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Abstract

Analysis of available data on Mars shows that it had
a thick early atmosphere composed mainly of H,0O,
CO, CO,, SO, and SOs. Its minimum pressure was
between 3 and 11 MPa (most likely > 5 MPa). The
atmosphere was stratified by density with water,
sulfur, and carbon based layers formed above the
Martian magma-ocean. The water layer was at the
top and initially had no contact with the surface.

1. Introduction

Available data on Mars shows that: after accretion it
passed a magma-ocean stage [1, 2]; its crust is mostly
basaltic; its atmosphere composed mostly of CO,
(~0.6 kPa), containing no SO,; its average surface
temperature is ~210 K; its polar caps have ice and
dry ice; its regionally extensive sedimentary layers
are up to ~5 km thick [3]; it contains vast river
valleys, lake basins and signs of ocean; it contains
olivine-rich units, huge amounts of Noachian
phyllosilicates (including Noachian serpentine [4],
local carbonate deposits (likely of Noachian age) [5]
and great amounts of sulfates (Late Noachian-
Hesperian) including a variety of evaporite minerals
[3, 6]; sulfuric acid alteration of basaltic rocks and
minerals is well established on the Martian surface
[6]; at some point Mars contained a thicker
atmosphere rich in H,O and CO, [1, 2]. For analysis
of content, composition and thermodynamic
conditions within the early Martian atmosphere,
methods used for similar analysis for the early Earth
[7, 8] were employed. Since Mars’ crust is basaltic,
its magma-ocean surface temperature was at least
~1273-1473 K and therefore decomposition of
typical carbonates, sulfides, sulfates and hydrated
minerals on Mars was quicker and more efficient
than it was on Earth [7, 8], and nearly the entire
inventory of C, S and H,O was within Mars’ early
atmosphere. Since the temperature of formation for a
compound is always less than that of its stability [7,
8], CO and SO, would not have been re-distributed

from the atmosphere above the magma-ocean until it
solidified and the surface temperature dropped.

2. Distribution of Main Components
of Early Mars” Atmosphere

Different estimates of H,O content on Mars give: a
global equivalent layer of water (GEL) of 500 m or
300-1030 m [9] (exerting a pressure of ~1.87 MPa
and 1.12-3.85 MPa); 600-2700 m GEL [10] (~2.24-
10.07 MPa); 540-2430 m GEL [11] (~2.01-9.06 Pa);
and >2000 m GEL [12] (>7.46 MPa). The maximum
content of water on Mars could have been as great as
7.2x10% kg [13] (~185.5 MPa) or 1.4x10% kg [1]
(~360.64 MPa) and the absolute minimum (present
surface content of H,0) is 137 m GEL [12] (~0.51
MPa). Estimates of the SO, content in the
sedimentary reservoir on Mars gave 2.3x10" kg [6]
(~0.59 MPa). Estimates of partial pressure of the CO,
content on Mars came to 0.2-1.0 MPa [14]. Partial
pressure was estimated for bulk abundances of C and
S within Mars from [15] at 0.99-179.61 MPa for CO,,
0.63-114.03 MPa for CO, and 22.0-734.0 MPa for
SO,. Depending on thickness of the magma-ocean
and concentration of volatiles, the amount of
outgassed H,O and CO, was estimated [2] to be
~5.2-25.7 MPa and ~1.1-5.4 MPa, respectively.

3. Summary and Conclusions

The analysis shows that: there is strong evidence of
presence of vast amounts of water, CO and SO, on
Mars at the time of the magma-ocean; the minimal
pressure within early Mars’ atmosphere above the
magma-ocean was ~3-11 MPa (most likely > 5 MPa),
but actual pressure may have been much greater; the
maximal atmospheric pressure could have been very
high (100s of MPa); at temperature 1273 K and
pressure 10 MPa, measured densities of H,O and
CO, are 17.1 and 40.7 kg/m® respectively, and
calculated densities of SO, and CO are ~71.5 and
89.9 kg/m?, respectively, which would result in an
atmosphere stratified by density forming sulfur,



carbon, and water based layers (with H,O above the
other major layers, having no contact with the
surface); the atmosphere contained mostly CO
above- and CO, below- ~947 K [7, 8] among
carbonate compounds, and mostly SO, above ~900 K,
SO; between ~900 K and ~600 K, and H,SO, below
~600 K among sulfur compounds [7, 8]; the main
compounds of the atmosphere (H,O, SO,, SOz CO
and CO,;) were in critical conditions under
temperature and some in supercritical conditions if
pressure was greater than 9-10 MPa; at 10 MPa water
becomes denser than CO, and CO below ~600 K, and
it is denser than SO, between ~600 K and 400 K; the
magma-ocean on Mars solidified quickly, because of
its basic composition at the top; surface formation of
the water-ocean first was inevitable, because water
could not penetrate the still very hot rocks at shallow
depths (mostly plastic crust and low relief), and so
covered the entire surface of Mars; the water-ocean
was formed quite early in Noachian when surface
temperatures dropped below 500-540 K; sulfuric acid
was formed at some point with surface temperatures
below ~630-670 K (similar to its formation on Earth
[7, 8]), and it was in direct contact with the surface;
since the formation of serpentine requires
temperatures >473 K [7, 8] and formation of
carbonates needs temperatures <473 K [7, 8] the
presence of these rocks indicate variable
temperatures in the Noachian; formation of
phyllosilicates in Noachian and sulfates by ~3.5 Ga
shows that ocean or sea water existed on Mars prior
to ~3.5 Ga, but fresh water in rivers and lakes may
have existed longer; presence of significant content
of olivine indicates that for most of the Noachian the
temperature was below ~473 K, which prevented
serpentinization; SO, is the second most abundant
compound in basalt volatiles [7, 8], and its absence in
the atmosphere of Mars means that magmatic activity
on the planet ended a long time ago; since Mars had
limited energy collected during its accretion,
radioactive decay and core differentiation, it is
unlikely that it lost most of its atmosphere to space;
presence of significant amount of CO, on Mars
shows that it was not completely re-distributed by the
formation of carbonates; liquid water most likely
penetrated to great depths of the cold planet through
a system of fractures and faults and sealed from
above by subsurface permafrost of the entire planet.

References

[1] Elkins-Tanton, L.T. Linked magma ocean
solidification and atmospheric growth for Earth and Mars

Earth and Planetary Science Letters, Vol. 271, pp. 181-191,
2008.

[2] N.V. Erkaev, H. Lammer, L.T. Elkins-Tanton, et al.:
Escape of the martian protoatmosphere and initial water
inventory. Planet. Space Sci., Vol. 98, 106-119, 2014.

[3] Grotzinger, J. P. & Milliken, R. E., 2012. The
sedimentary rock record of Mars: Distribution, origins, and
global stratigraphy. Sedimentary Geology of Mars, SEPM
Special Publication No. 102, pp. 1-48.

[4] Ehlmann, B. L., Mustard, J. F. and Murchie S. L.:
Geologic setting of serpentine deposits on Mars,
Geophysical Research Letters, VVol. 37, L06201, 2010.

[5] Morris, RV, Ruff, SW, Gellert, R, et al.: Identification
of carbonate-rich outcrops on Mars by the Spirit rover.
Science, Vol. 329, pp. 421-424, 2010.

[6] McLennan, S. M. and Grotzinger, J. P.: Sulfur and the
sulfur cycle on Mars. 40" Lunar and Planetary Science
Conference, March 23-27, 2009, Woodlands, Texas, USA,
abstract 2152, 2009.

[7] Pilchin, A. and Eppelbaum, L. The Early Earth
Formation and Evolution of the Lithosphere in the Hadean
- Middle Archean. In: (Sato, F. and Nakamura, Sh., Eds.),
Encyclopedia of Earth Science Research, Vol. 1, 1-93.
Nova, 2012.

[8] Eppelbaum, L., Kutasov, I. and Pilchin, A.: Applied
Geothermics. Springer, 2014.

[9] Chassefiére, E, Langlais, B, Quesnel, Y, et al.: The
Fate of Early Mars' Lost Water: The Role of
Serpentinization. Journal of Geophysical Research: Planets,
Vol. 118, pp. 1123-1134, 2013.

[10] Lunine, J. I., Chambers, J., Morbidelli, A. et al.: The
origin of water on Mars. Icarus, 165, pp. 1-8, 2003.

[11] Carr, M.H., and Head, J.W.: Oceans on Mars: An
assessment of the observational evidence and possible fate:
Journal of Geophysical Research, VVol. 108, E5, 5042, 2003.

[12] Villanueva, G. L., Mumma, M. J., Novak, R. E. et al.:
Strong water isotopic anomalies in the martian atmosphere:
Probing current and ancient reservoirs. Science
DOI:10.1126/science.aaa3630, 2015.

[13] Pommier, A., Grove, T.L. and Charlier B.: Water
storage and early hydrous melting of the Martian mantle.
Earth and Planetary Science Letters, Vol. 333-334, pp.
272-281, 2012.

[14] Pollack J.B, Kasting J.F, Richardson S.M., et al.: The
case for a wet, warm climate on early Mars. Icarus, Vol. 71,
pp. 203-224, 1987.

[15] Lodders K. and Fegley, B.: An oxygen isotope model
for the composition of Mars. Icarus, Vol. 126, pp. 373-394,
1997



EPSC Abstracts
Vol. 10, EPSC2015-41, 2015

European Planetary Science Congress 2015
© Author(s) 2015

EPSC

European Planetary Science Congress

Production of liquid water on Mars by basal melting of ice
sheets: a glacial interpretation of the 3 Ga old Thumbprint
Terrain in Isidis Planitia

0. Bourgeois (1), O. Soucek (2), S. Pochat (1) and T. Guidat (1)

(1) LPG, CNRS, Université de Nantes, Nantes, France (olivier.bourgeois@univ-nantes.fr), (2) Charles University in Prague,

Faculty of Mathematics and Physics, Mathematical Institute, Prague, Czech Republic (soucek@karel.troja.mff.cuni.cz)

Isidis Planitia is a 1350 km wide impact crater
located close to the martian equator. Its floor exhibits
a 2.8 to 3.4 Ga old landform assemblage, nicknamed
Thumbprint Terrain, made of Arcuate Ridges,
Aligned Cones, Isolated Cones, Cone Fields,
associated with a peripheral network of Sinuous
Ridges, Linear Depressions, and Mounds (Fig. 1).
The spatial organization of these landforms is
consistent with the hypothesis that they form a
glacial landsystem inherited from the former
presence of a polythermal ice sheet over the entire
basin [1].

To explore the dynamics and thermal regime of this
ice sheet, we perform a simulation with a
thermomechanically coupled numerical model [2].
As model inputs, we use surface temperatures and ice
accumulation patterns predicted by a General
Circulation Model based on the present-day
atmospheric characteristics, and values of the
geothermal heat flux provided by a global model of
planetary thermal evolution. We find that, under
favorable orbital conditions, an ice sheet covering the
entire basin can develop in 2 to 5 Ma, with a
maximal thickness of 4.9 km (Figs. 2 and 4).

— Arcuate Ridges and Aligned Cones:
Ribbed moraines formed below wet-based portions of ice sheet
— Sinuous Ridges, Linear Depressions and Mounds:
Peripheral radial network draining subglacial meltwaters
across cold-based periphery of ice sheet
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Figure 1: Map of the landform assemblage in Isidis
Planitia (Mars), with interpretation in terms of a
polythermal glacial landsystem [1].

Figure 2: Thickness and surface flow lines of the
modeled ice sheet at 5 Ma [2].



The modeled ice sheet is polythermal and its flow is
controlled by its basal thermal regime. The pressure
melting point is reached in a circular region, where
Arcuate Ridges and Aligned Cones are present (Fig.
3). By contrast, the modeled ice sheet is permanently
cold-based at the basin periphery and, due to a
negative heat-flux anomaly, also in the basin center,
where only Isolated Cones and Cones Fields are
present.

Figure 3: Basal temperature of the modeled ice sheet
at 5 Ma. Red regions correspond to wet-based areas,
where liquid water is produced by basal melting [2].
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These results are consistent with the interpretation
that the Thumbprint Terrain in Isidis Planitia is a
martian equivalent of terrestrial fields of ribbed
moraines and has formed below wet-based ice. They
support also the interpretation that Sinuous Ridges,
Linear Depressions and Mounds observed at the
basin periphery are parts of a subglacial network of
eskers, tunnel valleys and subglacial lakes that
drained the glacial meltwater outwards, across the
cold-based periphery of the ice sheet.

This work strengthens the hypothesis that glaciers as
thick as a few km may have existed on Mars in the
past and that glacial basal melting may have
contributed to the production and flow of surface
liquid water at that time, under an atmosphere no
thicker than the present-day one [3].
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Figure 4: Topographic profiles of the modeled ice sheet at different time steps. Wet-based regions at 5 Ma
indicated by red lines at base of ice sheet. Location of profiles indicated by black line in inset map [2].
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Abstract

Mars atmospheric characterization is critical for
exploring the planet. Future Mars missions require
landing massive payloads to the surface with high
accuracy. The accuracy of entry, descent and landing
(EDL) of a payload is a major technical challenge for
future Mars missions. Mars EDL depends on
atmospheric conditions such as density, wind and
dust as well as surface topography. A Mars orbiting
2-um lidar system is presented in this paper. This
advanced lidar is capable of measuring atmospheric
pressure and temperature profiles using the most
abundant atmospheric carbon dioxide (CO,) on Mars.
In addition Martian winds and surface altimetry can
be mapped, independent of background radiation or
geographical location. This orbiting lidar is a
valuable tool for developing EDL models for future
Mars missions.

1. Introduction

Characterization of Mars atmosphere is an important
challenge for future exploration of the planet. The
ability to land large payloads on surface depends
upon EDL strategy, which relies on atmospheric and
surface conditions to reduce uncertainties and risks
for future Mars missions. Landing spacecraft on
Mars is known to be hazardous. However, EDL
operation risk can be reduced by improved
knowledge of atmospheric conditions, surface range
and approach velocity, while continuously mapping
the approaching terrain for potential hazards.
Atmospheric and surface investigations from orbit
are the highest priority objectives for EDL of large
systems. Laser remote sensing techniques are strong
candidates to meet such objectives. For example,
orbiting lidar instrument capabilities would include
surface mapping, planetary atmospheric profiling,
and 3-D imaging for hazard avoidance, motion
sensing and docking activities [1]. To address these

challenges, a Mars orbiting pulsed 2-um lidar
instrument is presented in this paper. This instrument
has the capability to characterize critical parameters
of Martian atmosphere. Orbiting 2-um lidar would
target CO,, the most abundant atmospheric gas on
Mars, for temperature, pressure and density profiling.
Using the backscatter lidar signal, range-resolved
profiles of wind, aerosols and dust could be obtained.
Ranging, a byproduct of the pulsed operation, is
useful for surface studies. Measurements are obtained
with resolutions that are difficult to achieve by other
means.

2. Technical Approach

NASA Langley Research Center (LaRC) has been
developing lidar enabling technologies for
atmospheric wind and CO, measurements for Earth
science [2-4]. This includes state-of-the-art 2-um
single or multi-pulsed laser transmitters for various
lidar applications [2, 5]. Single-pulse 2-um lasers
based on LuLiF technology is compatible with the
CO, R32 absorption line. Using this technology
Doppler lidar and coherent DIAL are used for
airborne  3D-wind and CO, measurements,
respectively [2-3]. Multi-pulse 2-um laser based on
YLF technology, targeting the CO, R30 line,
demonstrated accurate airborne sensing of CO, using
the IPDA technique [4-5]. Key advantages of these
systems include multi-pulsed operation, using single
pump-pulse, and wavelength tuning, switching and
locking for each pulse. Other capabilities include
high repetition rate, which is preferable for space
platform, space qualified packaging, rigid system
design with low power consumption and small size.

Adopting this 2-um lidar technology from a Martian
orbiter, figures 1 and 2 compare near-surface CO,
absorption cross section spectra for Earth and Mars
environments. The profiles are driven from HITRAN.
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Figure 1: CO, absorption spectra around R30 line,
achievable by Ho:Tm:YLF laser transmitter, for both
Earth and Mars surfaces.

For Earth, standard atmospheric conditions and 400
ppm CO, dry-air mixing ratio are considered. For
Mars, mean surface pressure and temperature of 600
Pascal and -60°C, respectively and 100% CO,
abundance are assumed. Operating from a Martian
orbiter, while implementing multi-pulsed operation,
would generate enough information to solve for
pressure, temperature and density profiles. For
example, wavelength tuning and locking capabilities
could target temperature insensitive lines, to solve for
pressure and density. Backscatter return signal would
include aerosol and dust profiling. Using coherent-
detection, wind velocity could be achieved. Altimetry
is directly obtained through time-delay measurement
of the pulsed nature of the transmitter. This exhibits
the multi-pulsed 2-um orbiting lidar as a valuable
tool for developing EDL models for future Mars
missions.

3. Summary and Conclusions

NASA LaRC has been developing advanced wind
and CO, airborne enabling 2-um pulsed lidar
technologies for Earth science. Continuing efforts are
focused to extend such technology to space. Key cap-
abilities of the 2-um lidar include multi-pulse
generation, with wavelength tuning, switching and
locking. Based on LuLiF and YLF technologies, the
transmitter can target the R32 and R30 CO, lines,
respectively. CO, is the most abundant atmospheric
gas on Mars. Targeting precise wavelengths,
temperature, pressure and number density profiles
could be obtained from a Martian orbiter. Winds,
aerosol, dust and altimetry are other products of this
lidar system. Measurements from this orbiting lidar
are valuable for developing EDL models for future
Mars missions.
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Figure 2: CO, absorption spectra around R32 line,
achievable by Ho:Tm:LuLiF laser transmitter, for
both Earth and Mars surfaces.
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Abstract

Gale Crater, in which the Mars Science Laboratory
(MSL) Ilanded in August 2012, is the most

topographically complex area visited to date on Mars.

The meteorology within the crater may also be one of
the most dynamically complex meteorological
environments, because topography is thought to
strongly drive the near-surface atmospheric
circulations. The Rover Environmental Monitoring
Station (REMS) [5] has provided some clues on the
nature of the local meteorology strongly influenced
by the complex topography, as predicted by
numerous previous studies. The types of
perturbations of pressure, air and ground temperature
and wind measured by REMS have never been
observed at other locations and these data provide a
great opportunity to test the models at the most
meteorological interesting area measured to date. In
an effort to better understand the atmospheric
circulations of the Gale Crater, the Mars Regional
Atmospheric Modeling System (MRAMS) [6] was
applied to the landing site region using nested grids
with a spacing of 330 meters on the innermost grid
that is centered over the landing site. We provide a
comparison of MRAMS predictions for pressure, air
temperature, winds and ground temperature, to the
REMS data available at the location of the Rover for
sols 51-55 (Ls=180), sols 195-199 (L=270), sols 348-
352 (L=0) and sols 541-545 (L=90), in order to
provide a baseline of model performance. Pressure
and ground temperature provide the most robust
parameters with which to test the model predictions
(Figures 2 and 3).

2. Circulations at Gale

Simulations with MRAMS indicate thermal and wind
thermal signatures associated with slope flows,
katabatic winds, and nocturnal mixing events that are
consistent with the rover environment monitored by
REMS. Some pressure structures are shown both in
model and observations during L=270 at night, and

could be related to strong downslope winds (Figure
3). Potential temperature studies allows thermal
comparison of air at different altitudes, showing
evidence for two distinct air masses—one in the
bottom of the crater (a relatively cold dense air mass)
and one on the plateau, that produces minimal
interaction with one another during L:=0, 90 and 180.
Warm air from south overrides the crater and gravity
waves are formed in the north rim (Figure 5). An
exceptional case is season L=270, when colder air
from north plateau (downslope winds) can flush out
crater air mass and northern hemisphere air make it
into the bottom crater in a massive push of cold air
(Figures 4 and 5). If there are indeed two distinct air
masses, there are strong implications for dust, water
vapor and chemical (including methane) cycles
within Gale Crater. The air within Gale should be
drier and less dusty due to more limited mixing with
the environment and limited dust lifting due to dust
devils during Ls=0, 90 and 180. There are strong
indications that there is a complex interplay between
circulations over a large range of spatial and
temporal scales. In particular, the modeling will
demonstrate that global (Hadley cell), regional (Mars
dichotomy) and local (Gale crater) circulations must
all be considered in order to explain the observational
data. Complex crater circulations result from adding
all scales of motion (Figure 6).

