimilation of O3 measurements made
by UVIS into martian climate models, understanding
of martian atmospheric chemistry is set to be greatly
improved.

The back-scattered signal sensed by UVIS is com-
posed of solar light scattered by surface and atmo-
spheric constituents of Mars, with absorbing signa-
tures of trace gases imprinted on this signal. The si-
multaneous contribution of these factors in varying
quantities make the separation of each scattering and
absorbing component (e.g. aerosols and trace gases) a
complex procedure.

The NOMAD team uses several different retrievals
methods for derivation of ozone abundance. For ex-
ample, to estimate estimate atmospheric quantities of
components contributing to sensed radiation in this
manner, the NEMESIS radiative transfer model [4] is
employed in an iterative least squares fitting procedure
to simulate martian atmospheric radiances and provide
a best-fit against UVIS observed values. Modelled ra-
diances take into account the instrument’s viewing ge-
ometry, martian surface reflectance, and atmospheric
composition.

Preliminary results of UVIS observation of martian
total column O3 and aerosol optical depth are pre-
sented, as well as plans for future retrievals. This brand
new dataset is constructed with the OU optimal es-
timation Oj retrieval as applied to recently acquired
nadir sounding data from the UVIS instrument, with
the dataset expected to grow to provide climatological
mapping over the next 4 years of the TGO mission.
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Abstract 2652x1768x3. At 11.5cm, the spatial resolution is 8

micrometer/pixel in color. The optical-mechanical
The scientific objectives of the 2020 ExoMars rover interface is a smart assembly that can sustain a wide
mission are to search for traces of past or present life temperature range. The concept benefits from well-
and to characterise the near-sub surface. Both proven heritage: Proba, Rosetta, MarsExpress and
objectives require study of the rock/regolith materials Smart-1 missions...

in terms of structure, textures, mineralogy, and
elemental and organic composition. The 2020

ExoMars rover payload consists of a suite of In a typical field scenario, the geologist will use
complementary instruments designed to reach these his/her eyes to make an overview of an area and the
objectives. outcrops within it to determine sites of particular

interest for more detailed study. In the ExoMars
scenario, the PanCam wide angle cameras (WACS)
will be used for this task. After having made a
preliminary general evaluation, the geologist will
approach a particular outcrop for closer observation
of structures at the decimetre to subdecimeter scale
(PanCam HRC) before finally getting very close up
to the surface with a hand lens (CLUPI), and/or
taking a hand specimen, for detailed observation of
textures and minerals. Using structural, textural and

CLUPI, the high-performance colour close up imager,
on board the 2020 ExoMars Rover plays an
important role in attaining the mission objectives: it
is the equivalent of the hand lens that no geologist is
without when undertaking field work. CLUPI is a
powerful, highly integrated miniaturized (<900g)
low-power robust imaging system, able to sustain
very low temperatures (—120°C). CLUPI has a
working distance from 11.5cm to infinite providing
outstanding pictures with a color detector of



preliminary compositional analysis, the geologist
identifies the materials and makes a decision as to
whether they are of sufficient interest to be
subsampled for laboratory analysis (using the
ExoMars drill and laboratory instruments).

Given the time and energy expense necessary for
drilling and analysing samples in the rover laboratory,
preliminary screening of the materials to chose those
most likely to be of interest is essential. ExoMars
will be choosing the samples exactly as a field
geologist does — by observation (backed up by years
and years of field experience in rock interpretation in
the field). Because the main science objective of
ExoMars concerns the search for life, whose traces
on Mars are likely to be cryptic, close up observation
of the rocks and granular regolith will be critical to
the decision as whether to drill and sample the nearby
underlying materials. Thus, CLUPI is the essential
final step in the choice of drill site. But not only are
CLUPI’s observations of the rock outcrops important,
but they also serve other purposes. CLUPI, could
observe the placement of the drill head. It will also be
able to observe the fines that come out of the drill
hole, including any colour stratification linked to
lithological changes with depth. Finally, CLUPI will
provide detailed observation of the surface of the
core drilled materials when they are in the sample
drawer at a spatial resolution of about 15
micrometer/pixel in color.