3. Figures

Figure 1: Horizontal Grid Spacing applied to landing
site. The black dot is Curiosity landing site location.
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Abstract

We have obtained a map of D/H on Mars on April 8,
2014, when the planet was close to opposition (15.3”
in diameter) and close to northern summer solstice
(Ls = 113°). Data were recorded with the EXES
(Echelon Cross Echelle Spectrograph) imaging
spectrometer aboard the Stratospheric Observatory
for Infrared Astronomy (SOFIA). A preliminary
reduction indicates an increase of the D/H ratio from
south to north, with a disk-integrated value of about
6.5 times the terrestrial value.

1. Introduction

The D/H ratio on Mars is a key tracer of the
atmospheric evolution of the planet, both at global
and regional scales. As an effect of differential
escape rates of HDO and H,O (HDO being slightly
heavier than H,0), a measurement of the present D/H,
integrated over the planet, is an indicator of the
global loss of water over the history of the planet. At
a local scale, a measurement of D/H over the Martian
disk, and its evolution with latitude, altitude and
season, is an indicator of the water cycle and its
exchange  with  surface reservoirs, through
fractionation processes associated with differential
condensation mechanisms.

The first measurement of D/H on Mars was achieved
by Owen et al. (1988)[1] who inferred a disk-
integrated D/H enrichment of 6 (+/- 3) with respect to
the terrestrial Standard Mean Ocean Water (SMOW)
value. This was the first indication of the loss of
water from Mars over geologic time, implying that
Mars must have been wetter and warmer than today.
The previous results for the present day Mars
atmosphere have been confirmed by subsequent
measurements on a global and local scale [2, 3].

Maps of D/H were also recorded for different seasons
[4, 5]. In particular, Villanueva et al. (2015) [5]
found a D/H enrichment higher than previously
thought, and stronger local variations than expected
in the theoretical model [6].

2. Observations

EXES (Echelon Cross-Echelle Spectrograph) is an
imaging spectrometer that operates at high, medium
or low resolution in the medium infrared range (4.5 —
28.3 wm). It is mounted on the 2.5-m telescope of
SOFIA (Stratospheric Observatory for Infrared
Astronomy), operating at altitudes of 12 — 14 km and
allowing the simultaneous observations of H,O and
HDO lines. Our observations took place on April 8,
2014 between 5:00 and 5:30 UT. The planet was very
close to opposition with a diameter of 15.3”. The
areocentric longitude Ls was 113°, just after northern
summer solstice.

Data were recorded between 1383 and 1390 cm’
(7.19 — 7.23 um), with a spectral resolving power of
5 10* (Av = 0.028 cm’'). As Mars was close to
opposition, the Doppler shift (0.011 cm™) was about
three times smaller than our spectral resolution.

3. Data analysis

Figure 1 shows a portion of the EXES spectrum
between 1387.8 and 1390 cm™', which includes weak
transitions of CO,, H,O, and HDO. As a first analysis
of our data, we have used the line depth ratios of
H,0/CO, and HDO/CO; to retrieve mixing ratios of
H,0 and HDO, respectively, and then to infer the
D/H ratio on Mars using the relation D/H = 0.5 x
[HDO]/[H,O]. This method has the advantage of
removing, to first order, the effects associated with
the thermal structure and the geometry of the



observations; it has been successfully applied to
study the seasonal variations of H,O, and HDO on
Mars [7, 8].
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Figure 1: The disk-integrated spectrum of Mars
recorded by EXES between 1387.8 and 1390 cm’™
(thick black line). Models including absorptions by
CO,, H,0 and HDO are shown for comparison, with
a model of the atmospheric transmission.

5. Results

Figure 2 shows the map of D/H on Mars inferred
from the line depth ratios of HDO (at 1389.13 cm™)
and H,O (at 1388.47 cm'l). The contribution of the
terrestrial absorption at these two frequencies was
inferred from both the atmospheric model (Figure 1)
and the measurement of the sky, recorded
simultaneously with our Mars spectrum. We derive a
disk-integrated D/H value of about 6.5 times the
terrestrial value, with variations ranging, from south
to north, from 5.5 times to 8 times the terrestrial
value.

6. Conclusions

Our results are in good agreement with previous
estimates [1-5], in particular with the maps obtained
by Villanueva et al. (2015) for Ls = 80° [5]. They
illustrate that the latitudinal variation of D/H,
although consistent with the trend expected from a
fractionation process dominated by condensation, are
stronger than predicted in the theoretical model [6].
In the future, we plan to refine this analysis by
modeling the entire EXES spectrum to get a more
accurate estimate of the uncertainty associated with
our measurement.

DIH (SMOW units)

Figure 2: The map of D/H on Mars inferred from the
EXES data. Mars was close to opposition, and the
season was just after northern summer solstice (Ls =
113°).
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Introduction

Understanding the microphysical processes occuring
on the Martian seasonal cap is critical since their radia-
tive properties can affect the martian climate. A well
documented phenomenom is the albedo increase of the
Martian seasonal caps during spring, Fig.1. There are
a lot of hypotheses that have been proposed as an ex-
planation for this observation : the decrease of the CO4
grain size [2], a cleaning process of the CO4 slab that
would imply either the sinking or the ejection of the
dust contained in its volume ([1], [2], [5]), a water-
layer accumulation on the top of the slab [5], the role
played by aerosols [2] etc ... So far, no experimen-
tal simulations have been realized to discriminate be-
tween these processes. We designed an experiment to
investigate the hypothesis of CO; ice grain size de-
crease through thermal cracking as well as that of dust
segregation as the possible reasons for albedo increase.
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Figure 1: Albedo increase of the Northern seasonal
cap seen by Hubble [1]

Experiment

Protocol

To reproduce Martian seasonal deposits, an homoge-
nous mix of COs ice with dust was produced and in-
troduced into the Carbo-NIR cell, which is a chamber
developed at IPAG to simulate Martian environment.
COs ice is obtained in a granular form which is then
’slabised’ (transformed into polycrystalline ice) in the
cell using CO4 gas injection. The entire experiment
has been conducted at a temperature of -126°C and a
pressure of 6.5 mbar, characteristic of the martian en-
vironment during winter. The dust used in this exper-
iment is a volcanic tuf that has been characterised in
reflectance spectroscopy ([3], [4]) and which is used
as an analog for martian dust in this experiment.

Reflectance spectra were acquired with the
Spectrogonio-radiometer at IPAG laboratory. Our
measurements span the range 0.5-4 pm with an
acquisition step of 20 nm between 0.5 and 1 ym and
10 nm between 1 and 4 um. Spectral resolution varies
along the spectrum : from 19 nm between 0.5-3 pm to
39 nm between 3—4 pm. All the spectra were acquired
with an incidence angle of 0°and emergence angle of
15°, azimuth of 0°.

Ice cracking could be potentially produced by 2
types of stresses induced by thermal gradient : the
temperature gradient inside the slab could either be
produced by the absorption of solar energy or, in at-
mospheric depression condition, by the rapid cooling
of the surface due to CO5 high sublimation enthalpy.
Both hypotheses were tested with several experiments,
including: illumination with stable pressure, decrease
of pressure, illumination with pressure increase. The
first situation represent a full martian analogy since we
pumped into the volume limited cell to keep a stable
CO, gas pressure all along the experiment to simu-
late the stable atmosphere. In the second case of de-
creasing pressure, we investigated typical AP experi-
enced in Mars’ atmosphere with baroclinic waves ac-



tivity (typically 0.5-1 mbar). In our simulations, illu-
mination is realized with an hallogen lamp and the flux
brought to the sample is equal to the flux received by
seasonal deposits in early spring (around 200 W.m~2).

Results
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Figure 2: Bidirectional reflectance spectra of the COq
slab initial state (black), after thermal cracking (red)
and after cracking only due to thermal stress (blue).

Fig.2 presents bidirectional reflectance spectra of
the sample during the experiments. The black one
is a typical slab spectrum as we can obtain it in our
cell with deep CO; bands and a low reflectance. The
blue and red spectra are obtained after thermal crack-
ing of the slab ice with 2 different protocols : thermal
cracking for the red spectrum was produced using il-
lumination + pumping (stable P and surface T) while
thermal cracking for the blue spectrum is realized with
illumination only (i.e. the pressure increased inside
the cell as the sample warmed up). Results associated
with pumping only (AP = 1 mbar) are not displayed
since we didn’t observed any ice fracturing using this
method.

At 1 um, the reflectance is increased by 41% on the
red spectrum and 58% on the blue spectrum. The dif-
ference of albedo increase between both cases is sim-
ply due to a longer illumination time for the second

case (2h instead of 1h). This albedo increase can be
compared to the one observed on Mars (see Fig.1).

The dust grain evolution into the slab was harder
to get from these experiments. We can already say
that dust contained into slab ice don’t accumulate on
the surface and would rather ’sink’ into the slab since
dust would preferably absorb light compared to CO5
ice, warm and sublimate the ice around and sink with
the same phenomenom that we observe on terrestrial
glaciers.

Conclusions

This preliminary study showed that thermal crack-
ing of CO; slab ice can produce a strong increase of
the reflectance (as high as 60%) and mimic the Mar-
tian CO, photometric behaviour during spring. This
value is consistent with the increase observed on Mars.
We are currently developping a way to get a more
quantitative estimation of the grain size variation of
the polycristalline ice during sublimation with optical
techniques and radiative transfer modeling. Further-
more, the evolution of dust into the slab will be re-
investigated.
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Abstract

Planetary space weather at Mars has attracted much
interest, but the focus is usually on the response to
solar activity and its related disturbances in the solar
wind. While this aspect is important and may be key
to understanding Mars’ atmosphere evolution, an
additional consideration is based on the sensitivity of
Earth’s magnetospheric solar wind interaction to
southward interplanetary magnetic fields. The study
described here investigates whether Mars has its own
specific interplanetary field orientation sensitivities

that might be identified in the MAVEN data analyses.

1.Introduction

At Earth, the coupling of solar wind energy into
geospace is extremely sensitive to the occurrence of
southward interplanetary magnetic fields. This
sensitivity is a consequence of the antiparallel
orientation of the Earth’s dipole field and the external
field at the magnetopause. Under southward IMF
circumstances, the magnetosphere has its maximum
magnetic connection to the interplanetary field, and
thus to convection electric fields in the solar wind
that map down into large areas in the polar regions.
The consequence for Earth is geomagnetic activity
and its related atmospheric and ionospheric effects-
including significant heating and momentum transfer.

Mars” more complex crustal magnetic fields at its
solar wind obstacle boundary similarly allow
reconnection with the draped external fields.
However in this case the result is varying degrees of
open field connection depending on both crustal field
and interplanetary field orientations. Larger open
field areas can presumably create stronger coupling.

2. Approach

We use BATS-R-US MHD simulations of the solar
wind interaction with Mars [1] to explore some
interplanetary field orientation effects on the solar
wind coupling. To isolate these, a nominal solar wind
density and velocity is assumed for all cases, while
the orientation of the strong crustal fields of Mars
and the interplanetary field are varied. We compare
the areas and locations of open magnetic fields (those
connecting Mars to interplanetary space) and the
model ionospheric characteristics (e.g. velocities) for
cases with the strongest Mars crustal fields at noon,
dusk, midnight and dawn, and for interplanetary
fields that are at nominal toward (Eastward) and
away (Westward) Parker spiral orientations, or
atypically northward or southward (relative to the
Mars orbit plane). The results suggest coupling to the
solar wind should be particularly strong for
Southward interplanetary fields when the strong
crustal fields are at dawn. While the IMF “coupling
function’ at Mars is not as extreme as for Earth, the
open field area in the ionosphere is 3-4X greater for
that condition than for the other combinations.

MAVEN’s comprehensive solar wind interaction
and aeronomy measurements allow a search for times
when the interplanetary conditions and crustal fields
correspond to these ‘best connected’ conditions.
However, major challenges come with this search.
For one, strongly northward or southward
interplanetary fields are rare and usually found in
interplanetary coronal mass ejections (ICMEs)- that
also include enhanced solar wind pressures and
magnetic field strengths affecting solar wind



response. For another, the crustal field location at
dawn must coincide with the ICME passage, which
typically lasts 1-2 days. While these requirements are
restrictive at this relatively early stage of the mission,
the current solar activity level continues to produce
coronal mass ejections and thus opportunities.
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optically thick, the derived parameters vary non-
linearly with the brightness. Example of
sensitivity of the derived oxygen density and
temperature is given in Fig.3.
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3. Summary and Conclusions

The first observations of IUVS/MAVEN of the

Martian cold oxygen corona have been performed

and first quantitative estimate of the oxygen dgnsi
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Abstract

We explore the precipitation of energetic neutral
atoms (ENAs) on the Martian upper atmosphere
using a hybrid plasma model and a spherically
symmetric exosphere model. ENAs are generated via
charge-exchange reaction between the ions in the
Martian plasma environment and the neutrals in the
exosphere. ENAs do not feel the electromagnetic
field, and their birth places are collisionless.
Therefore ENAs moving towards the planet can
precipitate to the exobase. We study the spatial
distribution and spectral characteristics of these
precipitating ENAs, and investigate the consequences
caused to the upper atmosphere of Mars.

1. Introduction

Martian space environment is an active ENA source.
Most of the ENAs are generated in the dayside
hemisphere of Mars, via the charge exchange
reaction between the solar wind protons (both
upstream and shocked) with the highly extended
Martian exosphere. These ENAs are not affected by
the electromagnetic field in the interplanetary space,
in the nmagnetosheath, or in the induced
magnetosphere. In these regions, the particle mean
free path is comparable to the altitude to the exobase,
therefore ENAs can directly reach the exobase and
precipitate to the upper atmosphere. The ENA
precipitation can cause several consequences: 1) it is
a source of hydrogen in the Martian atmosphere, 2) it
transfer momentum from the super- and sub-sonic
solar wind to the Martian atmosphere, and 3) it is an
extra heating source for the Martian upper
atmosphere.

In this work we focus on the spatial and energy
distribution of ENAs that precipitate to the exobase,
using a well-established hybrid plasma model and a
well-received exosphere model.

2. Models

We use the HYB_MARS hybrid model [5] to get a
self-consistent description of the fields and particles
in the solar wind interaction with Mars. The model
treats ions as particles and electrons as massless
neutralizing fluid, and includes the electron pressure
term, a fluid background ionosphere, and charge
exchange processes. The latter allows for tracking of
ENAs. The model was launched with the nominal
solar wind parameters at Mars. The coordinate
system is set such that the interplanetary magnetic
field is in the xy plane, and the convective electric
field (Ec) is in the xz plane, x being the vector from
the center of Mars to the Sun.

The exosphere model was adopted from a
community-wide model challenge project [1]. It
includes both cold and hot components for hydrogen
and oxygen exospheres, respectively. In the
production of ENAs, the hydrogen exosphere is
dominant due to its large scale height and the
relatively large resonant charge exchange cross
section with protons. The model is spherically
symmetric, for the nightside of Mars is not within the
scope of this study.

3. ENA precipitation map

We collect the birthplaces and velocity vectors for all
ENAs produced in the model. Then we only select
those penetrating the exobase, a spherical surface at
200 km altitude above the surface of Mars. We
calculate the penetration position of each ENA
particle on the exobase, expressed in longitude and
latitude in the Mars-centered spherical coordinate
system. The resultant precipitation map is achieved
by binning the precipitating ENAs according to the
penetration location into 6°x6° grid. Figure 1 is such
a map for the ENAs generated in the dayside
magnetosheath. We will also plot a similar
precipitation map for the ENAs generated upstream
of the bow shock.
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Figure 1: (Top) Particle precipitation map on the
exobase of ENAs produced in the magnetosheath.
Black numbers are the longitude (horizontally
distributed in the middle) and latitude (on the left of
the map). White curves are the iso-SZA (solar zenith
angle) lines on the exobase. (Bottom) Energy
spectrum of (left) precipitating ENAs and (right)
precipitating energy within the SZA<30° region
(white gridded region in the top panel).

Following aspects will be explored:

1. The role of magnetosheath ENAs. In
previous models [3, 4], the ENAs from
upstream solar wind is dominant. This is
because the plasma model used in these
studies did not account for the spread of
proton velocity direction in the subsolar
point, which was important for the
production of ENAs in the magnetosheath.
In our model the precipitating flux and
energy due to magnetosheath ENAs are
comparable to that of the upstream ENAs.
Moreover, as shown in Figure 1, the
precipitation pattern of magnetosheath
ENAs is deviated to the +Ec direction

2. The variability of energy deposition rate due
to the variability of the hydrogen exosphere.
The exobase temperature for atomic
hydrogen is the most important controlling
factor of the ENA production rate [3]. The
exobase temperature affects the scale height
and eventually the column density of the
hydrogen, and it is highly variable [2].
Particularly, a ~50% difference in the Sun-
Mars distance can cause a factor of ~8
difference in the exospheric density of

hydrogen. Therefore one may expect that
ENA precipitation during the perihelion
period would be of more importance
compared to the total energy deposition due
to solar EUV radiation, which scales with
the square of Sun-Mars distance.
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1. Introduction

The Hellas impact basin, located in the southern
highlands of Mars, is one of the largest basins and the
deepest impact structure on the planet. With a
diameter of 2,300 km and a depth of more than 8,000
m it is a melting pot of several diverse geomorphic
systems. Today, the basin is enriched with volatiles
and ice-cemented materials [1], and its central parts
show a scarcity of craters, smooth surfaces, and a
high albedo, supporting the assertion of a recently
modified and/or active surface. It is likely that the
low elevation once accommodated more favorable
conditions for volatiles and freeze-thaw cycles than
most other areas on the planet. Glacial and fluvial
landforms, glacier-like features [2, 3], polygons [4]
and fluvial channels [5, 6] have been reported
throughout the whole basin. All of them require at
least temporary water and/or melting conditions.

2. Methods and Data

We examined the geomorphologic setting of northern
Hellas using the planetary grid mapping method
developed by [7]. The study area encompasses the
entire Hellas floor below an approximate elevation of
5,500 m below the Martian datum. As Hellas is a
circular formation located in the mid-latitudes we
used a stereographic projection centered at A=69°,
¢=-49°. To be able to compare our results with other
grid-mapped regions [7] we use the same grid size of
20 x 20 km and a CTX-based (Context camera [8])
dataset. For creating an exact grid the tool Repeating
Shapes [9] has been applied. Due to the vast size of
the study area, however, we will only analyze every
second grid cell in a checkered pattern. This
sampling density already produces a representative
dataset for preliminary results for some of the
mapped landforms. Mapping scale is 1:30,000 and is
carried out in an ArcGIS 10.3 environment. The total
number of grid cells being mapped is approx. 10,200.

Mapped landforms are: latitude-dependent mantle
(LDM), concentric crater fills (CCF), layered
sediments, glacier-like features, viscous valley flows,
banded terrain, honeycomb terrain, polygons,
scalloped terrain, texture, chaos’, channels, gullies,
fans, fluvial sheet deposits, shorelines, bedrock, and
dunes. The presented results are based on 1,500
already analyzed grids, located along the northern
margin of the Hellas basin floor.

3. Results

The most important results using grid mapping
concern the geospatial distribution of each mapped
landform. The majority of the mapped landforms are
not very prominent at the northern rim; so there are
no representative results available for them by now.
However, some relevant inferences can be already
made for LDM, CCF, and layered sediments (Fig. 1).

LDM is distributed all over the northern rim and the
floor of the basin, although in different roughness (i.e.
degradation state) and thickness. The LDM is less
prominent on the rim than on the basin floor.
Moreover, its thickness decreases towards northeast
on both the rim and the basin floor. This observation
is consistent with the roughness map of [10], as their
map postulates a rougher surface in that area, and
thus, a possibly thinner LDM layer. LDM is also a
little less dominant along the base of Coronae
Scopulus (Fig. 1). The spatial distribution of CCF is
similar to LDM. It is also less prominent in the NE
part of Hellas, and disappears completely in small
craters there (<3 km). There are also some small
areas to the east and west of Coronae Scopulus
lacking CCF’s. The third type of major landforms in
northern Hellas is represented by (often bright or
light-toned) layered sediments. These are located
along the northern rim and display an elevation range
of around -6,400 to -4,500 meters. They occur more
often along the NE part of the rim, and at some



scattered places on the NW part. There are also a few
outcrops on the floor of the basin, albeit less
distinctive. Other less prominent features in northern
Hellas are channels (which are mainly located on the
rim, and only in very few places on the basin floor), a
few gullies, and reticulate terrain (in very small and
isolated patches). It is also remarkable that despite of
the high atmospheric pressure no large dune fields
have been observed.

4. Discussion

Based on visual inspection, the preliminary results
for the distribution of LDM show a relatively good
correlation with both the dust cover index [11] and
roughness map [10], as both of them indicate a lower
abundance of dust with a relatively rough (possibly
degraded) surface in the NE. While the LDM is very
dominant in the SW of the mapped area, it is absent
or less distinctive in the east. Moreover, our map
shows that the LDM extends further north than
predicted by [1, 10]. The reason may be found in
different generations of LDM. Madeleine et al. [1]
find that the mantling unit in Hellas extends from
40°S poleward, and the roughness map shows a more
rugged landscape north of 30°S. Our CTX
examinations have shown, however, that the
mesoscale surface smoothening caused by LDM
extends at least up to 27°S to the north outside of the
Hellas basin. A comparison to our preliminary low-
resolution mapping of the whole Hellas area has
shown, that the LDM surface appears to be
significantly rougher in the northern part of Hellas.
This roughness could be caused by a higher age or a
higher rate of degradation of the LDM in this area; as
the more southern LDM (south of 30°S) has been
covered by more recent LDM layers (within the last 2
Ma [1]), the rougher LDM (north of 30°S) may
originate from an atmospheric dust and ice deposition
older than 2 Ma, and could thus have been degraded
over a longer time period, without having been
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Figure 1: Map show
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covered by a younger LDM again. The thinner and
missing LDM cover in the NE of Hellas does not
show any sharp margins, so we can exclude a
superposition of this unit by other materials. Hence
we hypothesize that the rougher LDM in that area is
possibly caused by the atmospheric circulation
pattern within the basin. As wind currents rotate
clockwise in the basin [12], the areas in NE Hellas
receive the warmest winds coming from the most
northern parts of the basin. This may cause a drier
atmosphere and/or a faster sublimation of ice on the
ground. This could also explain the lack of CCF’s in
this part of Hellas.

The spatial distribution of layered sediments seems to
depend on the topography, as they are located on the
inner slopes of the rim. Their similar elevation may
indicate that they could have been formed in the
same standing body of water. Future work will show
how continuous a possible ring of layered sediments
around Hellas is. They are best visible in the NE
quadrant where the LDM thickness is low or absent.
If they originate from the same body of water, Hellas
Planitia must have contained a sea with a depth of up
to 4,000 m and a diameter of around 2,700 km.
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Abstract

Dust particle dynamics is modeled in the so-called
Dust Devils (DDs). We develop methods for the
description of dust particle charging in DDs, discuss
the ionization processes in DDs, and model charged
dust particle motion. Our conclusions are consistent
with the fact that DD can lift a big amount of dust
from the surface of a planet into its atmosphere.

1. Introduction

DDs are a widespread event in Earth’s and Martian
atmospheres. DD is a strong, well-formed, and
relatively long-lived whirlwind, ranging from small
(half a meter wide and a few meters tall) to large
(more than 100 meters wide and more than 1000
meters tall) in Earth’s atmosphere. Martian DDs can
be up to fifty times as wide and ten times as high as
terrestrial dust devils. DDs, even small ones, can
produce radio noise and electric fields greater than
10* V/m. DD picks up small dust particles. As the
particles whirl around, they bump and scrape into
each other and become electrically charged. Particles
of a small size acquire negative charge and large
particles become charged positively [1]. In upward
flow this leads to spatial charge separation and
electric dipole emergence. The whirling charged
particles also create a magnetic field. The electric
fields assist the vortices in lifting materials off the
ground and into the atmosphere. Instability
characterizing the DD’s generation is described by
equations analogous to those for internal gravity
waves [2]. Mathematically dynamics of DDs is close
to that of toroidal plasmas. Correspondingly,
methods developed in magnetic fusion research can
be used for modeling the DDs. Strong local vortices
are more efficient in lifting dust from the surface into
the atmosphere than horizontal winds. Therefore dust
devils are supposed to be the main mechanism for
dust uplift on Mars [3]. Here, we study dynamics of

dust in DDs.

2. Model

DDs are usually observed over the arid regions with a
good insolation. Solar heating of the surface results
in the formation of unstable stratification, i.e. the
layers where the temperature decreases with altitude.
In [2] the generation of DDs is shown to be a result
of the convective instability of internal gravity waves.
The first step is generation of vortex motion in
vertical plane. Then toroidal vorticity appears which
corresponds to horizontal velocities. Equations
describing dynamics of nonlinear vortex structure are
as follows [2]

o0~ dinp,dy) 1 ~
Ay + 2228V L gy Ayl =
az( Tk dzj ALY "
dy r ..
=2 T Jip,
" ar o (.7}
ox .0y
L gy, x =0 2
g ot s or vor) @
ow, om, Ou,
—tu, =0, , (3)
ot or oz
where

2
A o0lo o0

=y ——

orr 5+67
is the Grad-Shafranov operator, Y/ is the stream
function of poloidal motion, @, is the buoyancy
frequency, g is the gravity, J {A,B} is Jacobian.
The density and the pressure are p=p,+p ,



p=p,+p . correspondingly; the density and
pressure disturbances are small | /3| << Py >
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perturbation; @, is the toroidal vorticity. The

poloidal components of the velocity u, and u_ are
determined by the stream function

1oy

" roz ° ror

Egs. (1) and (2) describe poloidal motion while Eq.
(3) characterizes toroidal motion. Figure 1 shows
poloidal stream lines and the dependence of toroidal

velocity u#, on the distance from the vortex axis.

3. Dust dynamics

We have calculated dynamics of dust particles in a
modeled DD with taking into account forces of
different nature. Figure 2 shows an example of
trajectories of dust particle with diameter 50 pm in a
vortex with a core radius r,~10 m and maximum
velocity u,,,,=30 m/s.
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Figure 1: Poloidal stream lines and the dependence of
toroidal velocity u, on the distance from the vortex
axis.

Figure 2: Example of trajectories of dust particle with
diameter 50 um in a typical vortex in Earth’s
atmosphere.

4. Summary

A model for the description of dust behavior in DDs
has been developed. On the basis of the model we
have performed calculations and shown that DDs are
important mechanism for dust uplift in the
atmospheres of Earth and Mars.
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Abstract

Small impact craters are a useful tool for studying
recent, short-time or small-scale geologic processes
of the surface. Especially in age determination, the
role of small impact craters is significant as they may
often be the only way to measure the age of the
surface. In this work, we compare our crater count
results obtained from the Harmakhis Vallis channel
floor of Mars based on the CTX and HiRISE images
and discuss the benefits and limitations of small (< 1
km in diameter) craters in age determinations.

1. Introduction

The usability of small (diameter < 500 m) impact
craters in crater counting has been under discussion
since high-resolution images made it possible to
extend the crater size-frequency distributions to
smaller craters [1-5]. Originally the established
method was, however, to leave out the small impact
craters from the crater counts due to the uncertainty
of their origin (primary or secondary crater).
Afterwards, the new crater production studies (e.g. [1,
4-5]) have also made it possible to utilize small
craters in age determination if obvious secondary
craters and clusters are excluded and the areas
showing signs of recent large impact craters are
avoided. This has made it possible to expand the
crater counts to the small and young units, too.

In this work we present some results of our crater
counts performed on Harmakhis Vallis (see also our
previous works [6-8]), one of the large outflow
channels on the north-eastern Hellas rim region of
Mars, based on MRO’s CTX and HiRISE datasets. In
addition to the evolution studies of the Harmakhis
channel, we compare the crater count results based
on the different data and thus reveal information on
the benefits and limitations of very high-resolution
imagery used in age determinations.

2. Data and methods

The age determinations of the Harmakhis Vallis flow
units were performed by using established crater
count methods (e.g. [9-12]) and the Mars
Reconnaissance Orbiter’s CTX and HiRISE datasets.
The CTX images cover the entire channel system
with a resolution of ~ 5 m/pixel whereas the
availability of HiRISE imagery is more limited — on
the Harmakhis Vallis channel there are only 14
HIiRISE image pairs with a resolution of ~ 0.3 — 0.5
m/pixel and many of them focus on the walls of the
channels only.

All the image data were imported onto a GIS
environment, where the floor units of the Harmakhis
channel were mapped and dated. The crater model
ages were measured using the Craterstats software.

3. Results and discussion

Mapping on Harmakhis Vallis shows that the channel
is almost entirely covered by the flows, the varying
texture of which indicates that they are ice-facilitated
(see [8]). Because the craters superposed to the flows
are relatively small (i.e. the flows are relatively
young) and the areas of the units are relatively small,
it is necessary to use very high-resolution images for
successful dating. In addition, it is acceptable to use
very high-resolution images and small craters for
dating on Harmakhis Vallis because if the flow units
are relatively young, their formation and
modification have to mainly postdate the latest
secondary-forming impacts. Thus, the superposed
craters on the floor units are mainly primaries.

The crater count results, based on the CTX data,
show that the oldest measurable cratering model age
of the Harmakhis flow units varies from ~ 0.1 Ga to
~ 1 Ga, which may be, however, the youngest limits
for the oldest measurable age due to the possible ice-
facilitated nature of the flows. In addition, the CTX
images show that all the flow units also have 1-3
resurfacing ages. The results of the HIiRISE data



instead indicate that although several channel-scale
resurfacing processes may have occurred on the
channel, their intensity and duration may have varied
locally or at least in the HIiRISE scale. Figure 1
shows an example of the crater count results from a
flow unit at the beginning of the Harmakhis Vallis
main channel. A CTX mosaic (Area A in Fig. 1)
gives three ages for the unit; a formation age of 75.8
Ma and resurfacing ages of 17 Ma and 6 Ma.
Additionally, the first of the two HiRISE images,
which also cover parts of the unit, gives three ages
for the unit (Area B, Fig. 1) which correlate well with
the CTX results (oldest age of 86.9 Ma and
resurfacing ages of 10.6 Ma and 5.82 Ma). However,
the second HIiRISE image (Area C, Fig. 1) shows
only two ages which correlate well with the
resurfacing ages: 16.3 Ma and 6.57 Ma. We found
several possible reasons for this. First, the flow unit,
which seems to be homogenous in the CTX scale,
may actually consist of several units in the HIRISE
scale. On the other hand, the flow unit may be so thin
in places that the largest crater populations of older
underlying units can be detected. It is also possible
that there have been local differences in resurfacing
intensities and durations (in this case mainly erosion
by wind or sublimation, or the unit down-slope
flowing), which have caused the large crater
population to be erased in places (in this case the
craters with a diameter > ~ 100 m on Area C, but not
on Area A or B). A detailed HiRISE scale mapping,
the morphology of the large craters and crater
distribution studies reveal that the differences in the
intensity and duration of the resurfacing events
occurred on the region might be the main reason for
the differences in the HiRISE results.

4. Conclusions

Small (< 500 m) impact craters are very useful and
often also the only way to study the short-time,
small-scale or young geologic processes on surfaces.
Although the crater count data of the HiRISE images
usually correlate quite well with the data of the
lower-resolution CTX images, it is good to be careful
when only single HIiRISE images are used in age
determination of larger units. All the results obtained
from a specific counting area always represent
primarily the results of that area — not the whole unit.
Instead, together with the CTX images, the HIiRISE
images are a very valuable tool for providing unique
information about the local surface processes.

Acknowledgements

S.K. is sincerely grateful to Jenny and Antti Wihuri
Foundation for funding this study.

References: [1] McEwen A. S. et al., Icarus, 176,
351-381, 2005. [2] Hartmann W. K., Icarus 174, 294-320,
2005. [3] Hartmann W. K., Icarus, 189, 274-278, 2007. [4]
Werner S. C. et al., Icarus, 200, pp. 406-417, 2009. [5]
Hartmann W. K. and Werner S. C., Earth and Planetary
Science Letters, 294, 230-237, 2010. [6] Kukkonen S. et al.,
LPS XLIV, abstract #2140, 2013. [7] Kukkonen S. et al.,
EPSC2013, #743, 2013. [8] Kukkonen S. et al., LPI
Contrib. 1791, abstract #1218, 2014. [9] CATWG, Icarus,
37, 467-474, 1979. [10] Ivanov B., Space Sci. Rev. 96, 87-
104, 2001. [11] Hartmann W. K. and Neukum G., Space
Sci. Rev. 96, 165-194, 2001. [12] Michael G. and Neukum
G., EPSL, 294, p. 223-229, 2010.

CTX: Area A

10° 10° 10" 10° 10'
Diameter (xm)

HIRISE: Area B

£ g £ v ey, 6.57 51 Ma
§ *®, . g kY
g 5825, Ma 3 %
8 \"cs-,} 86.9Ma § \
- S PR
H 10.6‘;‘Ma\° £ . 163% Ma
o \ E 1o ]
< o

Figure 1: An example of the crater count results of a flow
unit from Harmakhis Vallis based on the CTX (area A,
outlined by white) and HiRISE images (areas B and C,
outlined by red). The crater size-frequency distributions of
Area A and B show that the unit has resurfaced twice after
the oldest measurable age. The crater size-frequency
distribution of Area C, however, shows only these
resurfacing ages. The main reason for the lack of a large
crater population on Area C might be the differences in the
intensity and duration of the resurfacing events compared
to the other crater count regions.
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Abstract

Based on all state-of-the-art datasets and USGS-
mapping guidelines [1,2], we produced a
comprehensive photogeological map of the Hellas
basin floor and its immediate surroundings (scale
1:2,000,000; Fig. 1). We compiled a self-consistent
geologic history of the area, incorporating absolute
and relative dating of identified units, as well as
insights gained by previous investigations in and
around the Hellas basin [e.g., 3-5]. Based on their
ages, derived approximate volumes, as well as other
characteristics, we suggest potential circum-Hellas
source regions for specific basin floor units. Large
deposits and erosional units in the basin show ages
very similar to those of volcanic units in and around
Hellas (~3.7 Ga), which is in agreement with certain
volcanic outgassing models enabling liquid water
runoff during that time.

1. Wrinkle-ridged plains

Wrinkle-ridged plains (units Npwry, and Hpwr,) are
exposed on a third of the Hellas basin floor and
embay and partially superpose layered sequences
along the basin rim. Morphometric analyses of the
wrinkle ridges imply an average thickness D of the
“wrinkled” layer of ~2 km (D =~ 0.3 ridge width
[6]), and, thus, a combined volume of ~1.7 x 10° km?
(~4 x Deccan traps, Earth).

The lower wrinkle-ridged plains (Npwr;) show a
crater-size frequency distribution-based apparent
model age (AMA) of 3.78-3.82 Ga. Gamma Ray
Spectrometer (GRS) data shows higher average K,
Th, and Si concentrations than Hpwr, indicating a
formation by “lesser evolved” basalts (i.e., from a not
well differentiated mantle relatively rich in
incompatible elements [7]). Plausible sources are
Malea and Tyrrhena Paterae, which both have AMAs
[8-10] and Th-abundances similar to Npwr;.
Although Thyrrena Patera is located ~1,500 km away,

ancient lava flows have been shown to reach the
Hellas basin floor [11].

The upper wrinkle-ridged plains (Hpwr,) have an
AMA of 3.63-3.74 Ga. Their spatial extent correlates
well with a low-K / low to mid-Th /low to mid-Si
area in GRS data indicative of “evolved” basalts
derived from an already well-differentiated mantle
depleted in incompatible elements [7]. Plausible
sources are Hadriaca and Amphitrites Paterae, which
both show very similar ages [8,9] and elemental
abundances.

2. Interior formation (“Alpheus
plateau”)

Approximately one fifth of the entire basin floor is
covered by highly degraded, hummocky material
(mainly units Hih and Hik) superposing the wrinkle
ridged plains amongst others. Hih’s AMA of 3.67-
3.74 Ga overlaps that of the underlying Hpwr, as
well as of other dissected rim units (Hdy, and Hdp).
Numerous, up to ~300 m thick buttes and pedestal
crates, likely composed of Hih-material, indicate a
once complete coverage of the basin floor, implying
a volume of ~1.1 x 10° km?. The volume of material
removed from Hesperia Planum and the area between
it and Hellas Planitia has been suggested to be on the
order of 0.5- 1.5 x 10° km3 [12], thus being a
plausible main source for Hih. Large-scale lava-ice
interactions on Hesperia Planum around the AMA of
Hih have been suggested as the source of huge
amounts of meltwater [13], and might account for the
erosion and transport of such a large volume of
material. An interpretation of the interior formation
containing mafic materials transported from the
adjacent volcanic provinces into the Hellas basin by
fluvial activity, is also in agreement with the
detection of low-Ca pyroxene by OMEGA
(southwestern Hih) as well as hydrous minerals by
CRISM (northeastern Hih) [7,9,14,15,16].
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Figure 1: Simplified version of our photogeologic map of the Hellas basin floor (orthographic projection centered at 43°S,
69°E; background: THEMIS-IR Daytime 100 m Global Mosaic version 11.6) with highly condensed interpretations of all
units. On the right is a MOLA DTM-based profile illustrating our stratigraphic model of the basin floor (path shown in (A)).
Black arrows mark wrinkle ridges. Period extents for units labels based on [17].
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Abstract

NOMAD, the "Nadir and Occultation for MATrs
Discovery" spectrometer suite is part of the payload
of the 2016 ExoMars Trace Gas Orbiter Mission.
This instrument suite will probe the atmosphere of
Mars in the infrared, visible and ultraviolet regions
covering 0.2 - 0.65 and 2.2 - 4.3 um. Thanks to its
very high spectral resolution and multiple channels
and observational modes, NOMAD will be able to
detect a wide range of atmospheric trace gases, many
of which are important markers of geophysical and/or
biogenic activity.

We will present the instrument, its science objec-
tives and the performances we expect based on simu-
lations we have done so far.

1. Introduction

NOMAD is one of four instruments on board the
ExoMars Trace Gas Orbiter, scheduled for launch in
January 2016 and to begin nominal science mission
around Mars in late 2017. It consists of a suite of three
high-resolution spectrometers which will generate
a huge dataset of Martian atmospheric observations
during the mission, across a wide spectral range.

The instrument will be delivered for spacecraft
integration during the course of 2015. It is however
important to already prepare the planning activities
that will begin as soon as the Science Phase starts
(expected in November 2017). One important issue is
to determine the levels of detection for the different
possible targets, and to derive optimal observation
parameters (specific spectral interval, integration
times, accumulations, etc.). Radiometric models have
been developed for the three channels in order to

obtain the expected Signal-to-Noise (SNR) ratios.

Detection limits for key species were obtained ac-
cording to a simple methodology. The best spectral
ranges (both in the UV and IR) were studied for each
molecule and each observation mode.

2. The NOMAD instrument

NOMAD [2] is composed of 3 channels: a solar oc-
cultation only channel (SO) operating in the infrared
wavelength domain, a second infrared channel capa-
ble of doing nadir, but also solar occultation and limb
observations (LNO), and an ultraviolet/visible chan-
nel (UVIS) that can work in all observation modes.
The spectral resolution of SO and LNO surpasses pre-
vious surveys in the infrared by more than one order
of magnitude. It offers an integrated instrument com-
bination of a flight-proven concept (SO is a copy of
SOIR on Venus Express), and innovations based on ex-
isting and proven instrumentation (LNO is also based
on SOIR on board Venus Express (VEx) and UVIS
has heritage from the ExoMars lander), that will pro-
vide mapping and vertical profile information at high
spatio-temporal resolution.