The science objectives and the development status of
the close-up imager CLUPI on the 2020 ExoMars
Rover will be described together with its capabilities
to provide important information significantly
contributing to the understanding of the geological
environment and could identify outstanding potential
biofabrics of past life on Mars.
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Abstract

While the H,O column density in the Martian
atmosphere has been characterized in depth, with
decades of monitoring by different missions, the
vertical distribution of water and its behavior in the
middle atmosphere, its interannual and seasonal
variability is still poorly understood. Direct and long-
term observations of the H,O vertical distribution in
the Martian atmosphere have been delivered by
SPICAM on Mars Express for several Martian years
[1, 2] but the Mars Express occultations are limited
in season/location, and the profiling accuracy of
SPICAM is perfectible.

Recent findings proved that water vertical
distribution plays major role in the hydrogen escape
processes on Mars and the water loss from the
atmosphere [2, 3, 4]. Contrarily to our previous
understanding, it has been discovered that water
molecules reaching altitudes of 80 km in the
perihelion season on Mars can be a direct source of
escaping hydrogen.

The Atmospheric Chemistry Suite (ACS) began
nominal science operations in March 2018 onboard
the Trace Gas Orbiter (TGO) of the ExoMars mission
[5]. ACS is a set of three spectrometers (NIR, MIR,
and TIRVIM) intended to observe Mars atmosphere.
The spectrometers can measure the vertical
distribution of water vapour in different spectral
bands providing a wide coverage of altitudes.

The H,O profile is best measured with the strong 2.6
pm band by MIR channel. ACS will be sensitive up
to 100 km with the accuracy better than 1 ppm. At
the lower altitude bound, MIR can detect water lines
down to 3 km provided the aerosol content is low.
This can help us better constrain poorly known water
distribution within the lowermost scale height.
However, measuring the 2.6-um band with MIR
requires a special secondary grating position, and

these sensitive H,O measurements can be
implemented only during dedicated campaigns.
Routine monitoring of water profiles are planned
with the NIR channel in the 1.38 um band with an
accuracy better than 10 ppm at 90 km. Such
measurements can be performed in parallel with any
other ACS channel.

In this talk we will present the first water vertical
distributions obtained by NIR and MIR channels with
the wide altitude extension from 0 to 100 km, discuss
the retrieval algorithms and specifics of observations
in different channels.
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Abstract

The ExoMars 2020 mission will deliver a rover and a
surface platform on the surface of Mars. The rover
has been designed to search for signs of life in the
subsurface of Mars, while the surface platform will
characterize the surface environment at the landing
site.

MicroMED sensor is an Optical Particle Counter
aimed to the characterization of the airborne dust at
surface level. It is one of the sensors included in the
suite named Dust Complex to be accommodated on
the Surface Platform of the ExoMars 2020 mission. It
is a novel experiment, never developed for space
applications. It has been designed to measure, for the
first time directly and in situ, the size distribution and
number density vs size of dust particles suspended
into the atmosphere of Mars, close to the surface.
This information represents a key input in different
areas of interest: 1) to improve knowledge on
airborne mineral dust in terms of physical properties
and lifting mechanism, 2) to improve climate models
and 3) to address potential hazards for future landed
Martian exploration missions.

1. Introduction

The Dust Complex (DC) is a suite of sensors devoted
to the study of Aeolian processes on Mars. It includes
three units: an Impact Sensor, the MicroMED sensor,
and a Mast. The Impact Sensor contains the main
electronics of the DC and two different elements: a
piezoelectric based sensor, for the detection of the
saltating sand grain flux and momentum, and a
Charge-Sensitive Grid for the measurement of the

grains’ electric charges. MicroMED is an optical
particle counter for the measurement of airborne dust
size distribution and number density. The Mast
accommodates the following sensors: 1) a second
Impact Sensor, with the same sensors of the first one,
2) two Electric Probes for the measurement of the
atmospheric electric field, 3) a Conductive Sensor,
for the measurement of the electric conductivity of
the Martian atmosphere and 4) an EM Sensor
(antenna), which scans the atmosphere at frequencies
up to 1 MHz to monitor electric discharges in the
atmosphere.