3. Science Objectives

An order-of-magnitude increase in spectral resolution
over previous instruments will allow NOMAD to map
previously unresolvable gas species, such as impor-
tant trace gases and isotopes. CO, CO,, H2O, CoHo,
C2H4, CQHG, HQCO, CH4, SOQ, HQS, HCl, 03 and
several isotopologues of methane and water will be de-
tectable, providing crucial measurements of the Mar-
tian D/H ratios. It will also be possible to map the
sources and sinks of these gases, such as regions
of surface volcanism/outgassing and atmospheric pro-



duction, over the course of an entire Martian year, to
further constrain atmospheric dynamics and climatol-
ogy. NOMAD will also continue to monitor the Mar-
tian water, carbon, ozone and dust cycles, extending
existing datasets made by successive space missions
in the past decades, and to derive surface UV radiation
levels. Using SO and LNO in combination with UVIS,
aerosol properties such as optical depth, composition
and size distribution can be derived for atmospheric
particles and for distinguishing dust from ice aerosols.

4. Expected Performances

ASIMUT-ALVL, a line-by-line radiative transfer
code developed at IASB-BIRA [5], is used to sim-
ulate spectra in the 0.7 - 4.5 pym range as would
be measured by the instrument and under various
atmospheric conditions obtained from the IASB-
BIRA GCM, GEM-Mars [1]. Random noise has
then been added to the simulated spectra to match
the real instrument characteristics of each chan-
nel: SNRs have been derived using a model that
simulates the real instrument (e.g. transmission
properties of optical components, expected in-flight
instrument temperatures, detector responsivities, etc.)
in [6] for the UV channel and in [4] for the IR channel.

Although the treatment is different for solar occul-
tation and nadir observations, the philosophy to de-
termine the detection limits is the same: simulate a
series of spectra with known abundances of the tar-
get species, add noise, apply a retrieval method to fit
the abundances, compare with the input values. We
will detail the procedure for both solar occultation and
nadir observations, and for all 3 channels.

5. Summary and Conclusions

We will show that NOMAD will be capable of measur-
ing a long suite of species that are or could be present
in the atmosphere of Mars. The solar occultation tech-
nique is a very powerful observational method allow-
ing for the retrieval of high spatial vertical profiles of
the target molecules from the upper layers of the atmo-
sphere down to the surface or near-surface depending
on the loading in dust and particles. The nadir observa-
tions will provide maps of a series of constituents that
will permit the determination of sources and sinks, as
well as put constraints on some surface processes.

The detection limits obtained will be presented at
EPSC and published in [3].
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Abstract

The martian water cycle's main source is the northern
polar cap. Running high resolution models, up to
360° per 180°, help better resolve this ice cap, and
better mimic the gradual retreat of the seasonal cap.
Atmospheric circulation is also better resolved.
Water vapor advection and the subsequent formation
of clouds quite differ when we compare these brand
new high resolution simulations and the usual lower
resolution ones at 64 per 48 grid points.

1. Introduction

On Mars, there is no liquid water in present time,
even if geological evidence of it exists. The planet is
a cold, dry desert. Yet, there is still a water cycle. Its
main source is the northern polar ice cap : the
perennial one is indeed mainly composed of water
ice which is exposed in summer and fuels the water
cycle. Water ice frost was observed during the retreat
of the seasonal cap[1] below the dry ice and mixed
with it. While a significant part of the atmosphere
condenses in winter at the poles, it traps water vapor
that can be released in the subsequent warmer season.

The martian global climate model (GCM) used in
this study was developed in the LMD laboratory over
the course of many years. Radiatively active water
ice clouds were recently included, that make the
temperature profiles agree more with
observations[2]. There is a new microphysical
scheme of growth of clouds over dust particles[4].
The model is now able to simulate the observed
supersaturation[3]. The northern polar hood now
vanishes in summer[5].

2. High resolution model

A set of models was run to unravel new phenomena
to be seen with this increased resolution. Standard
models are run on a 64 per 48 grid. The new, higher
resolution grid is made up of 360 per 180 points. The

height levels are the same, 29 ranging from the
ground to around 100 km. Runs with and without
clouds that are radiatively active were computed, to
be able to understand better the physical origin of the
observed effects on climate and the water cycle.

3. Results

The advection of the water vapor sublimated from
the northern seasonal cap in summer when the polar
hood disappears is visibly changed, as can be seen on
figure 1.
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Figure 1: Total vapor column and a sample of wind
vectors at 8 km over the north polar cap, summer
solstice. Up: high resolution, down: low resolution.
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Figure 2: Spiralling clouds, L,=150°

There are also significant differences in waves in the
high resolution runs. The active clouds seem to be
one of the triggers of these waves. The study is
ongoing.

One effect of the better resolution is interesting
spiralling clouds during the dust storm season, or
earlier, like on figure 2 which shows cloud column
and a sample of the wind vectors for clarity.

4. Validation of a new
parametrisation

High resolution model runs can also help validate
new parametrisations. An example is the inclusion of
a subgrid scale temperature distribution, which
allows to compute partial cloudiness in the model.

Rebinning high resolution runs, a cloudiness
diagnosis may be made to compare with new
parametrisation models. On figure 3, the aphelion
cloud belt of clouds at low latitudes (between -10°
and 30°) is visible, and partially cloudy at its edge.
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Figure 3: Partial cloudiness, high resolution model,
threshold on ice cloud column: 1 pr. um, L;=90°

5. Conclusions and perspectives

The study of these high resolution simulations with
the LMD GCM helps uncover new dynamical
phenomena. These are linked to interesting cloud
patterns and even some spiralling clouds. New
insights into the fascinating water cycle of the red,
desert planet will be allowed. Watching the clouds
and advected vapor swirling in high resolution is
very interesting and opens new opportunities of
study.

The next step will be the improvement of the regolith
water adsorption scheme and the frost representation.
Combined with the power of high resolution
modelling, they might help understand the water
cycle of Mars even better.
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Abstract

The Martian ionosphere is studied using the local
electron number densities and total electron content
(TEC) derived from the observations onboard Mars
Express. The data are complemented by the
ASPERA-3 observations which provide us with the
information about upward/downward velocity of the
low-energy ions and electron precipitation. We
consider 5 years of Mars Express observations at
different solar cycle intervals. Different factors which
influence the ionosphere dynamics are analyzed. The
focus is made on a role of the crustal magnetic field
on the Martian ionosphere.
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Numerous landforms on Mars suggest that glacial
processes played a significant role in the surface
evolution of the planet. While several landforms
indicate ongoing cold-based glaciation within and
beyond the limits of the present-day polar caps, other
fossilized landforms suggest that the planet may have
been glaciated over the major part of its history and
that wet-based glaciers may have been present at
some times.

Among the fossilized landforms that may be of
glacial origin, a particularly remarkable feature is the
so-called Thumbprint Terrain (TT). This distinctive
landform assemblage consists of parallel sets of
periodic ridges and cones, which exhibit summit
depressions and resemble human fingerprints in their
overall spatial organization. There is no general
agreement on the geological interpretation of the TT
however: the interpretations proposed so far include
volcanism, mud volcanism and glaciation.

Most occurrences of the TT are located in the
Hesperian Northern Lowlands, on the floor of mid-
latitude topographic basins such as Utopia Planitia
and Arcadia Planitia. However, the largest field of
TT identified so far is located near the equator, on the
Hesperian floor of Isidis Planitia (Figure 1). We
perform a new, comprehensive, mapping initiative of
landforms in this impact basin, from both local high-
resolution data (CTX and HiRISE optical orbital
images at 6 and 0.3 m/pixel respectively) and
regional medium-resolution data (THEMIS infrared
orbital image mosaics at 100 m/pixel, MOLA
gridded elevation data at 300 m/pixel). We describe
the individual geomorphic characteristics of the TT

and associated landforms, their spatial organization
and their mutual relationships.

We found that the T.T. floor of Isidis Planitia are in
close association with a peripheral network of
Sinuous Ridges, Linear Depressions, and Mounds.
This association is equivalent to terrestrial analogues
(ribbed moraines, dirt cones, kettle holes, eskers,
tunnel valleys and moraine plateaux). We
demonstrate that this distinctive assemblage is a
glacial landsystem inherited from the presence of a
massive polythermal ice sheet over the basin during
the Hesperian. The flow of the ice sheet was
controlled by its basal thermal regime. Wet-based
conditions led to the formation of Arcuate Ridges
and Aligned Cones in most parts of the basin, while a
negative geothermal anomaly due to impact-related
crustal thinning was responsible for cold-based
conditions in its central part, where only Isolated
Cones and Cones Fields are present (Figure 1).
Sinuous Ridges, Linear Depressions and Mounds at
the basin margins are interpreted as relicts of a radial
network of subglacial channels, which drained the
glacial meltwater produced within the interior of the
ice sheet across its cold-based periphery (Figure 1).
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EPSC Abstracts

Vol. 10, EPSC2015-237, 2015

European Planetary Science Congress 2015
(© Author(s) 2015

EPSC

European Planetary Science Congress

Mapping and formation timescales of Martian valley
networks

G. Alemanno (1), V. Orofino (1), G. Di Achille (2), F. Mancarella (1)
(1) Dipartimento di Matematica e Fisica "Ennio De Giorgi", Universita del Salento, Lecce, Italy (giulia.alemanno@le.infn.it).

(2) Istituto Nazionale di Astrofisica, Osservatorio Astronomico di Teramo, Italy.

Abstract

To understand the formation mechanisms of Martian
fluvial systems we have mapped all the valleys longer
than 20 km and for a sample extracted among them,
containing the widest and more developed systems, we
have also determined the formation time finding values
typically in the range 10°-10% years.

1. Introduction

Since the first observation of valley networks on Mars,
these systems have aroused great interest [1] because
their presence suggests that in the past the planet con-
tained a significant amount of water at the liquid state,
that today is totally absent. These valleys show fea-
tures resulting from the formation due to water sur-
face flow likely supported from rain or snow melting,
phenomena now also absent on Mars. This suggests
that early Mars could have been warmer and wetter
than today with atmospheric pressure and surface tem-
perature different from the present ones [2]. How-
ever, detailed geomorphic analysis of individual val-
ley networks did not lead to a general consensus re-
garding their formation timescales. Therefore from a
paleoclimatic point of view is interesting to map Mar-
tian valley networks and to determine their formation
timescales.

2. Data and methods

In this work we have used QuantumGIS (QGIS), a
Geographic Information Software as a tool to create
a map of martian valleys and to calculate their area
and volume, based on MOLA and THEMIS data. The
THEMIS daytime IR imagery, with a resolution of
100 m/pixel, is the highest resolution global dataset
for MARS. The MOLA data have a resolution of 463
m/pixel. In some cases we have also used CTX data
with a resolution up to about 6 m/pixel.

2.1. Mapping

The valleys have been mapped manually using same
criteria as those of Carr (1995) [3] and Hynek et al.
(2010) [4]. We searched for sublinear, erosional chan-
nels that form branching networks, slightly increasing
in size downstream and dividing into smaller branches
upslope. The mapped valleys have also been divided
into different groups: valley networks (systems highly
developed with many tributaries); single valleys (sys-
tems with no tributaries or at most with one or two
tributaries); longitudinal valleys (structures character-
ized by a long main branch and few tributaries); val-
leys on vulcanoes (valley networks and single valleys
which are located on vulcanoes). Central coordinates
and valleys’ total length were included for each valley.
The process of manual mapping is subjective and it can
be influenced by albedo variations and image quality.
Due to geological resurfacing events subsequent to the
formation of valley networks, the observed geographic
distribution is likely an underestimation of the orig-
inal distribution and partly represents the overprint-
ing effects of later geological history. For example,
it is increasingly difficult to recognize valley networks
drainage patterns at the higher latitudes of the southern
hemisphere (south of 30°S) due to the effects of recent
mantling and terrain softening [5], [6], [7].

2.2. Formation timescales

To understand the formation mechanisms of these flu-
vial systems and consequently make assumptions on
the ancient climatic conditions of the planet, we have
determined the formation time of a sample of Martian
valleys, among them: Ma’adim Vallis, Warrego Valles
and other important valley networks located in Arabia
Terra, Meridiani Planum and Terra Sabea. To estimate
the duration of water flow in these valleys we have
used a method never used before for Martian valleys
and based on the evaluation of erosion rate of the ter-
rain. The latter is a key parameter for calculating the
timescale of valleys formation and depends on a large



number of factors such as the size of the river, the na-
ture of the load, the speed of the current, the gradient
of the fluvial valley and finally the climatic and envi-
ronmental conditions. In the present work the erosion
rate has been evaluated using data obtained on Earth
and extrapolated to the Martian case assuming differ-
ent possible situations.

3. Results and discussion

More than 50% of Martian surface have been mapped.
Thus far, the use of 100 m/pixel global mosaic allowed
us to identify more developed valley systems with re-
spect to previous studies based on the 200 m/pixel mo-
saic. Moreover, the obtained results for the formation
timescales range from 10° to 108 years (depending on
erosion rate) and are in good agreement with those
reported in literature and obtained through more de-
tailed models of sediment transport [8]. These results
imply that Mars experienced at least short periods of
clement conditions toward the end of the Noachian Era
that supported a hydrologic cycle and potentially a bio-
sphere.
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Figure 1: Comparison between valleys mapped by
Hynek et al.(2010) [4] from THEMIS data with a res-
olution of 200 m/pixel (a) and those identifiable from
THEMIS data at 100 m/pixel (b). The area is centered
around 32 °S, 162°E.
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Abstract

Tumbling experiments that simulate the wind erosion
of quartz grains in an atmosphere of '*C-enriched
methane are reported. The eroded grains are analyzed
by C and *Si solid-state NMR techniques after
several months of tumbling. The analysis shows that
methane has reacted with the eroded surface to form
covalent Si—CHj; bonds, which stay intact for
temperatures up to at least 250° C. These findings
offer a model for a methane sink that might explain
the fast disappearance of methane on Mars.

1. Introduction

Recently methane (CH4) has been observed in the
Martian atmosphere from a satellite orbiting the
planet [1] as well as from Earth based telescopes [2].
A significant feature of methane concentrations is

that they show a substantial time and spatial variation.

Detailed snapshots measurements by MSL have
shown that the concentration of methane is very low,
i.e., 0.18 £ 0.67 ppbv and considered unlikely related
to microbial activity [3]. However, the most recent
results from Curiosity at Gale crater (7.2 + 2.1 ppbv)
indicate episodically methane production [4]. To
reconcile these findings a fast destruction mechanism
is required. Here we show, using solid-state '*C and
»Si magic-angle spinning NMR spectroscopies, that
wind driven erosion produces highly reactive sites on
mineral grain surfaces that sequester methane by
forming covalent bonds with methyl groups and
propose that this mechanism can be the hitherto
undiscovered methane sink on Mars [5].

2. Materials and Methods

The wind driven erosion of surface material is
simulated using the specially designed apparatus

depicted in Fig. 1. Commercially available quartz
(Merck, 1.07536) was chosen as an analogue for
surface material because of its simple chemical
composition. The quartz was placed in a borosilicate
flask with "*C-methane (Sigma-Aldrich, 490229,
99% enriched) to facilitate NMR investigations.

Figure 1: Schematic
drawing  of  the
tumbling apparatus.

c Tumbling axis

20 cm

3. Results and discussion

The reaction of *C-enriched methane with surface
sites of highly active quartz particles is
unambiguously demonstrated by the *C{'H}
CP/MAS and ¥Si{'H} CP/MAS NMR spectra, of
which the latter spectra are shown in Fig. 2. In these
spectra the cross-polarization (CP) NMR technique
transfers 'H magnetization to either the °C or »’Si
spins via heteronuclear dipolar couplings and thereby
acts as a filter for detecting only ">C and *’Si spin
nuclei within a distance less than 3-5 A to nearby 'H
nuclei. An un-tumbled quartz/methane flask was
stored and used as a control for the activation effect.
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The standard one-pulse *Si MAS NMR spectrum of
the methane-quartz sample in Fig. 2B exhibits a
narrow resonance (FWHM = 0.11 ppm) at 8(*’Si) = —
107.5 ppm, i.e., the well-known *’Si chemical shift
for a-quartz [6] and [7], and thus is assigned to the
bulk SiO, structure of the sample. More importantly,
the 2°Si surface sites of the sample are selectively
detected in the *’Si{'H} CP/MAS NMR spectrum
(Fig. 2A), which reveals two broadened resonances at
—61 and —101 ppm. The high-intensity resonance at —
101 ppm originates from *’Si sites associated with
hydroxyl groups, following earlier *’Si CP/MAS
NMR studies of silica gels. More importantly, only
this resonance at —101 ppm is observed in a similar
spectrum of pure quartz exposed to tumbling in
ambient air under the same conditions as used for the
Si0y/*CH, sample. Most interestingly, from
previous investigations of modified silica surfaces,
HPLC materials, and heterogeneous catalysts [8] and
[9] it is known that methyl groups directly bonded to
a Si atom on a silica surface give *°Si resonances in
distinct regions of the *’Si chemical shift scale
according to the number of attached methyl groups.
For example, for a (CHs),Si(OSi), species: 8(*’Si) =
—14 to —20 ppm, while for CH;Si(OSi); species:
8(*Si) = —53 to —65 ppm. Thus, the observed
resonance at —61 ppm can be assigned to a (SiO);Si—
CHj site. This result and the absence of the resonance
at —61 ppm for the tumbled sample of pure quartz
present an unambiguous and direct proof that
agitation of quartz in a methane atmosphere results in
a methyl group being directly bonded to a Si atom.

In addition to the SiO,/*CH,4 experiments we also
tumbled a sample of olivine (from the Spanish island
of Lanzarote) in ordinary CH,; (with an isotope
distribution of about '>C =99 % and "*C = 1 %). The
rate of pressure change for olivine is lower than that
for quartz, but not more than a factor of two.

4. Summary and Conclusions

Our laboratory studies show that a wind mediated
erosion process of ordinary quartz crystals can
produce activated quartz grains, which sequester
methane by forming covalent Si-C bonds. If this
process is operational on Mars, which our recent
preliminary studies on olivine indicate could be the
case then it can explain the observed fast destruction
of methane.
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Abstract

In March and April 2012 two extremely high altitude
plumes were observed at the Martian terminator
reaching 200 - 250 km or more above the surface [1].
They were located at about 195° West longitude and
45° South latitude (at Terra Cimmeria) and extended
~ 500 — 1,000 km in both North-South and East-West,
and lasted for about 10 days. Both plumes exhibited
day-to-day variability, and were seen at the morning
terminator but not at the evening limb. Another large
plume was captured on Hubble Space Telescope
images in May 1997 at 99° West longitude and 3°
South latitude, but its altitude cannot be precisely
determined. Broad-band photometry was performed
of both events in the spectral range 255 nm — 1052
nm. Based on the observed properties, we discuss
different possible scenarios for the mechanism
responsible for the formation of these plumes.

1. Mars terminator plumes

The Martian thin, cold and dusty atmosphere allows
condensed clouds to form at ~ 100 km and surface
dust to reach ~ 50 km altitudes [2, 3]. In 2012 a high
altitude Martian plume was imaged for the first time
on March 12 using telescopes with apertures 25-40
cm diameter and CCD cameras working in the “lucky
imaging” mode [1]. Its emergence and evolution at
terminator was tracked by 19 independent observers
between 12 and 23 de March at Terra Cimmeria
showing great variability (Figures 1 and 2). A second

plume was observed between 6 and 16 April showing
properties similar to the previous event. These events
occurred in early winter in the southern hemisphere
at a solar longitude Ls = 85-90°.

Figure 1: Mars plume location at terminator on 21
March 2012 (image by D. Parker).

The second limb protrusion we report here was
observed in a single broad-band image series
obtained Wide Field Planetary Camera onboard the
Hubble Space Telescope at Ls = 119° (Figure 3). Its
horizontal extent was similar to the 2012 events.



The 2012 March and April plumes were observed at
different times rotating from the night side into view,
allowing determination of its top altitude located
between ~ 200 and 250 km from the surface, much
higher than previously reported clouds [1].

Figure 2: Morphology changes on the Martian plume
on 21 March 2012 (from left to right images by W.
Jaeschke, D. Parker, J. Phillips).

The 1997 event was above 50 km but its top altitude
cannot be determined because of the lack of a
rotating sequence.

Figure 3: A Martian plume observed on 17 May 1997
using HST (left color composite, right ultraviolet
filter).