The Dust Complex primary scientific goal is to
monitor the dust cycle by direct measurements of
dust flux at the surface of Mars. This has never been
performed on Mars. Indeed, the dust cycle and the
resulting feedback on atmospheric circulation are still
poorly known for Mars. The unpredictability of the
global dust storms on Mars is one of the most evident
consequences of this lack of understanding.

ExoMars 2020 mission will offer a unique
opportunity to study these processes by monitoring
dust dynamics for one Martian year. This will allow
spanning from periods of relatively clear sky to more
dusty periods, where an important load of dust is
expected to be injected into the atmosphere.

Monitoring of airborne dust is very important in
planetary climatology. Indeed, dust absorbs and
scatter solar and thermal radiation, severely affecting
atmospheric thermal structure, balance and dynamics
(in terms of circulations). Main dust parameters
influencing the atmosphere heating are size
distribution, abundance, albedo, single scattering



phase function, imaginary part of the index of
refraction. The first two parameters can be measured
by MicroMED. Moreover, wind and windblown dust
represent nowadays the most active processes having
long term effects on Martian surface morphological
and chemical evolution. Aeolian erosion, dust
redistribution on surface and weathering are
mechanisms coupling surface and atmospheric
evolution and are driven by wind intensity and grain
properties. It is clear that the knowledge of the
atmospheric dust properties and the mechanisms of
dust settling and raising into the atmosphere are
important to understand planetary climate and
surface evolution.

1.1 MicroMED

MicroMED (Figure 1) is a miniaturized/optimized
version of the MEDUSA instrument, which was
selected by ESA for the Humboldt Payload, on board
the lander of the previous configuration of the ESA
ExoMars, before the mission changes approved in
2009. It has been designed to measure the size of
single dust grains entering into the instrument from
0.2 to 10 um radius, giving as products the dust size
distribution and abundance. It analyses light scattered
from single dust particles. A pump is used to sample
the Martian atmosphere, generating a flux of gas and
dust across the instrument trough the inlet. When the
dust grains reach the Optical Sensor, they cross a
collimated IR laser beam volume (named sampling
volume) emitted by a laser diode. The light scattered
by the grains is detected by a photodiode, which is
amplified and processed by the Electronics. The
detected signal is related to the size of sampled dust
particle.

Figure 1. Sketch of the MicroMED sensor.

An optical fiber is used to connect the laser diode
with the optical sensor. This allows moving the diode
laser source outside the main body of the instrument
allowing a flexible accommodation; moreover, it
eases the instrument optical alignment. The optical
system comprises a focusing system and a parabolic
mirror to collect the scattered light onto the
instrument detector, a photodiode. Moreover, in order
to monitor the laser diode performance, an additional
detector acquires a calibrated fraction of laser
radiation. A sketch of the instrument optical layout is
shown in Figure 2.
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Figure 2. Sketch of the MicroMED optical layout.

In order to correctly detect inhaled particles, dust
grains have to cross a 1 mm?sampling region where
the laser spot is focused. Therefore computational
fluid dynamic simulations were performed, aimed at



the optimization of the instrument fluid dynamics,
achieving maximum sampling efficiency (95 and
100%) in the interesting size measurement range.

In order to achieve the dust flux through the optical
head, a pumping system had been properly designed.
Gardner Denver Thomas G 6/04 EB was used as a
reference for the design phase. Pump mass budget
was limited to 30g. The geometry and the size of the
compression chamber, inlet and outlet ports were
derived from the geometry of a commercial pump,
but only space qualified materials had been
considered. Thus, the commercial pump underwent
to a process of reverse engineering that allowed
identifying the criticalities for space usage. These
were mainly related to the outgassing of the materials,
resistance against the expected mechanical loading
and compliance with the thermal environment. A
mockup of the pumping system (as shown in Fig. 3)
had been manufactured and underwent preliminary
testing in representative environment, highlighting
compatibility with expected performance from CFD
analyses.

|

Figure 3. MicroMED pumping system mockup.

Instrument Central Electronics Board is based on
micro-controller with high speed co-processor FPGA
in order to provide enhanced processing capability,
high speed analog acquisition beside advance
capability to control motor and laser.