2. Analysis and discussion

The measured plumes reflectivity curves for both
1997 and 2012 events have been used to perform a
radiative transfer analysis of the solar reflected
radiation at terminator by a volume a spherical
particles. The model assumes three possible plume
composition: icy condensates of CO, and H,O, and
Martian dust. Only for small icy condensates of 0.1
pm in radii and densities 0.01 particles per cm® the
model fits the observations. Under such scenario and
for the 2012 plumes, using the vertical temperature
profiles provided by a GCM at Terra Cimmeria and
for the epoch of the year [4,5], water icy
condensation is favored [1]. In such a case, rapid
particle transport by the intense winds predicted by
the GCM should be involved.

Alternatively, since the Cimmeria region shows a
crustal magnetic anomaly, the plume could be the
result of an emission aurora phenomenon. However

the observed emission intensity would be so high that
this explanation is highly unlikely. We finally
comment on other possible mechanisms .
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Abstract

Mass and energy balance of ice sheets are driven by
complex interactions between the atmosphere and the
cryosphere. For instance, it has been demonstrated
that feedbacks between katabatic winds and the
cryosphere lead to the formation of sedimentation
waves at the surface of Martian and terrestrial ice
sheets [1, 2, 3 and 4]. Here we explore the role of
sublimation and condensation of water vapor in the
development of these sedimentation waves. We
conduct this study by complementary observational
and numerical investigations on the North Polar Cap
of Mars.

1. Ice sedimentation waves on Mars

Spectacular fields of ice sedimentation waves occur
on the Gemina Lingula lobe of the North Polar Cap
of Mars. These waves are 10 km in wavelength and
about 20 m in amplitude. Their downwind slopes are
generally steeper than their upwind slopes and their
crests develop at high angles to the katabatic wind
streamlines. Investigations of complementary data
sets reveal that these sedimentation waves grow and
migrate upwind in response to the development of an
asymmetric ice accumulation pattern [1 and 4]. Their
shallow-dipping upwind sides, their tops and the
intervening troughs are covered by young fine-
grained ice and occasional longitudinal ridges,
indicative of net accumulation. On the other hand,
their steep-dipping downwind sides expose smooth
surfaces of coarse-grained ice, indicative of reduced
net accumulation associated with metamorphism.

2. Physical processes at the surface
of the North Polar Cap of Mars

The Martian atmosphere is thin (7 mbar), cold (220
K) and dry (< 80 um-pr) [5]. These extreme climatic
conditions set up a water cycle that is controlled by
change of state between ice and water vapor. The
North Polar Cap of Mars experiences a permanent
katabatic wind regime [6] and periods of
accumulation by condensation (autumn and winter)
alternate with periods of ablation by sublimation
(spring and summer). Ice redistribution at the surface
of the North Polar Cap is therefore driven by the
interaction of winds and sublimation/condensation of
water vapor [2, 3 and 4].

3. Model of mass transfer on a wavy
surface

We designed a numerical model to explore the
coupled interaction between the mass transfer of
water vapor and a steady unidirectional flow on a
wavy surface. The mass transfer of water vapor is
computed by an equation of transport-diffusion and
the flow by Navier-Stokes equations [7]. The model
solves the water vapor content as a function of the
Martian solar longitude and therefore as a function of
surface and atmosphere temperatures. We set as input
data a logarithmic boundary layer profile tuned with
atmospheric models [6]. We impose at the ice surface
the saturation pressure of water vapor and let evolve
the water vapor profile in the resolution domain. The
model was validated with different benchmarks and
applied to flat and wavy surfaces on Mars.



4. Results

At the North Polar Cap temperatures, the rate of
water vapor mass transfer increases with the wind
speed. Above wavy surfaces, the maximum of water
vapor flux coincides with the maximum shear stress,
located on the upwind sides of the waves. On the
downwind sides, mass transfer rates are smaller.
These results are the same for sublimation (ablation)
and condensation (accumulation). During a given
simulation, the ice waves do not experience
simultaneous accumulation and ablation as it would
be the case, for instance, for aeolian sand dunes.
These results mean that if the accumulation rate is
greater than the ablation rate the waves will migrate
upwind by redistribution of ice by sublimation and
condensation of water vapor.

5. Conclusion

Our observations and simulations are in accordance
with the hypothesis that the sedimentation waves
could migrate upwind due to enhanced accumulation
on their upwind sides and reduced accumulation on
their downwind sides over a Martian year (Figure 1).
Our model shows that the dynamics of these patterns
result from the interaction between the fluid flow and
the wavy icy surface trough mass transfer. The
initiation of the sedimentation waves is probably due
to oscillations in the lower atmosphere.
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Figure 1. Interpretative cross-section of a part of
Gemina Lingula, illustrating the surface topography,
the internal stratigraphy and the physical processes
involved in the dynamics of the ice sedimentation
waves over a year.
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Abstract

We are developing a multifunctional
atmospheric lidar (MARLI) for Mars orbit. The lidar
approach is to simultaneously measure atmospheric
backscatter and depolarization profiles, wind profiles,
and range from a near-polar circular orbit. These
measurements address high priority needs for Mars
as summarized in NASA’s 2011 Planetary Decadal
Survey.

1. Introduction

Although considerable progress has been
made, knowledge of the present Mars atmosphere is
limited by a lack of observations in several key areas
including diurnal variations of aerosols and direct
measurements of wind velocity. Both dust and water
ice aerosols are pervasive in the Mars atmosphere.
Dust interacts strongly with IR radiation causing
large changes in the thermal structure and acting as a
driver of atmospheric motions at all spatial scales.
Water ice clouds play an important role in the water
cycle altering the global transport of water vapor.
The limited local time coverage of observations to
date has shown large changes in the amount and
vertical distribution of dust and ice aerosols and
water vapor. However, existing observations do not
allow the vertical distribution of the dust aerosols and
ice to be characterized over the full diurnal cycle.

Winds on Mars play a fundamental role in
climate and weather, yet basic questions still remain
about the 3-D wind structure and how it changes with
local time, location, and season. The winds transport
water vapor, dust and ice aerosols, and mix all
gaseous constituents. Winds are a primary player in
all surface-atmosphere interactions. Wind velocities
provide sensitive input and validation for Global
Circulation Models (GCMs). Despite the importance
of winds on Mars, presently there are only a few
direct observations of them, and indirect inferences
are often imprecise. Because the Mars atmospheric
dust cycles and CO, cycles are coupled, and because
they both partially drive the wind fields, it is

important to measure the dust, wind and CO, column
simultaneously. It is ideal to measure them with the
same instrument operating continuously, day and
night, from a polar orbit, which is the basis of the
MARLI approach.

2. Lidar Measurement approach

Our new lidar measurement concept is
shown in Figure 1. MARLI is designed for a
nominally circular polar Mars orbit. It is pointed
typically 30-45 degrees from nadir in the cross-track
direction, and the lidar continuously measures the
aerosol backscatter profiles, the cross polarized (ice)
backscatter profiles, the Doppler (horizontal) wind
profiles, the range to the surface from space. The
lidar wavelength is near 1533 nm and is stabilized
off, but near, a CO, absorption line. The MARLI
measurement types are illustrated in Figure 2.

3. Lidar Description

The laser signal from the Mars atmosphere
is weak and distributed, and its measurement requires
a highly sensitive lidar approach. A key to allowing
compatibility for an orbital planetary mission is using
a direct detection approach with efficient lasers, and
a low-mass large area telescope, and photon-sensitive
detectors.

The baseline MARLI design uses a pulsed
fiber laser. It is small, efficient and wavelength
tunable and operates near a single CO, line in the
1533 nm CO, band. Its output is chopped into pulses
and amplified by several fiber amplifier stages. The
receiver uses a ~70 cm diameter receiver telescope,
and splits the received signal into 3 paths in the
receiver. Each path uses a photon sensitive detector
element in a small array.

Our baseline approach builds on new lidar
components developed for NASA and DoD,
including laser power amplifier stages from Fibertek,
and photon sensitive HgCdTe detectors from DRS-
RSTA. The targeted lidar size is ~80 cm cube, a
medium sized instrument similar to the Mars Orbiter
Laser Altimeter (MOLA). Nominal payload



parameters are < 40 kg, < 65W, and ~ 50 Kbits/sec. 4. Performance Estimates

The baseline transmitter uses an efficient and We have developed measurement models

compact wavelength tunable laser that operates on and calculated the expected performance. The

and near 'a single CO; line in j[he 1533 nm. CO, band. estimates depend on vertical bin depth and averaging

The receiver uses a ~,7O cm dlgn'leter recerver time. The summary in Table 1 is based on averaging

telescope and new highly sensitive HgCdTe detectors. into 2 km bins vertically and for 40 seconds along

This approach leverages in technologies from our ~ . . .

work measuring CO» in the Farth’s atmosphere track (~2 deg in latitude). The plan for this work for

supported b thge N AZS A ESTO Ins trumenf)lncubator is to evaluate the performance of key components in

(HII),I)) pro grailn We are also investigating an lab tests and demonstrate atmospheric measurements
' under conditions that simulate measurements from

alternative approach that uses a pulsed single ) > - ‘ 3
frequency Nd:YAG laser operating at 1064 nm. space. More details will be given in the presentation.
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Figure 1. (Left) Mars Lidar measurement approach, which continuously measures the aerosol backscatter profiles, the cross
polarized (ice) backscatter profiles, the Doppler (wind profiles), the column CO, absorption and the range to the scattering
surface from orbit. (Right) Measurement orientation. Nominally the lidar is pointed cross-track at 30-45 deg off nadir, to
measure the Doppler shift of the wind in the cross-track direction.
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Figure 2. Illustrations of the MARLI measurements. (Left) Range (height) resolved aerosol backscatter profiles.
The strong echo pulses reflected from the surface are used for the CO, column density measurements. (Middle) Profiles of
cross-polarized backscatter, caused by clouds with ice-crystals. (Right) Height resolved Doppler (wind) backscatter profiles
as seen by the two detectors after passing through the the double-edge filter. The horizontal wind profile (Far Right) is
computed from the scaled ratio (difference/sum) from the detectors after the double-edge filter.

Table -1 Calculated MARLI performance

Parameter Surface | 5 km 10km | 20km | 40 km
Backscatter SNR 180 150 120 60 30
Wind horiz. velocity (m/sec) 1.2 1.4 1.8 3.5 ~8
Range to surface (m) <1 <1 <1 <1 <1
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Abstract

The morphometric, mapping, and high resolution 3D
analyses performed in this study reveals that the
banded terrain, which is located in the deepest part of
Mars, may have formed through surface or sub-
surface viscous flow. The presence of multiple
periglacial landforms throughout the banded terrain
suggests the presence of ice in the whole subsurface.
The Viscous flow hypothesis is supported by a strong
link to the topography and to the multiple
interactions between the bands.

1. Introduction

The Hellas basin located in the southern hemisphere
(centred at 40.8°S, 67.8°E) is one of the largest
basins on Mars and the deepest region (depth > 7.5
km) as well. This basin contains multiple geologic
units [1]. The NW part of Hellas hosts an enigmatic
unit commonly named “banded terrain” [2, 3] (Figs.
1 and 2). The aim of this study is to characterize the
particular flow structures of the banded terrain using
morphometric and mapping analysis and gain insight
into the formation mechanism through 3D views. We
used images from the Mars Reconnaissance Orbiter
Context Imager (CTX, resolution 6m/px) [4] and the
High Resolution Imaging Science Experiment
(HIRISE, 25-50 cm/px) [5] in addition to high
resolution Digital Terrain Models (DTMs) generated
from both datasets.

1.1 Architecture of the banded terrain
and interactions with the landscape

Mapping and morphology of the banded terrain: The
banded terrain is located in the lowest part of the
interior of Hellas where deposition spans the Late
Noachian to the Early Amazonian with the final
deposition of the banded terrain approximately 3 Gyr

ago, age determined by crater-size frequency analysis
[2, 3]. The banded terrain itself covers a large (35—
42°S, 51-60°E) in the NW of the Hellas basin. This
terrain is made up of 3-15 km-long bands that are
90-1,000 m-wide with smooth changes in direction
[2]. The bands display shapes that vary from linear to
concentric forms (Fig. 1).

Morphometric analysis: Linear and lobate bands are
located on the NW downslope of the Alpheus Colles
plateau whereas the concentric bands are present in
local depressions. MOLA slope and elevation
profiles along given linear bands and perpendicular
to lobate bands reveal that they are located on slopes
of 7° on average. Interestingly, both linear and lobate
bands terminate mainly on slopes ~ 2° (Fig. 1).
Analogous profiles along the long and the short axes
of the concentric bands clearly show their
preferential location in depressions rimmed by a crest
or a ridge (Fig. 1). Using HIiRISE and CTX DTMs
within Arcmap 10.1, a minimum thickness of 12 m
has been determined from the bands.

2. Banded terrain: viscous flow of
an ice-rich material

Multiple periglacial landforms: Many periglacial
landforms (Fig. 3) are visible and laterally extensive
in the banded terrain. These landforms include
polygons with different sizes and elongated pits,
scalloped depressions, isolated mounds and
structures informally named an “collapse annuli”.
Thermal contraction cracking combined with the
sublimation of ice in the subsurface are known to
form similar periglacial landforms on Mars [2].

Clear geomorphologic signs of viscous flow: 3D
views (Fig. 2) obtained from CTX and HiRISE
DTMs using ArcScene 10.1 reveal that the
morphology of some of the linear and lobate bands is




strongly controlled by the surrounding topography.
Multiple directional and morphologic changes of
bands are linked to the interaction with the
surrounding bands (Fig. 2).
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Fig. 1. (Upper) linear and lobate bands observed with
the CTX camera (profiles AA’-BB’). (Lower)
concentric bands observed with the CTX camera
(profiles  CC’-DD’). Image ID:  (Upper)
P15 006924 1406, (Lower) P17 007557 1386.
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Fig. 2. 3D view from a CTX DTM (image pairs
B18 016642_1371 — P18 007913_1371) presenting
the competition, direct interaction between a lobate
(green star) and a linear (red star) bands.
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Fig. 3. High resolution images of periglacial
landforms in the banded terrain. (A) Elongate rimless
collapse annuli. (B) Small and large polygons with an
N-S oriented chain of pits. (C) Example of scalloped
depressions. (D) Fractured mounds. Image ID: (A)
PSP_007781_1410, (B) PSP_007570_1415, (C)
ESP_017565_1400, (D) PSP_006568_1415.

6. Summary and Conclusions

The banded terrain appears to be the youngest
deposition of Hellas. Morphometric and 3D analyses
suggest that the banded terrain may be the result of
viscous flow controlled by the topography and the
competition of the flow of the adjacent bands. The
presence of periglacial landforms in the banded
terrain suggests an ice-rich composition for this flow.
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Abstract

Aqueous minerals such as phyllosilicates have been
identified near Huygens Crater on Mars with the help
of  Mars Reconnaissance Orbiter-Compact
Reconnaissance Imaging Spectrometer for Mars
(MRO-CRISM) hyperspectral data. The identified
mineralogy in association with impact crater in the
study area could have been formed by hydrothermal
alteration and weathering processes due to surface
and subsurface water activity. The present study
shows that the minerals near Huygens crater are
characterized by the presence of prominent spectral
absorption features at 1.41 pm, 1.92 um, 2.3 pum and
2.54 um wavelength regions, indicating the existence
of aqueous altered minerals, i.e., phyllosilicates. The
study area also shows the spectral signatures of iron-
bearing minerals at 1.16 um with phyllosilicates.
Phyllosilicates are products of chemical weathering
of igneous rocks. Results of the study are important
to understand the formation processes of aqueous
mineral assemblages on Mars and evolutionary
history of the planet.

1. Introduction

Huygens is well preserved impact crater on Mars
located at 13.4°S, 55.4°E in the Noachian highlands
above Hellas Basin (Figure. 1). It has with a diameter
of ~450 km. In and around Huygens crater, large
number of deposits of aqueously altered
phyllosilicates and mafic minerals has been found in
previous study [1, 2]. Spectroscopic study of
phyllosilicates using Compact Reconnaissance
Imaging Spectrometer for Mars (CRISM) gives
information about past alteration history of the
highlands crust around Huygens crater. Numbers of
small impact craters have been found near Huygens
crater. We are showing here the Spectral signature of
phyllosilicates from these small craters.

2. Data sets and methodology

We utilize data from the Compact Reconnaissance
Imaging Spectrometer for Mars (CRISM).

The CRISM instrument acquires visible and near
infrared (0.36-3.9 pm) data which is important to
collect the information of hydrated minerals like
phyllosilicates. In the present study the mineralogy
around Huygens crater was examined with the
spectral range of 1.0 to 2.6 um using the CRISM
Analysis Tool (CAT) software (figure 2). Spectral
signatures of altered minerals were obtained on a
pixel-by-pixel basis. A ratio of mineral spectra with
spectra of spectrally flat regions was done to remove
the effect of atmospheric CO2 of Mars from the
spectra signature and enhance the absorption features
[3]. The spectral mineral matching was done in
which the detected ratio spectra of unknown minerals
on Mars were compared with the known spectra of
minerals from the CRISM spectral library.

2. Results

Deposits of phyllosilicates were found in two smaller
craters; one located away from the Huygens crater in
its eastern part and second is present at the north
western part of the Huygens crater at its rim (figure 1
and 3). These aqueously altered materials are
localized floor and wall of these two smaller craters
spectral matched process confirms the presence of
mix deposits of kaolinite-serpentine. Absorption
features of kaolinite-serpentine at 1.41 pm, 1.92 pm,
2.30 pm and 2.54 pm have been found in the present
study. The presence of 1.16 um could indicate the
existence of ferrous iron-bearing mineral. lllite, a
mineral of the phyllosilicate group mainly forms by
the weathering or hydrothermal alteration of
muscovite or feldspar on the Earth and their presence
near Huygens crater shows the evidence of past
aqueous activity in study area.



3. Figures
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Figure 1: Regional view of Huygens crater on Mars
Global Surveyor- Mars Orbiter Laser Altimeter
(MGS-MOLA). Square boxes (pink and blue in
color) show the locations of CRISM datasets for the
study of phyllosilicates.
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Figure 2: Spectral signature from FRT00012CD9
(red) and FRT000124B3 (black) of phyllosilicates
(kaolinite-serpentine) from two small craters present
near Huygens. Spectral signature of KAOLINITE-
SERPENTINE SERPO1 (green) is from CRISM
spectral library
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Figure 3: CRISM images were used for the study of
phyllosilicates, a: FRT00012CD9 and b:
FRT000124B3

6. Conclusions

Huygens crater is important region to study the past
aqueous history of Mars. We have identified
aqueously altered materials in smaller impact craters
present near Huygens crater. These minerals play an
evidence of past aqueous and hydrothermal processes
in the study area.
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Abstract

Factor analysis and target transformation has been applied
to near-infrared hyperspectral data collected by the
Compact Reconnaissance Imaging Spectrometer for Mars
(CRISM) onboard the Mars Reconnaissance Orbiter
(MRO). We have confirmed the presence of Phyllosilicates
(Nontronite, Serpentine) in Nili Fossae, and Sulphate
(Gypsum) in Noctis Labyrinthus using factor analysis and
target transformation methods. Identification of these
minerals gives the knowledge about presence of past
aqueous environment in study regions.

1. Introduction

In present study, we have used hyperspectral data MRO-
CRISM in the range of 1.3-2.6 pm at Noctis Labyrinthus
and 1.8-2.6 pum at Nili Fossae. There are two basic
assumptions for factor analysis to apply on any dataset: (i)
datasets are assumed as linear combination of individual
spectral end-member, (ii) the obtained spectral end-
members are added linearly. The selected spectral range
contains diagnostic spectral features present in a variety of
phases and is sufficient to accurately determine their
presence. We have confirmed the presence of Gypsum
detected by [1] and the presence of Phyllosilicates
(Nontronite)  detected by [2]. Determining the
mineralogical composition of the Martian surface layer
provides a means of understanding its origin and past
evolutionary history. In turn, this knowledge is integral in
understanding the climatic and geologic history of the
planet.

2. Methodology

Datasets of mixed spectra selected from CRISM
hyperspectral image was assumed to be a linear
combination of spectral end-member. Factor analysis was
applied on a set of mixed spectra. The covariance matrix
has been used for deriving eigenvalues and orthogonal
eigenvectors. Target transformation uses the least square
fitting with the eigenvectors in the set of measured spectra
which was derived from factor analysis and library spectra.
If linear combination of eigenvectors closely matched with
library spectra then that matched library spectra is a
possible end-member over that region. The eigenvectors
corresponding to higher eigenvalues are associated with the
most significant information contained in the data. Smaller
eigenvalues represents the noise. So eigenvectors

corresponding to smaller eigenvalues are discarded to
remove the noise from the dataset.

3. Results and discussion

CRISM image FRTO0007E28 was selected for the study
area from the Noctis Labyrinthus (Figure 1.1.a) region.
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Figure 1.1: (a) The processed CRISM image with ID
FRTO00007E28 from Noctis Labyrinthus, 10 pixels selected
for factor analysis which is shown in (red) stars.

For the confirmation of the presence of Gypsum using
factor analysis and target transformation, we have selected
ten spectra (red stars) from the CRISM FRT00007E28
image (figure 1.1.b) as dataset. Kaiser-Meyer-Olkin
(KMO) measure of sampling values is 0.85 and Bartlett’s
test of sphericity has been conducted on CRISM dataset
which confirms the factor analysis can produce the
covariance matrix and can apply factor analysis for dataset.
Factor analysis applied on selected dataset. Covariance
matrix of selected dataset has been used for deriving
eigenvalues. First eigenvalue explained 86.657%, second
eigenvalue 10.156% and third eigenvalue 1.432% of
variance. Cumulative of first three eigenvalues explains
98.813% of variance. So using scree plot slope change and
percentage of variance we can say that three latent factor
are sufficient to explain all spectral variations. Varimax
rotation has been used for loadings. Three spectral end-
members (figure 1.1.c) which are the linear combination of
significant eigenvectors have been extracted from selected
dataset. The derived spectral end-member is matching with
the library spectra of Gypsum (figure 1.1.d). So Gypsum is



a possible end-member over this region. Factor analysis
and target transformation has confirmed the presence of
Gypsum in Noctis Labyrinthus.
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Figure 1.1: (b) 10 mixed spectra from CRISM

FRTO00007E28 to perform factor analysis.
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Figure 1.1: (¢) Spectral end members extracted from factor

analysis.

Similar analysis was done in Nili Fossae region. Same as
above algorithm has been applied for Nili Fossae region for
the confirmation of phyllosilicates (Nontronite). The
CRISM FRTO00005A3E data selected from the Nili Fossae.
KMO sampling values is 0.879 for FRT 3ASE at Nili
Fossae. First eigenvalue explained 90.438%, second
eigenvalue 7.275% and third eigenvalue 1.84 % of
variance. Cumulative of first three eigenvalues explains
99.516% of variance. Target transformation uses linear
combination of eigenvector for least square fit which is
matched with the library spectra of Nontronite (figure 2), so
Nontronite is spectral end-member over Nili fossae region.

4. Summary and Conclusions

Factor scores are sensitive to small scale spectral variation.
Selecting significant eigenvector and neglecting the smaller
eigenvalue leads to both noise removal and dimensionality
reduction of the dataset. We have confirmed the identified

minerals such as Gypsum in Noctis Labyrinthus,
Phyllosilicates in Nili Fossae using factor analysis and
target transformation methodology. These minerals indicate
that their formation in the study region probably occurred
in past aqueous environment present in the study area.
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Figure 1.1: (d) Best fit of spectral end member derived
from factor analysis with library spectrum of Gypsum.
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Figure 2: Best fit of spectral end member derived from
factor analysis with library spectrum of Nontronite.
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Abstract

The Mars Atmosphere and Volatile Evolution
mission (MAVEN), launched on November 18, 2013,
is now in its primary science phase, orbiting Mars
with a 4.5 hour period. In this presentation, we show
detailed comparisons between the MHD model
results and the relevant plasma observations from
MAVEN during quiet solar wind conditions.
Through comparison with relevant observation along
MAVEN orbits, we find that in general, the time-
dependent multi-species MHD model reproduces

very well the plasma interaction process around Mars.

1. Introduction

The crustal remanent field on Mars rotates constantly
with the planet, varying the magnetic field
configuration interacting with the solar wind. It has
been found that ion loss rates slowly vary with the
sub-solar longitude, anti-correlating with the
intensity of the dayside crustal field source, with
some time delay, using a time-dependent
multispecies MHD model [1]. In this study, we
compare our model results with relevant MAVEN
plasma observations along the spacecraft orbit during
relative quiet solar wind conditions. During the
selected time period, MAVEN orbits pass through all
different plasma boundaries and regions. Such a
comparison is essential in providing a baseline for
the general performance of the model.

2. Methodology:

The time-dependent multi-species single-fluid MHD
model [1] includes four continuity equations to track
the mass densities of the proton and three major ions
in Martian ionosphere: O,", O" and CO,". All ion
species share the same velocity and temperature. The
Mars-solar wind interaction is self-consistently
calculated in the model by including the effects of the
crustal magnetic field, ion-neutral collisions, and
major chemical reactions.

We simulate one entire day of plasma interaction
using solar wind conditions based on averaged SWIA
(Solar Wind lon Analyzer) observations in the solar
wind on Dec 10, 2014 when the solar wind condition
is relative steady. The rotation of the crustal field is
included in the time-dependent simulation, and Mars
rotation axis is set to match the real conditions.

3. Results

Figure 1 shows a three-dimensional view of one
MAVEN orbit on Dec 10, from 16 UT to 20 UT. The
color on the sphere corresponds to the crustal field
magnitude at Dec. 10, 18 UT and the color on the
orbit shows the altitude. MAVEN passed by the
center of the plasma wake near 18 UT, 20 min before
it flew by periapsis. Figure 2 shows trajectory
information of MAVEN (latitude, SZA, altitude) and
comparison of the density, velocity and magnetic
field with relevant plasma observations along
MAVEN orbits for Dec 10, 2014. During each orbit,
MAVEN spent roughly half of the time in the solar
wind. The good agreement of the plasma density,
velocity and magnetic field demonstrates that the
MHD model used here can reproduce the plasma
interaction process around Mars very well.
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Figure 1: 3D view of MAVEN Trajectory from 16UT
to 20UT on Dec 10, 2014.
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Figure 2: Trajectory information of MAVEN and
comparison of the density, velocity and magnetic
field with relevant plasma observations along
MAVEN orbits for Dec 10, 2014. The solid lines are
observations; the dashed lines are from model results.

4. Summary and Conclusions

Through comparison with relevant MAVEN plasma
observations, we find that in general, the time-
dependent multi-species MHD model reproduces
quite well the plasma interaction process around
Mars. The bow shock location and plasma conditions
inside the magnetosheath region from the model
results agree well with SWIA data. The density
profiles predicted by the model agree well with both
NGIMS and STATIC measurements. We also find
that there are some discrepancies between the MHD
and the observed magnetic field in the magnetic pile

up region. To improve the fit, the model needs to
update the neutral density profiles based on MAVEN
observations, and photo-ionization rates from the
modeled EUV spectrum.
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Abstract

The information about the surface microtexture is
useful to constrain the geological processes (e.g.,
transportation, deposition, weathering).

In this study, the grain microtexture is derived
from the orbital CRISM/MRO multi-angular
observations allowing to characterize the surface
scattering behavior. The Hapke radiative transfer
model is inverted to derive the photometric
parameters which have physical meanings (e.g., grain
size, roughness, shape, internal structure).

Eight sites having various geological contexts are
selected. The results show a high diversity of grain
microtexture. This result put forward that Mars have
experimented various geological processes. The link
between information about the grain microtexture
and the geological processes will be presented at the
conference.

1. Introduction

The Martian primary basaltic surface have been
highly modified by exogenous (e.g., cosmic
bombardments) and by interactions between the
atmosphere, cryosphere, hydrosphere and surface
(e.g., erosion, transportation, deposition, weathering).

The information about the surface microtexture
(e.g., grain size, shape, roughness, internal structure)
is helpful to identify and characterize the geological
processes. For instance, information about the grain
internal structures of volcanic materials can give
constraints on the volatile content in the magma or on
the cooling rate. The grain size and morphology can
give on the grain transportation, erosion and
deposition.

Direct in situ imagery can be used to characterize
the grain microtexture and give constraints on the
local geology but is limited to the rover landing site
and along the rover path. Microtexture can also be
indirectly estimated from remote photometric
measurements by studying the manner in which the
solar light is scattered by the surface materials). It
has been experimented from in situ measurements
from Panoramic Camera measurements on-board

Mars Exploration Rover [1,2] and from orbital
measurements from High Resolution Stereo Camera
on-board Mars Express [3] and from Compact
Reconnaissance Imaging Spectrometer for Mars
(CRISM) on-board Mars Reconnaissance Orbiter
[4,5,6].

2. Methodology

Taking into account the capability of CRISM on-
board MRO to provide multi-angle images (eleven
images with varied emission angles from 0-70°) [7],
we estimate the surface bidirectional reflectance after
aerosols correction using the Multi-angle Approach
for Retrieval of Surface Reflectance from CRISM
Observations technique (MARS-ReCO) [8].

Fernando et al. [5,6] proposed an approach to
estimate the photometric parameters of the surface
materials in terms of structural information by using
the Hapke photometric model [9] in a Bayesian
framework that considers: the single scattering
albedo @ which depends on the grain size and the
composition, the macroscopic roughness 6-bar which
depends on the roughness from the particle to several
centimeters and the particle phase function with a 2-
term Henyey-Greenstein function that includes the
asymmetry parameter b and the backscattering
fraction ¢ which qualitatively depends ont the grain
morphology and its internal structures.. Maps of the
surface photometric parameters are created and are
estimated at 750 nm with a spatial resolution of
~200m/pixel.

3. Site selection and main results

The photometric parameters are estimated for
eight sites (Figure 1) having various geological
contexts, with favorable geometric and atmospheric
conditions, avoiding the dust area [10] and with
various mineralogy (alteration phases like
phyllosilicates precipitation phases like sulfates and
salts [e.g., 11, 12, 13, 14], and basaltic materials [e.g.
15]).



The phase function parameters are qualitatively
related to the grain microtexture such as the grain
shape, surface roughness and internal structure
[16,17]. The results show a high diversity of surface
photometric properties (e.g., forward and backward
scattering behaviors) revealing a high diversity of
grain microtexture, not observed on another planetary
surface except the Earth. This diversity puts forward
that Mars have experimented various geological
processes which is still preserved. The results also
showed that the processes are rather local than
regional or global. The link between information
about the grain microtexture and the geological
processes will be presented in more details during the
conference.

Part of the selected sites are landing site
candidates for the next Exomars (ESA) and
Mars2020 (Nasa) rover missions. Those results
provide new constraints for the site selection
procedure.
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Abstract

CO: seasonally condenses and defrosts at the
surface of Mars which leads to the ejection of gas
and materials leading to the formation of dark spots
on top of the seasonal CO; layer. This process has
been primarily described at the south polar regions
where the process is more efficient. However, dark
spots are also observed at lower latitudes, but little is
known about the CO: defrosting process at those
latitudes: is it the same process as those observed at
the polar caps? what is the impact on the surface
erosion? Are the defrosting features randomly
distributed? We will present results at the global and
local views in order to provide constraints on the
effect of the current CO» defrosting cycle on the mid-
latitude surface.

1. Introduction

A part of the atmospheric CO> alternately
condenses in fall and winter forming the seasonal
polar caps [1] and sublimates in spring when the
insolation increases. The solar light penetrates the
CO: slab and heats the regolith creating a basal
sublimation. CO2 gas and materials from the
underlying regolith are then ejected leading to the
formation of dark mineral dust spots and fans on top
of the bright seasonal CO; layer [2, 3, 4]. The CO»
defrosting process has a major impact on the surface
erosion in polar regions, especially on the
stratigraphic record [5] and the northern polar dunes
[6, 7].

At lower latitudes, the CO> defrosting has been
observed in many locations as for instance on dunes
[6, 7, 8] and also on gully landforms [9, 10, 11, 12,
13] where basal sublimation may occur [14].
However, little is known on the current impact of the
CO: defrosting process on the mid-latitude surface.
Based on numerical modelings and combined with
the observed temperature evolution, the dark material
thickness on top of the CO: ice was estimated to
range from a few hundreds of microns to a few
millimeters at the polar regions [15]. Morphologic

clues at the high spatial resolution scale should
provide quantitative constraints on the surface
evolution. This process may also has been an
important process in the past Martian history when
obliquity was higher allowing a seasonal CO; cap to
extend up to 30° latitude.

2. Methodology and preliminary
results

Thanks to the high resolution imaging science
experiment (HiRISE) camera on-board Mars
Reconnaissance Orbiter (MRO), high resolution
images can be used to identify and to characterize the
dark spots (e.g., size, morphology, density) but also
the underlying materials (e.g., indurated or loose
materials). This information is useful to evaluate the
type of surfaces affected by CO2 defrosting process.

Moreover, since 2006, the instrument has
operated during 4 southern and 4 northern polar
springs monitoring several sites on Mars which can
be used to have constraints on the temporal evolution
of these morphologies and the surface materials.

Previous detailed studies have already been
conducted using monitoring and coupled HiRISE and
compact reconnaissance imaging spectrometer for
Mars (CRISM) observations at the south and north
polar regions [e.g., 4, 16, 17, 18]. Those studies are
used as supports for the characterization of the dark
spots at lower latitudes in order to use same
morphological classifications/terminologies and to
evaluate the similarities and the differences in order
to provide new constraints on the CO; defrosting
process model [2, 3].

In this ongoing study, all the available HiRISE
observations were studied to first localize regions
driven by CO2 defrosting by identifying potential
dark spots which is considered as the result of the
CO2 gas ejections. Our HiRISE survey gives an
overview of the dark spot global occurrence at mid-
latitudes. However, to due the narrow spatially and
temporally covering of the HiRISE images, biases
exist which do not imply that the process does not
occur where HiRISE images are not acquired. Once



identified, each site where dark spots are observed
was classified as a function of its context and as a
function of type of surface (e.g., dune, crater slope,
permafrost). For instance in the HiRISE scene
displayed in Figure 1 which has been acquired at
Ls=172.6°, dark spots are observed inside a crater
over pre-existing gullies in the walls of the crater as
well as over sand dunes that are lying down the floor
of the crater. We noticed that the dark spots in and
around gullies are less well-developed and less
numerous.

In addition to the global survey, several sites were
studied in details in order to quantify the temporal
evolution of the surface materials and the dark spots.
The results of this ongoing study results will be
presented during the conference.
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Abstract

We present Monte-Carlo simulatios of the hydrogen
corona around Mars and Venus for various possible
photochemical sources of hot (energetic) hydrogen
atoms. The aim of this study is to investigate those
possible sources which may significantly contribute to
the hydrogen corona and to compare the obtained den-
sities with observations. The model includes the initial
energy distribution of hot atoms, elastic, inelastic, and
quenching collisions between the suprathermal atoms
and the ambient cooler neutral atmosphere, and uses
energy dependent total and differential cross sections
for the determination of the collision probability and
the scattering angles.

1. Monte-Carlo Modell

The simulations are based — if available — on the most
recent data for both the atmospheric input and the col-
lision cross sections. The model is limited by various
circumstances: (a) the background atmosphere is rep-
resented by 1D ion and neutral density profiles, (b) the
hot particles are treated as test particles, i.e. their in-
fluence on the background gas is neglected, (c) due to
the lack of data, some types of collisions are simulated
by using approximate values of the parameters.

The simulation of the hot particle corona is initi-
ated by calculating for a specific reaction the corre-
sponding velocity distribution of the products at dis-
crete altitudes. The motion of these products through
the thermosphere up to the exobase and beyond is fol-
lowed by means of a Monte-Carlo model. On their
way the hot particles can interact with the background
neutral atmosphere via elastic, inelastic and quenching
collisions and will loose on average part of their initial
energy. For those particles which cross the exobase,
the energy distribution function is determined which in
turn serves as input for the exosphere density calcula-
tions. A more detailed description of the Monte-Carlo
model can be found in [4], [2], and [3].

2. Hydrogen Simulation

Possible sources of hot hydrogen atoms due to disso-
ciative and radiative recombination, photodissociation
as well as charge exchange and chemical reactions are
included in the model and listed in Table 1. In the
course of this study other reactions may be consid-
ered. An additional task is to find proper cross sections
for specific collisions. Currently only proper total and
differential cross sections for H-H and O-H collisons,
published by [6] and [7], respectively, are used in our
model.

Table 1: Possible sources of hot hydrogen atoms due
to dissociative and radiative recombination, photodis-
sociation as well as chemical reactions.

Reactions
Dissociative recombination
H,*+e— H+H
OH"+e — H-+O
HCO* +e — H+ CO
Radiative recombination
H*+e — H+hv
Photodissociation
H, +hvr — H+H
Chemical reaction
H, + O" — H + OH"
H, + CO* — H + HCO*"
H,*+0 — H + OH*
H,* + CO — H + HCO*
H, + CO,* — H + HCO,*
Charge transfer
H*4+0 — H4 O
H* + CO, — H + CO,*

3. Results

Preliminary results of the hydrogen corona simula-
tions at Venus are shown below for the reactions listed
in Table 1. The obtained production rates for high and



low solar activity are shown in Figure 1. The prelim-
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Figure 1: Production rates at Venus for high (solid
lines) and low (dashed-dotted lines) solar activity of
the reactions listed in Table 1.

inary number densities for high and low solar activity
of reactions which show a significant contribution to
the total density are illustrated in Figure 2. The black
solid and dashed-dotted lines taken from [5] and [1],
respectively, are in agreement with our preliminary re-
sults.
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Abstract

We present CO, and Os density profiles from stel-
lar occultations by the IUVS instrument onboard
MAVEN. The first occultation by MAVEN was of «
Cru on February 8, 2015 and the first campaign of stel-
lar occultations with 60 more observations of 11 differ-
ent stars was executed from March 24, 2015 to March
26, 2015. To increase the longitudinal coverage, each
star, except A Sco, was observed 5 times; A Sco was
targeted 10 times. Density profiles from the first oc-
cultation are determined in the altitude range between
100 and 140 km. The derived Oy mixing ratio in this
region is 1.6x 1073, in agreement with previous mea-
surements.

1. Introduction

The stability of the Martian atmosphere is connected
not only to the main constituent CO3 but also to minor
species like Oy which are produced photochemically.
A better understanding of the CO2 and O, distribu-
tion is important for constraining models for the cur-
rent state and the evolution of the Martian atmosphere.

UV occultations have proved to be a powerful tech-
nique for the study of upper atmospheric structure and
composition. Sandel et al. (2015) recently presented
CO; and O, abundance profiles in the Martian atmo-
sphere obtained from UV stellar occultations observed
by SPICAM onboard Mars Express [5]. The obtained
O3 mole fractions within 90 and 120km vary from
1x1072 to 5x1073. Seasonal variations of CO5 den-
sities and temperatures at various latitude and longi-
tude over one Martian year was shown by Forget et
al. (2009) using retrievals of 616 stellar occultations
from SPICAM/MEX [1]. In the past, Viking mass
spectrometer measurements were used to determine
the CO- and O, densities and the corresponding Oq
mole fractions between 120 and 160 km [3].

The MAVEN IUVS instrument will measure nu-
merous occultations through the course of the mission
to increase the geographic and seasonal coverage and
therefor the understanding of the CO, and Oy abun-
dance on Mars. Because they sample the region be-
low MAVEN’s periapse altitude, occultations provide
a link between the middle and upper atmosphere. At
the time of writing a single o Cru occultation observa-
tion and the first occultation campaign have been exe-
cuted. The obtained CO5 and O5 number densities and
their corresponding O, mole fractions are presented
below.

2. TUVS Stellar Occultations

The FUV channel of the IUVS spectrograph onboard
Maven covers the spectral range from 110 to 190 nm
with an intrinsic spectral resolution of 0.6 nm [2]. For
the o Cru occultation 3 spectral pixels and for the first
occultation campaign 4 spectral pixels are binned re-
sulting in spectral bin sizes of 0.24 and 0.33 nm, re-
spectively.