The presentation will detail the challenges in the
development of MicroMED sensor and its status.
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Abstract ]
On the 19th October 2016, Schiaparelli, the Entry s
Demonstrator Module (EDM) of the ESA ExoMars e e

Program entered into the martian atmosphere.
Although it did not complete a safe landing on Mars,
it transmitted data throughout its descent to the
surface, until the loss of signal at 1 minute before the
expected touch-down on Mars’ surface [1].

The flight data received from Schiaparelli, although
more limited than expected, were essential to
investigate the anomaly that caused the crash landing
and for the achievement of the Atmospheric Mars
Entry and Landing Investigations and Analysis
(AMELIA) experiment. AMELIA aimed at the
assessment of the atmospheric science and landing o pe
site by exploiting the Entry Descent and Landing :

System (EDLS) sensors of Schiaparelli beyond their
designed role of monitoring and evaluating the
performance of the EDL technology demonstrator

Figure 2: HIRISE image of Schiaparelli crash landing

(2]. Despite its ultimate failure to land safely,
Schiaparelli allowed for sounding the atmosphere
along its trajectory, so as per the seven atmospheric
profiles retrieved by previous successful Mars entry
probes (Viking 1 & 2 [3], Mars PathFinder [4,5],
MER Spirit & Opportunity [6,7], Phoenix, MSL [8]).
Sufficient EDL data were returned in order to
reconstruct the trajectory and the attitude of
Schiaparelli EDM and to retrieve the atmospheric
profiles over the altitude range from 121 km to 4 km
above the surface.

Figure 1: ExoMars 2016 Schiaparelli EDL scenario.



We will report on AMELIA results of the
atmospheric reconstruction and the analysis of the
atmospheric structure observed by Schiaparelli also
in the context with other observations, atmospheric
modelling and data assimilation.
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Abstract

Schiaparelli, the Entry Demonstrator Module (EDM)
of ESA’s ExoMars 2016 mission entered Mars
atmosphere at 14:42 GMT on 19 October 2016. As
part of the ESA-Roscosmos ExoMars mission,
Schiaparelli was intended to demonstrate European
EDL capability on Mars. While a successful landing
was not achieved, fortunately the Schiaparelli lander
was equipped with instrumentation that recorded and
transmitted valuable flight data. The flight data
indicate that hypersonic entry was successful, ending
with supersonic parachute deployment starting the
descent phase. About ~1.5 minutes into the descent
phase, during which the frontal heat shield and back
cover were released, contact with Schiaparelli was
lost when it was only a few kilometers above the
ground. Nevertheless, the transmission of real-time
‘essential data’ allows for post-flight analysis of the
trajectory and the in-situ atmospheric conditions on
Mars.

In the current work, we reconstruct the trajectory and
atmospheric reconstruction using flight data recorded
during atmospheric entry, with emphasis on the heat
shield pressure instrumentation and radio link data.

1. Flight Data

Schiaparelli was equipped with an onboard guidance,
navigation, and control computer (GNC). The GNC
processed 3-axis accelerometer and gyroscope rates
measured by an Inertial Measurement Unit (IMU).
IMU flight data provide information on the trajectory
state (i.e. position, velocity, attitude, rotation rates).
The initial state before atmospheric entry, used as a
starting condition for the GNC numerical integration,
was based on a trajectory simulation after separation
from the carrier spacecraft 72 hours before entry and

was refined further after the mission. The GNC also
used data from a sun sensor on the back cover to
estimate initial attitude. During the parachute descent
phase, ranging measurements from down-facing
radar Doppler altimeters (RDA) were performed after
front shield release.

In addition to the IMU f{light sensors, which are
typical for EDL vehicles and essential to mission
success, the frontal heat shield was further equipped
with pressure and temperature sensors. In particular,
4 pressure sensors compose a Flush Air Data System
(FADS), used to reconstruct attitude and in-situ
atmospheric conditions. Methodology to reconstruct
the angle of attack, sideslip angle, and atmospheric
density, pressure, and temperature are presented. We
performed 3-D Navier-Stokes flow simulations (CFD)
to construct a surface pressure model on the forebody
of Schiaparelli, in collaboration with DLR. The
FADS method then combines the pressure data and
CFD pressure model, by finding atmospheric density
and flow angles that best fit the FADS measurements.
Atmospheric pressure and temperature are derived
from density as function of altitude from IMU, while
assuming hydrostatic equilibrium and the ideal gas
law. The 2012 Mars Science Laboratory was the only
other mission to have recorded similar flight data, so
the FADS onboard Schiaparelli provided a unique
and valuable data set for Mars EDL [1,2].

Radio communications during the atmospheric entry
were transmitted with the UHF (ultra-high frequency)
radio antenna on the backshell. During descent, the
spiral-shaped antenna on top of the lander was used,
after separating the lander from the parachute. UHF
was selected to be used in the Proximity Relay
Communications. Nevertheless, the Giant Metrewave
Radio Telescope (GMRT), located in Pune, India,
was able to track the Schiaparelli in real-time during
atmospheric entry and parachute descent, except in



the plasma blackout of about 1 minute between 70
and 30 km altitude. The real-time signal was received
with a delay of about 10 minutes due the distance
between Mars and Earth. GMRT lost track of EDM
shortly before the expected touchdown.

The radio signal was also received and recorded by
ESA orbiters in Mars orbit, i.e. Mars Express (MEX)
and Trace Gas Orbiter (TGO), and downlinked later
to Earth ground stations. On MEX, the Melacom
communication system recorded carrier signals from
the module in open-loop mode. In addition to the
carrier signal, TGO’s Electra communication system
also recorded data telemetry. Essential flight data,
and the Doppler tracking signal, were extracted from
radio data relayed by ESOC in the mission control
center in Darmstadt.

2. Results
In this study we present the analysis ExoMars 2016
Schiaparelli trajectory and atmospheric

reconstruction using the engineering sensors. In
addition, doppler shifts and power levels received by
radio receivers on Earth and the Mars relay orbiters
are analyzed to provide information on the trajectory
state and the Mars atmosphere. The flow angles,
atmospheric density, pressure, temperature, and the
Mach number are reconstructed from flight data with
associated uncertainties. Results from different flight
data sets are presented and compared with
observations from Mars orbiters and predictions from
atmospheric models.
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Abstract

The Colour and Stereo Surface Imaging System
(CaSsiIS) [1] on the ExoMars Trace Gas Orbiter is a
multi-spectral stereo push-frame camera. CaSSIS is
capable of providing two images of the same target
from two different points of view along the same
orbit. These acquisitions will be given as inputs for
the photogrammetric products generation (digital
terrain models and orthophotos). All the stereo data
products generated by the different institutes and
science teams involved in the CaSSIS project will be
archived in a repository set up at INAF (National
Institute of Astrophysics) of Padova and by the
OAPD (Astronomical Observatory of Padova) team.
The repository will be accessed through a website
(http://cassis.oapd.inaf.it/), it will provide the ability
of on-line visualization and download of the stereo
products that will be delivered periodically after their
validation. The single archive will offer the benefits
of having all the stereo data products from CaSSIS at
one place providing easy data accessibility to the
entire team. Initially the data will be available only to
the CaSSIS team and later on, after the expiration of
the proprietary period, also to the public.

The website will be linked to CaST
(http://skoll.unibe.ch/cast/), the web application for
the creation, editing, searching and prioritizing of
targets for CaSSIS, and is now accessible for public
image suggestions.

1. Introduction

The previous and ongoing exploration missions to
Mars provide significant amounts of data at different
resolution (HRSC [2], HIiRISE [3], CTX [4]).
CaSSIS is the European stereo acquisition system
with the highest resolution operating around the red
planet. Eighteen months after its arrival around Mars
in October 2016, the TGO is ready for its nominal

science mission and from the end of April 2018,
CaSSIS has started to produce its stereo pairs.

The system foresees the acquisition of multiple
consecutive framelets that are mosaicked in a single
image covering an area of 9.4x47 km.

The camera combines stereo and multispectral
capabilities enhancing the ability of the science team
to investigate terrain and geology. DTMs and the
coloured orthophotos will improve significantly the
quantitative analysis of the geomorphology and
geology of target areas. In this context, the CaSSIS
team is working on the creation of a robust and
efficient pipeline that starting from the stereo image
pre-processing, through a photogrammetric process,
is able to provide accurate three-dimensional data to
be collected in the repository for the delivery.