The o Cru occultation observation begins below the
limb and extends up to 500 km. With the cadence time
of 25, including an integration time of 1.6 s, the result-
ing altitude resolution is around 5.5 km. Atmospheric
absorption is evident below 150km and occultation
starlight is completely extinguished below 90 km.

Above 150km the line of sight to the star is unat-
tenuated and thus the unabsorbed reference spectrum
from the star is measured. As the spacecraft moves
along its trajectory the line of sight penetrates the at-
mosphere and the star spectrum attenuated by the at-
mosphere is measured. The transmission is obtained
by dividing the attenuated spectrum by the unabsorbed
spectrum. This method has the advantage that no ab-
solute calibration of the spectograph is needed.

We fit the measured transmission spectra at each al-
titude assuming absorption by CO- and O, and us-



ing the Levenberg-Marquardt algorithm to retrieve the
best fit column densities. We invert the column density
profiles to obtain local densities by using the Tikhonov
regularization method [4, 5].

3. Results and Discussions
The altitude dependence of the transmission spectra
for this occultation is illustrated in Figure 1 for 7 dif-

ferent altitudes. The region between 200 and 500 km is
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Figure 1: Transmission spectra of the a Cru oc-
cultation for 7 different altitudes including the lo-
uncertainties.

used to characterized the unattenuated star spectrum.

The CO; and O, densities including the lo-
uncertainties for the a Cru occultation are shown in
Figure 2. The CO, and O, densities measured from
Viking 1 and 2 as well as 6 different occultations from
SPICAM on Mars Express for three stars (( Pup, 3
Cen, and v Ori) with two different occultations each
[5] are also shown. Both the CO5 and O densities
inferred from the IUVS instrument are in good agree-
ment with Viking and SPICAM/MEX occultations.
The mean value of the mole fraction obtained from the
MAVEN « Cru occultation is 1.6 x 10~3. This value is
in agreement with observations from SPICAM/MEX
and Viking measurements.
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Abstract

We report the first results from The Imaging
Ultraviolet Spectrograph (IUVS) aboard the Mars
Atmosphere and Volatile and EvolutioN (MAVEN)
spacecraft orbiting Mars. The instrument is
accomplishing its goals of characterizing the
atmospheric composition and structure, enabling
studies of atmospheric escape that will contribute to
our understanding of Mars’ atmospheric evolution. In
addition, the instrument has made unexpected
discoveries concerning meteor showers, aurora and
nightglow on Mars.

1. Introduction

The Imaging Ultraviolet Spectrograph (IUVS) [1] is
one of nine science instruments aboard the Mars
Atmosphere and Volatile and EvolutioN (MAVEN)
spacecraft which entered Mars orbit on 21 September
2014. TUVS is designed to explore the planet’s upper
atmosphere and ionosphere and examine their
interaction with the solar wind and solar ultraviolet
radiation. The instrument is one of the most powerful
spectrographs sent to another planet, with several key
capabilities: (1) separate Far-UV & Mid-UV
channels for stray light control, (2) a high resolution
echelle mode to resolve deuterium and hydrogen
emission, (3) internal instrument pointing and
scanning capabilities to allow complete mapping and
nearly-continuous operation, and (4) optimization for
airglow studies.

2. MAVEN Science Goals

IUVS, along with other MAVEN insturments,
obtains a comprehensive picture of the current state

of the Mars upper atmosphere and ionosphere and the
processes that control atmospheric escape. Data
returned by MAVEN will allow us to determine the role
that loss of volatile species from the atmosphere to
space has played in shaping the history of Mars climate,
liquid water, and habitability. MAVEN is designed to

answer three top-level science questions [2]:

e What is the current state of the upper atmosphere
and ionosphere, and what processes control it?

e What are the rates of escape of atmospheric gases
to space today and how do they relate to the
underlying processes that control the upper
atmosphere?

e What has been the total atmosphere loss to space
through time?

3. IUVS Objectives

MAVEN’s instrument complement answers these
questions by combining observations of Mars’
atmosphere and ionosphere with observations of the
solar influences that control it. MAVEN has four
instruments for atmospheric measurements that
record atoms, molecules and ions through in situ
measurements, probing conditions at the location of
the spacecraft as it passes through the upper
atmosphere. By contrast, [UVS derives atmospheric
properties at a distance through spectroscopic
measurements of UV emissions from atmospheric
gases. [UVS makes quantitative measurements of the
Mars atmosphere between altitudes of 30 and 4500
km, over all latitudes, longitudes and local times.
Specifically, IUVS measures the composition and
structure of the upper atmosphere by measuring:

e Thermosphere profiles of neutrals (H, C, O, N,

CO, CO,, N,) and ions (C", CO,") using limb

scanning.



¢ Column abundance maps of H, C, O, CO,, O3 and
dust in the upper atmosphere over the portion of
the planetary disk that is illuminated and visible
from high orbital altitudes using disk mapping.

* Coronal vertical profiles of hot species (H, D and
O) using coronal scans.

* Mesosphere/thermosphere vertical profiles of CO,
and O; using stellar occultations.

These observations offer three major contributions
to MAVEN science: (1) making independent
measurements of key properties also measured by in
situ instruments for validation and redundancy; (2)
providing the global context for in sifu measurements
taken along the spacecraft orbit, and (3) making
unique measurements of atmospheric constituents and
properties not possible with other instruments.
Furthermore, thanks to instrument design and
spacecraft accommodation, [UVS can observe Mars
nearly continuously throughout the mission.

4. IUVS Initial Results

Each IUVS observational mode has successfully
observed the spectral features and spatial
distributions as intended, confirming and expanding
our understanding of the Mars upper atmosphere as
observed by the Mariner spacecraft, Viking and Mars
Express. Initial results include:

* Observations of the aftermath of a meteor shower, in
the form of intense emission from metal ions and
neutrals from ablated Siding Spring meteors (Fig. 1);

+ Diffuse auroral emissions of substantially greater
nightside extent than seen by MEX/SPICAM, and
frequent detections of nitric oxide nightglow;

» Significant  persistent  structures in  the
thermospheric dayglow emissions, dependent
primarily on solar zenith angle, along with
significant variability on daily timescales;

* Confirmation of N, emission in the VK band, as
first reported by MEX/SPICAM;

* Spatially-resolved measurements of the D/H ratio
in the upper atmosphere and its temporal evolution;

* The most complete maps and vertical profiles of
H, C and O in the Mars corona (Fig. 2);

* The first global snapshot of the middle
atmosphere obtained by a day-long stellar
occultation campaign;

* Global ozone maps spanning six months of
seasonal evolution.

5. Figures
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Figure 1: Spectra of Mars’ atmosphere immediately
before and after the closest approach of Comet
Siding Spring. Spectra have been scaled and their
backgrounds matched. The inset shows a smoothed
difference spectrum, obtained by modeling and
subtracting known Mars emissions and backgrounds.
Numerous emissions from Mg', Mg, Fe', Fe, and
other unidentified features are indicated.

Figure 2. Three views of an escaping atmosphere,
showing atomic carbon (166 nm), oxygen (130 nm)
and hydrogen (122 nm). By observing all of the
products of water and carbon dioxide breakdown,
IUVS can characterize the processes that drive
atmospheric loss on Mars.
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Abstract

In the work to be presented, a photochemical model
has been coupled to the NASA Mars Climate
Modeling Center (MCMC) 3D Mars global
circulation model (Mars GCM) (gcm2.1v24). This
photochemistry coupling provides 3D chemical fields
which interact spatially and temporally with the
evolving temperature and winds fields. The addition
of photochemistry is recognized to be critical in the
effort in extending the Mars GCM to middle
atmospheric levels and further to provide more
constraints in understanding the Martian global
atmospheric circulation.

1. Introduction

The NASA MCMC 3D Mars GCM (gcm2.1v24) has
been extended to incorporate the middle atmosphere
(~80 km to ~120 km). The model extension is
important because it provides an integrated
framework with a deeper domain to examine
seasonal mean fields and large-scale wave activity
with insight into circulation patterns in the middle
atmosphere.

Temperatures from the Mars GCM with the
extension  (i.e. incorporation of Non-Local
Thermodynamic Equilibrium (NLTE) heating and
cooling) have been compared to observations,
specifically observations from the ESA MEXx
SPICAM instrument. The comparison between
SPICAM and Mars GCM are not in great agreement
[2]. Results from the comparison show the simulation
is very warm at lower pressures (<1E-3) compared to
SPICAM profiles (see Fig. 1). The main reason for
the extra warming is the underestimated fixed atomic
oxygen profile used for the CO, 15-um cooling

parameterization. [4] performed a study and found
the fixed reference atomic oxygen profile used within
the cooling parameterization (which is currently
utilized within the Mars GCM) are below the actual
abundance levels. Furthermore, it has been suggested
that the CO, 15-um cooling is sensitive to the
abundance of atomic oxygen ([1],[6]). The sensitivity
to the atomic oxygen profile has been reproduced
with test cases utilizing the Mars GCM (not shown).
Therefore, this leads into  incorporating
calculated/updated chemistry (photochemical scheme)
in the Mars GCM.

——MGCM -NLTE
——MGCM-LTE
— SPICAM

Ls=240-270
Lat=30S - 10N

Pressure (mbar)
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Figure 1: Comparison of zonally averaged
temperature profiles from Mars GCM simulations
(NLTE — blue solid line and LTE — green solid line)
and SPICAM observations (red solid line).

2. Photochemistry within the Mars
GCM

To properly simulate the middle atmosphere,
specifically the temperatures, the Mars GCM needs

updating chemistry for the CO, 15-um cooling
scheme.

2.1 Photochemistry Scheme



The implemented photochemistry scheme within the
Mars GCM is described in detail by [5]. The
chemical package calculates oxygen, hydrogen, and
CO. More specifically, the scheme accounts and
transports 12 species (O, O(*D), Oz, O3, H, OH, HO,,
H.O,;, H;, HO, CO, and CO;. To save
computational resources, the photolysis rates are
calculated off-line using the [7] model adapted to
Martian conditions. The rates are stored into a four-
dimensional lookup table as a function of the
overhead CO; column, the overhead Oz column, the
solar zenith angle, and the temperature. The model
interpolates the table values to calculate the
photolysis rate for the actual sunlight grid point. The
Gas-phase reaction rate coefficients were mostly
adopted from [8]. The rate coefficients of three-body
reactions are increased by a factor of 2.5, to account
for the higher efficiency of CO; as a third body in
comparison with N, and O,. Chemical families were
adopted for Oxand HOx species (Ox = O + Ogz; HOx =
H + OH + HOy) in order to reduce computational
time. The chemical long-lived species (O2, H2, H»0,
CO, HOy, Oy) are solved for by using the implicit
method described by [9]. The short-lived species are
assumed to be in photochemical equilibrium (Os,
O(*D), OH, HOy).

2.2 Discussion

The important species for the NLTE CO, 15-um
cooling scheme, besides CO, is atomic O. However,
at this time measurements of atomic O are not
possible. Therefore, ozone will be used as an initial
study and constraint for atomic O.

Ozone is produced in two steps. The first step is
photolysis of CO, and O secondly, the
recombination of the product of O and O,. It is
destroyed by two mechanisms: (1) photolysis and (2)
the reaction with HOy radicals (OH, HO;). Because
ozone is destroyed by HO,, ozone is expected and
predicted to be strongly anti-correlated with water
vapor (e.g. [5]). Ozone has also been observed to
vary seasonally and diurnally (e.g. [3]). The seasonal
peak concentration has been observed in the Northern
and Southern polar winters. The simulated results
from the Mars GCM will be compared to
observations and other published GCM results (i.e.
LMD GCM). The anti-correlation, seasonal variation,
and diurnal variation will be presented.

6. Summary and Conclusions

A photochemical package has been coupled to the
NASA MCMC Mars GCM. One of the reasons for
this coupling is to provide a more realistic
atmosphere for the CO; 15-um parameterization,
which is key to modeling the middle atmosphere
temperatures. The initial testing of the photochemical
package is to compare the simulated ozone to
observations and other published GCM results, which
will be presented. Furthermore, the current status of
the NASA MCMC Mars MGCM vertical grid
extension will be presented.
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Introduction and summary

Since their discovery by the Mars Observer Camera
[1], Martian Gully landforms have attracted
considerable attention because they resemble
terrestrial debris flows formed by the action of liquid
water [1,2]. They have thus been argued to be
evidence for relatively recent potential liquid-water
habitat on Mars. This interpretation is now
questioned by the discovery of ongoing gully
formation occurring in conditions much too cold for
liquid water, but with seasonal CO, frost present and
defrosting [3-5]. However, how a relatively thin
seasonal dry ice cover could trigger the formation of
decameter large debris flows exhibiting levees and
sinuosities as if they were liquid-rich remained
mysterious

Using a thermo-physical model of the Martian
soil, we have found that, during the defrosting season,
the pores below the ice layer can be filled with CO,
ice, and subject to extreme pressure variations. The
subsequent gas fluxes destabilize the soil and create
gas-lubricated debris flows with the observed
geomorphological characteristics of the Martian
gullies. Moreover, such subsurface activities are
precisely predicted at latitudes and slope orientations
where gullies are observed. This shows that Martian
gullies likely result from geological dry ice processes
with no earthly analogs.

Modeling

We have developed a model able to compute the
seasonal evolution of a column composed of an
underlying regolith, a CO, ice layer, and the
atmosphere above [6,7]. Below the surface, in the
CO; ice layer (when present) and in the regolith, the
model simultaneously solves the heat conduction and
the radiative transfer through the ice [7] as well as
the diffusion, condensation and sublimation of CO,
and the related latent heat exchanges. A characteristic
of the locations where CO, ice is predicted to

condense (above 50° latitude on flat surface and
down to ~30° latitude on pole-facing slope) is that a
subsurface water ice table in equilibrium with the
atmospheric water vapor is always expected to be
present below a dry material layer of several
centimeters to a few tens of centimeters [8]. We
modeled the regolith accordingly, with a dry porous
layer lying above an impermeable, ice-cemented,
high thermal inertia soil.

Exemple on the Russell Crater
megadune

Simulations were first performed to model the
Russell crater megadune (54.5°S, 12.7°E), one of the
key locations where recent gully formation has been
observed [3,5]. While CO, condenses on the surface
in late fall, it is observed that the albedo remains low
[9], suggesting that the solid CO, forms a translucent
slab of ice. In the model, as the daytime solar light
penetrates into the CO, ice slab and heats the
underlying regolith, the temperature at the base of the
CO, ice slab increases. Some CO, sublimes and
diffuses down to keep the porous layer sandwiched
between the CO, ice and the impermeable permafrost
in vapor pressure equilibrium with the CO, ice slab
(Fig.1). The gas is trapped and the pressure can rise
significantly. At the end of winter, the thickness of
the CO; ice layer reaches 30 cm while the solar flux
at midday increases. Around Ls=149°, the
temperature in the regolith substrate increases from
153 K in the morning up to about 158 K in the
afternoon. Accordingly the pressure rises daily from
1200 to 2300 Pa, well above the atmospheric
pressure at 590 Pa. Two interesting phenomena then
occur during daytime. First, the temperature within
the regolith tends to be lower than at the top of the
regolith where the solar flux is absorbed. As a
consequence, CO, condenses in the coldest pores of
the soil a few cm below the CO, ice slab base.
Second, the pressure below the ice can overcome the
cryostatic pressure exerted by the CO, ice layer and
lift it. Eventually the slab should rupture to form jets
of CO, gas [10] potentially carrying some regolith



material with it. The pressure within the pores then
drops down to the atmospheric pressure, leading to a
much lower condensation temperature than prior to
the ejection (Teona ~148 K). The CO, ice that is
present within the pores and at the base of the slab
sublimes rapidly.
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Figure 1: Evolution of the CO, gas pressure and total
amount of CO, (pressurized gas and ice, converted to
a volume at atmospheric pressure) in the porous soil
below the seasonal CO, ice sheet simulated on the
Russell crater megadune over an 8 sol period in late
southern winter, at the time of the first CO, gas
ejections and ice layer ruptures. This illustrates the
large amount of gas in excess that must flow through
the soil porous medium and which can destabilize
and fluidize the subsequent debris flow.

When occurring on slopes, this process is likely
to destabilize large amount of soil material. The
volume of gas that has to flow up through the soil
pores is considerable because it combines the
depressurized excess gas (up to 1 m’ per m”in our
example) with the gas produced by the sublimation
of the CO; ice present within the regolith and which
becomes suddenly unstable (up to 3 m® per m?).
Furthermore, a large part of the gas will flow
laterally through the porous medium to reach the
location of the vent in the slab.

While this process has no exact analog on Earth,
it can be related to terrestrial pyroclastic flows, which
are gas-particle mixtures generated during volcanic
eruptions. A wide range of pyroclastic flows exists,
depending on the proportion of gases, and our case
can be compared to the denser ones dominated by
particle friction [11]. These have been found to
exhibit levees [11] which are very similar in size to
the ones observed on Mars [2]. The viscosity of
typical flows in our simulations can be estimated to
range from a few tens to a few thousands of Pa.s,

similar to water triggered debris flows. In our
simulation this process can repeat multiple times
throughout the defrosting season. On the Russell
crater’s dune, CO, induced debris flows are thus
predicted to occur between Ls=150° and Ls~205°, in
agreement with the available observations [5].
However, each ejection will not generate a debris
flow. As on Earth where debris flows triggered by
melting snow are rare, stochastic events, it is likely
that an uncommon combination of conditions are
required to destabilize the slopes.
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Figure 2: the sequence of events leading to the
formation of CO,-regolith viscous flows

Spatial distribution of gullies

We performed model calculations for a wide range of
latitudes and slope orientations. These simulations
reveal that high-pressure CO, gas trapping in the
subsurface and the subsequent formation of ice
within the regolith pores can occur where gullies are
observed, and not elsewhere. In particular the model
explains why gullies are only observed on pole
facing slopes between 30° and 45° latitude, and with
no orientation preference above 45° latitude [12].
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1. Introduction

During late Hesperian, large outflow
channels observed in the Chryse Planitia area [1] are
thought to have been carved by catastrophic and
sudden water floods [2,3]. It has been speculated that
such events may have modified the climate, at least
locally and episodically, and could have induced
precipitations and even rain [4] that could explain the
formation of Late Hesperian valley networks under a
cold contemporaneous climate.

We present below 3D modeling of a sudden
and extreme release of warm liquid water in the
Chryse Planitia area on ancient Mars, assuming a
faint young Sun and CO,-dominated atmospheres
thicker than today. 3D climate modeling under these
conditions [5,6], and performed with a water cycle
taking into account water vapor and clouds, have not
been able yet to produce liquid water or at least
significant precipitations by climatic processes

anywhere on the planet, even when maximizing the

greenhouse effect of CO; ice clouds.

2. Method

The study was lead thanks to the complete
3 Dimensions LMD Global Circulation Model,
performed in a 64x64x15 resolution grid, that takes
into account generalized radiative transfer and cloud
physics. The model works with a water cycle that
includes the formation of water clouds, ice clouds
and CO, ice clouds. The version we use here is
designed to work under CO, atmospheres presented
in Forget et al. 2013 and Wordsworth et al. 2013
[5,6].

We started from a converging initial state
with stabilized surface water ice reservoir [6] and
assumed that a warm source of liquid water, modeled

by a layer of fully mixed water above a multilayers
cold martian regolith, suddenly fills the Chryse
Planitia area. The largest estimations of outflow
channel events [7] give an amount on the order of an
equivalent of a several meters thick layer of water at
few tens of degrees above the freezing point, over the
whole planet. Thus, we explored the influence of
warm (~300K) large amounts of water (~100 meters
deep) discharged in area ranging from the Chryse
Planitia area to the whole Northern plains, and under
various atmospheric pressures.

3. Results and Discussion

The figure 1 presents the results of the total
cumulative precipitations induced by the climatic
impact of a 100m thick layer of 320K liquid water
emplaced at the Chryse Planitia location (~2.10%J
event), under atmospheres of 40mbar and 1bar.

Ice deposit thickness (cm)
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Figure 1: Total accumulation of surface ice (cm per
m?) induced by precipitations, 100 days after the
outflow channel event, under a 40mbar atmosphere
(left) and a 1bar atmosphere (right). The warm liquid
water discharge area is displayed in pink.