2. Stereo Data Product

specifications

The stereo data in the OAPD repository will be 8 Bit
orthoimages considering the complete mosaics of all
the framelets in all the color bands and from both
stereo images. These data products will be very
useful for the key new science enabled by CaSSIS.

The repository will include also the DTMs that shall
be 32-bit signed with elevations relative to the
MOLA datum. The DTM spatial resolution is strictly
correlated to the image quality and to the accuracy of
the orientation data so the grid spacing will depend
on the acquisition conditions. For the time being, a
nominal stereo pair acquired at 5 m/pix will provide a
DTM with 20 m/post sampling as for the case
presented in [5] and produced with the 3DPD SW.

The geometric reference for both planimetry and
height is a sphere of radius r=3396190 m as defined
by the MOLA team.



3. Stereo Data Generation

All the institutes affiliated with the CaSSIS team are
invited to generate DTMs from the instrument
images.

The photogrammetric pipeline proposed by the
OAPD will contain automatic procedures for the
creation of the complete orthoimages from the
framelets, for the definition of an initial disparity
map and the disparity refinement at the sub-pixel
level and for the triangulation phase arriving to the
DTM production [6].

The framelets are mosaicked at the height identified
by the triangulation of a set of a tie points extracted
with the SURF [7] operator. The DTM generation
SW is based on stereo image matching using
pyramid-based least-squares correlation process. The
3D point determination by forward intersection is
followed by heights interpolation. A bundle
adjustment procedure will be considered for the
correction of the orientation data applied also for the
orthoimage generation.

4. Quality Assessment

In order to assess the quality of the DTMs
determined by stereo-photogrammetry, from a
metrical  point of view, the horizontal
precision/resolution, the expected vertical precision
and the estimated vertical accuracy will be taken in
account. Also a qualitative assessment of the
abundance and appearance of artifacts in the DTM
will be considered. Auxiliary/metadata files
describing those aspects will be submitted to the
repository for each DTM uploaded in an XML
format.

5. Data Exploitation

The access to the web repository (Figure 1) linked to
the map-based visualisation provided by CaST will

be very useful for the exploitation of the CaSSIS data.

A shape file, provided to CaST by the stereo data
producer, will allow the definition of the target
position on the Mars global reference frame
connecting different source of data/information at the
same time. The science team will benefit in their
investigations when taking advantage of all the data
sources available.

Welcome to Cassis DTM
Repository

Figure 1: Home page of the Repository set up at the OAPD.
Acknowledgements

The authors would like to express their gratitude to the
CaSSIS team and the Italian Space Agency (ASI) for
providing us the opportunity to give our contribution to the
project (ASI-INAF agreement no.1/018/12/0).

References

[1] Thomas, N., et al. The Colour and Stereo Surface
Imaging System (CaSSIS) for ESA's Trace Gas
Orbiter. Eighth International Conference on Mars. 2014.

[2] Jaumann, R, et al. The High Resolution Stereo Camera
(HRSC): 10 Years of Imaging Mars. Eighth International
Conference on Mars. Vol. 1791. 2014.

[3] McEwen, Alfred S., et al. Mars reconnaissance orbiter's
high resolution imaging science experiment
(HIRISE). Journal of Geophysical Research:
Planets 112.E5. 2007.

[4] Malin, Michael C., et al. Context camera investigation
on board the Mars Reconnaissance Orbiter. Journal of
Geophysical Research: Planets 112.E5. 2007.

[4] Simioni, E., et al. 3DPD application to the first CaSSIS
DTMs. EPSC 2018.

[6] Simioni, E., et al. A Photogrammetric Pipeline for the
3D Reconstruction of CaSSIS images on board ExoMars
TGO. The International Archives of Photogrammetry,
Remote Sensing and Spatial Information Sciences 42 : 133-
139. 2017.

[71 Bay, H. et al Speeded-up robust features
(SURF). Computer vision and image understanding 110.3:
pp. 346-359. 2008.