We found that the climatic impact of the
outflow channel, in spite of the fact that the intensity
of the event was very high, is low. The precipitations
— only snowfalls — stop after few tens of days
whatever the atmospheric pressure is.
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For the first few days, an intense local water
cycle takes place. The atmosphere is warmed very
quickly by the water vapor latent heat and by
radiative transfer processes. But then, it takes only
~100 days (figure 2) for the initial energy reservoir to
run out / for the liquid water to start to freeze and ~50
martian years to be completely frozen.

The thiner the atmosphere is, the shorter the
relaxing timestep of the atmosphere will be. First, for
the spread of a given initial reservoir amount of
energy, a thin atmosphere will be warmer and will
radiate more efficiently to space (figure 2). Second,
because a thin atmosphere will inject (figure 3) more
water but also create more water ice clouds which are
responsible for a large solar absorption loss (figure
2).

= Gl £ o £y E]
Time (days) Time (days)

Figure 2: Evolution of energy reservoirs (top
pannels) and energy cumulative loss (low pannels)
with time, under a 40mbar atmosphere (left pannels)
and a 1bar atmosphere (right pannels). These figures
were drawn with respect to a control simulation.

We in fact found that the direct climatic
impact is much higher for thiner atmospheres (figure
1). A thin atmosphere, because of its low volumetric
heat capacity, will warm quickly and thus be able to
transport much more water vapor. This will trigger
the formation of a convective plume (figure 3) that is
very efficient to transport water vapor and ice
responsible for further global scale precipitations.

More results will be discussed at the EPSC
about 1. the conditions required for the outflow
channel events to trigger a deep convection through
the formation of a convective plume (figure 3) and 2.
the possible dumping of the warm liquid water from

Chryse Planitia to Acidalia Planitia and even to the
Northern Plains.

Atiude (k)

Figure 3: Temperature (top pannels) and Water
Vapor Mixing Ratio (low pannels) distributions at the
longitude of the liquid water discharge (40°W), 2
days after the outflow channel event, under a 40mbar
atmosphere (left) and a 1bar atmosphere (right).
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Abstract

The Mars Climate Database (MCD) is a database of
meteorological fields derived from General
Circulation Model (GCM) numerical simulations of
the Martian atmosphere and validated using available
observational ~ data. The  MCD includes
complementary post-processing schemes such as
high spatial resolution interpolation of environmental
data and means of reconstructing the variability
thereof. We have just completed (March 2015) the
generation of a new version of the MCD, MCD
version 5.2.

1. Introduction

The GCM that is used to create the MCD data is
developed at Laboratoire de Météorologie
Dynamique du CNRS (Paris, France) [1-3] in
collaboration with the Open University (UK), the
Oxford University (UK) and the Instituto de
Astrofisica de Andalucia (Spain) with support from
the European Space Agency (ESA) and the Centre
National d'Etudes Spatiales (CNES).

The MCD is freely distributed and intended to be
useful and used in the framework of engineering
applications as well as in the context of scientific
studies which require accurate knowledge of the state
of the Martian atmosphere. Over the years, various
versions of the MCD have been released and handed
to more than 150 teams around the world. Current
applications include entry descent and landing (EDL)
studies for future missions (Insight, ExoMars),
investigations of some specific Martian issues (via

coupling of the MCD with homemade codes),
analysis of observations (Earth-based as well as with
various instruments onboard Mars Express and Mars
Reconnaissance Orbiter),...

The MCD is freely available upon request

(simply contact millour@lmd.jussieu.fr or
forget@lmd.jussieu.fr ); a simplified web interface

for quick browsing at MCD outputs is available on
http://www-mars.lmd.jussieu.fr .

2. Overview of MCD contents

The MCD provides mean values and statistics of the
main  meteorological  variables  (atmospheric
temperature, density, pressure and winds) as well as
atmospheric composition (including dust and water
vapor and ice content), as the GCM from which the
datasets are obtained includes water cycle [4,5],
chemistry [6], and ionosphere [7,8] models.

The database extends up to and including the
ther-mosphere [9,10] (~350km). Since the influence
of Ex-treme Ultra Violet (EUV) input from the sun is
signifi-cant in the latter, 3 EUV scenarios (solar
minimum, average and maximum inputs) account for
the impact of the various states of the solar cycle.
MCD provides mean values and statistics of the main
meteorological variables (atmospheric temperature,
density, pressure and winds) as well as atmospheric
composition (including dust and water vapor and ice
content), as the GCM from which the datasets are
obtained includes water cycle [4,5], chemistry [6],
and ionosphere [7,8] models.

The database extends up to and including the
thermosphere [9,10] (~350km). Since the influence



of Extreme Ultra Violet (EUV) input from the sun is
significant in the latter, 3 EUV scenarios (solar
minimum, average and maximum inputs) account for
the impact of the various states of the solar cycle.

As the main driver of the Martian climate is the
dust loading of the atmosphere, the MCD provides
climatologies over a series of dust scenarios :
standard year (a.k.a. climatology) , cold (i.e: low
dust), warm (i.e: dusty atmosphere) and dust storm,
These are derived from home-made,
instrument-derived (TES, THEMIS, MCS, MERs),
dust climatology of the last 8 Martian years [11]. In
addition, we also provide additional “add-on”
scenarios which focus on individual Martian Years
(MY 24 to 31) for users more interested in specific
climatologies than the MCD baseline scenarios
designed to bracket reality.

The MCD provides users with:

e Mean values and statistics of main
meteorological ~ variables  (atmospheric
temperature, density, pressure and winds),
as well as surface pressure and temperature,
CO?2 ice cover, thermal and solar radiative
fluxes, dust column opacity and mixing
ratio, [H20] vapour and ice concentrations,
along with concentrations of many species:
[CO], [02], [O], [N2], [Ar], [H2], [O3],
[H] ..., as well as electrons mixing ratios.

e Dust mass mixing ratio, along with
estimated dust effective radius and dust
deposition rate on the surface are also
provided

e Following the recent improvements on the
parametrization of physical processes in the
Planetary Boundary Layer (PBL) [12],
many related fundamental quantities such as
PBL height, minimum and maximum
vertical convective winds in the PBL,
surface wind stress and sensible heat flux,...
are available.

¢ A high resolution mode which combines
high resolution (32 pixel/degree) MOLA
topography records and Viking Lander 1
pressure records with raw lower resolution
GCM results to yield, within the restriction
of the procedure, high resolution values of
atmospheric variables.

e The possibility to reconstruct realistic
conditions by combining the provided
climatology with additional large scale
(derived from Empirical Orthogonal

Functions extracted from the GCM runs)
and small scale perturbations (gravity
waves) schemes.

3. Validation of MCD version 5.2

At EPSC, we will show and discuss how MCDvV5.2
compares with available measurements (as illustrated
in Figure 1) from many available sources (e.g.
landers and rovers, instruments onboard past and
present orbiters).

' Oppohunity R
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Figure 1: Illustration of the way the MCD dust
scenarios bracket reality, in the present case with a
comparison to the temperature profile (retrieved by
P. Withers) from Opportunity entry, which occurred
during a local dust storm.
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times, such processes have been suggested torexplai

the difference between Martian crater size
Abstract dlstrlbutlons_ compar_ed to the Iuna_r ones [3, 4_,Ir5].

fact, noachian terrains on Mars display a typical S

Many Geologic features attest to the fact thatitiqu shape crater size distribution that implies that_
water was once stable on the Martian surface. TheP'0C€SS€S have removed craters as large as 30 km in

. diameter from the cratering record. To date, noreff
erosional processes necessary to create theseefeatu .
have been done to quantify these processes from

must have been supported by a climate that is muchCrater statistics
different than today. However, the evolution ofgbe Here, we develop a numerical model to

primitives conditions toward the current dry anddco  generate synthetic crater size distributions while
Martian climate where the erosion processes are 2-3applying a model of impact rate evolution as wesll a
orders in magnitude lower represents a major gap ina model of obliteration rate evolution. Then, wedis
our understanding of the evolution of Mars history. the model to inverse about 35 crater size distiobst

Here we document the time-dependence of the€Xtracted from large Martian areas. First, we prese
erosion rates on Mars during early Mars, period thé model and the inversion method. Then, we

during which the erosion rates have decreased of apres_ent the result_s that_allow us to constrain the
. . erosion rate evolution during early Mars.
least one order in magnitude.

1. Introduction 2. Method

Despite recent observations about the processed N€ model : To built the model of crater obliteration
that occurred on early Mars, we have yet to rate, we used the cratering rate model definedéby [

reconstruct the early climatic evolution of the red from the craterlng'analysls of the lunar g:urfacel an
planet. Did Mars experience an early wet and warm Apollo sample radiometric ages and applied to Mars

climate as suggested by the presence of vaIIey[Z]' The temporal resolution of the model is 1 My.

= Based on the crater diameter to depth ratio, we
networks, modified crater or outflows channels ? If ; P
. . . estimate the average crater depth of a craterdize
so, how long and intense (in term of erosion rates)

thi t period 2 Simultaneously, we apply an obliteration rate. The
was this wet period = - model produces a synthetic crater size distribution
Crater size distributions of a planetary surfaces

, 'that integrates both impact cratering rate historgt
and especially old surfaces of Mars, record both th gpiteration rate history. We use a simple biphasic

cratering rate and the geological history. Variasio  models which corresponds to two successive periods

result from meteoritic bombardment is interpreted @ This model reproduces the S-shape distribution
erosional or depositional processes and is calied t typical of Ancient terrains on Mars.
Opick effect [1,2]. From early as Mariner mission



Inversions. We used a variational approach for the
inverse problem to determine the age of the terrain
the age of the change in erosion regime as wehleas
obliteration rate during the oldest period fromtera
size distribution. The starting age and as welthas
age of the change of obliteration regime is digectl
inversed from the parts of the crater size distrdou
that follow the isochrones for several crater $iwes.
We fixed the obliteration rate of the recent perio

4. Conclusion

We extract for the first time key information loake

up in the crater size distributions of large Martia

impact crater about the early evolution of Martian
atmosphere. Indeed, we document the long term
evolution of the erosion rate on Mars from Ancient
times with erosion rate at least one order in
magnitude larger than today to current low and

the erosion rate estimated by the Martian rovers tolimited erosion rates.

return the obliteration rates of the oldest period.

Data set: We used the global crater data base from

[7] that claims to be complete until 1 km of diasaret

and all global maps available under Geographic Research Council

Information System (GIS) environment like the

Acknowledgements: The research leading to
these results has received funding from the Eumopea
under the European Union's
Seventh Framework Program (FP7/2007-2013)/ERC

geological map. Then we mapped more than hundredGrant agreement n° 280168.

of large area on the Martian surface mainly in
noachian terrains but also

to have good statistics for impact craters larpant
60 km while being in a coherent geological unit
(from 1C to 1¢ km?). Then using GIS techniques,
crater size distributions of each area are exttatel
used for inversion.

3. Results

About 35 sampled area of Mars returned a
satisfactory fit. The starting ages of these 7Gsre
range from 4.2 Gy to 3.3 Gy covering the crucial
period of early mars evolution. The ages of the
change in the obliteration rate regime range from 3

Gy to 1 Gy. The values of erosion rates decrease

from 6 m/My at 3.8 Gy to 0.6 m/My at 3.2 Gy. Our
results indicate that the erosion rate decreasat of
least one order in magnitude from at least the haidd
of Noachian until the end of Hesparian era.

in hesperian and
amazonian terrains. The area have to be large énoug
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Abstract simulate the Martian ionosphere [4]. A procedure to
take into account the day-to-day variability of the UV

We present here the comparison of the electron den-Slar flux has been included in the modelas well. The
sity profiles predicted by a 3D global climate model model is also_ab_le _to s!mulate the dynamics of thg ions
(GCM), the Mars GCM developed at the Laboratoire [1],_but we W|I_I limit this study to the photochemical
de Météorologie Dynamique (LMD-MGCM) [4], with ~ "€gion of the |onosphe_re, below about 180 km from
the measurements from the instrument MARSIS on the surface. The version of the model used for this
board Mars Express [5]. The observations were ob- stu_dy includes the radiative effects of wate_r _ice clouds,
tained during 5 Martian Years (MY), from MY27 to which have been sh_own to produce a significant effect
MY31 (mid 2005-end of 2013). The model was run ©Ver the mesospheric temperatures [6].
using the observed day-to-day variability of the UV The Mars Advanced Radar for Subsurface and lono-
solar flux and of the dust load during that period. We sphere Sounding (MARSIS) instrument, on board
focus the comparison on two parameters: the electronMars Express, has provided the largest dataset to date
density at the main peak, and the altitude of the peak. about the Martian ionosphere, with more than 140000
Special attention will be paid to the variability of these €lectron density profiles obtained during more than 5
two parameters with different geophysical parameters Martian Years [12]. The main advantage of the MAR-
(latitude, SZA, ...), which can provide interesting in- SIS data when compared to radio-occultations is the
formation about the neutral upper atmosphere of Mars large range of solar zenith angles and latitudes covered
and its interaction with the UV solar radiation. by the radar. MARSIS data have been used, among
others, to characterise different aspects of the Martian
. ionosphere, such as the effects of the solar rotation
1. Model-data IOHOSphel’e compar- [9], the effects of crustal magnetic fields [10] and the
ison nightside ionosphere [8]
For this comparison, the LMD-MGCM has been run
The structure of the Martian ionosphere is strongly af- to simulate 5 MYs, from MY27 to MY 31, the same pe-
fected by the characteristics of the underlying neutral riod covered by MARSIS observations. The observed
atmosphere [11]. So, the comparison of the electron day-to-day variability of the UV solar flux is taken into
density profiles predicted by a GCM with the obser- account as described in [4]. The column dust optical
vations provide an indirect validation of the predicted depth is taken from [7]. The model results are interpo-
thermal and density structure in the mesosphere/lowerlated to the location (in space and time) of each MAR-
thermosphere region. SIS observation, and the electron density at the main
The LMD-MGCM is a ground-to-exosphere GCM peak and the altitude of the peak are extracted, and
[2, 3] which self-consistently takes into account the compared to the observed ones.
couplings between different atmospheric regions and Some preliminary conclusions can be already ob-
between different processes. Recently, the photo-tained from this comparison. Although the overall
chemical module used to simulate the chemistry of the agreement is good, there are some differences that
upper atmosphere of the planet has been improved tocan provide interesting information about processes
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Abstract

NOMAD (Nadir and Occultation for MArs
Discovery) is a suite of three high-resolution
spectrometers on-board the ExoMars Trace Gas
Orbiter. Observing in the ranges 200-650nm and 2.2-
4.3um, the instrument will be able to detect and map
a wide variety of Martian gases in unprecedented
detail. The instrument was calibrated during March
and April 2015; this presentation will describe the
results of the tests performed and the expected
performance when the instrument begins observing
the planet in late 2017.

1. Introduction

The ExoMars Trace Gas Orbiter is a joint ESA-
Roscosmos mission consisting of (1) an orbiter, and
(2) an entry, descent and landing demonstrator. The
mission is scheduled for launch in January 2016; to
begin its nominal science mission around Mars in
late 2017. The science mission will continue until
2019, covering an entire Martian year. NOMAD is
one of the four instruments on-board the orbiter. The
three spectrometers cover the UV-visible and
infrared ranges, operating in solar occultation, limb
and nadir-viewing modes, generating a huge dataset
of Martian atmospheric observations during the
mission across a wide spectral range [4].

SO channel. The solar occultation channel
operates in the infrared, from 2330 to 4540cm™ (2.2-
4.3um) at a resolution of ~0.15cm™, and is an
improved copy of the SOIR instrument which was
operating on Venus Express [3,8]. The channel
consists 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 [4]. A cooled
infrared detector array is used to maximise the
signal-to-noise ratio (SNR) as much as possible.

LNO Channel: This operates in a similar way to
the SO channel, utilising an AOTF, echelle grating
and cooled infrared detector also, but with a slightly
reduced spectral range (2630 to 4540cm™; 2.2-3.8um)
and resolution (~0.3cm™) to increase SNR and reduce
thermal noise [4]. This channel primarily points nadir,
but is capable of making limb and solar occultation
measurements if desired, or should the SO channel
fail.

UVIS Channel: UVIS operates from 200-650nm
at a resolution of ~1nm. It is a copy of the miniature
grating spectrometer originally designed for the
ExoMars lander with two added telescopes for
measurements from orbit, rather than from the
surface. UVIS can operate in solar occultation, limb,
and nadir observational modes [5].

2. Scientific Objectives

When operating nominally, NOMAD has the
resolving power to identify many trace gases that
exhibit absorption features within the spectral range
of the three channels. These include: CO, (incl.
Bco,, Yoco, *oco, c*®0,), CO (incl. B*Co, C**0),
H,O (incl. HDO), NO,, N,O, Os, CH, (incl. *CH,,
CH3D), CyH,, C,H,4, CoHg, H,CO, HCN, OCS, SO,,
HCI, HO,, and H,S [1,2,5,6].

The order-of-magnitude increase in spectral
resolution over previous instruments will enable
spatial and temporal mapping of several
isotopologues of potential methane and water will be
possible, providing important measurements of the
Martian D/H and methane isotope ratios globally.
Sensitivity studies [1,6] have shown that in
occultation mode, using expected SNR values [4,7],
NOMAD should have the ability to measure methane
concentrations <25 parts per trillion (ppt) in solar
occultation mode, and 11 parts per billion in nadir
mode. Occultation detections as low at 10 ppt could
be made if spectra are averaged sufficiently [1].
Using SO and LNO in combination with UVIS,



aerosol properties such as optical depth, composition
and size distribution can also be derived [10].

In addition to trace gases, NOMAD will also
continue to monitor the major seasonal cycles on
Mars, extending existing datasets made by successive
space missions in the past decade.

3. Current Status

The first stage of calibration was completed on
5th April 2015. Measurements were made in a
thermal vacuum chamber at the Centre Spatial de
Liege, at five different instrument temperatures (-12,
-7, +5, +15 and +20°C), covering the range of
expected temperatures while in orbit around Mars. A
limited range of SO measurements were made at a
single instrument temperature in air.

During testing, a problem was discovered with
the LNO channel detector, which required it to be
exchanged for the flight-spare equivalent before
delivery to the spacecraft. After a short re-
certification and re-calibration campaign (at
temperatures of -15 and +10°C) ending on 28" April,
NOMAD was ready for mounting on the spacecraft
during the first week of May 2015.

A range of calibration measurements were made:

e Mapping of bad detector pixels (SO/LNO/UVIS)

e  Pixel response linearity w.r.t. radiance
(SO/LNO/UVIS)

e Detector thermal saturation rate/dark current at
different temperatures (SO/LNO/UVIS)

o Detector and AOTF spectral calibration using
gas cells (SO/LNO)

e  Channel spectral calibration using emission
lamps (UVIS)

o Detector temperature-dependent spectral
calibration (LNO/UVIS nadir)

e Blackbody measurements at various
temperatures to correlate observations with SNR
model (LNO)

e Straylight calibration (UVIS nadir)

In this presentation, initial results from this extensive
range of tests will be presented, demonstrating the
‘as-built' performance of NOMAD in comparison to
the expected performance [4,7,9] during the
instrument design phase. The results from this work
will form the basis of the data pipeline that will be
used to generate scientific results from the returning
data.

4. Summary and Conclusions

NOMAD, a suite of three spectrometers for detection
and mapping of gases in the Martian atmosphere, was
successfully built, tested and calibrated by IASB-
BIRA and its industrial and academic partners. At the
time of writing, the instrument has passed all tests
and is ready for mounting onto the ExoMars Trace
Gas Orbiter satellite.

In late 2017, NOMAD will enter nominal science
orbit and begin transmitting back to Earth a new and
exciting range of Martian observations. This
presentation will outline the results of the calibration
campaign, showing how the instrument is expected to
perform when orbiting Mars.
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Abstract

The Martian dust cycle is of great importance for the
current climate of Mars. Recently, detached layers
of dust on Mars have been observed by Mars Cli-
mate Sounder (MCS), as well as the Thermal Emis-
sion Spectrometer (TES) and Compact Reconnais-
sance Imaging Spectrometer for Mars (CRISM). The
origin of the detached layers is poorly understood.
They cannot be reproduced by the traditional Global
Climate Model (GCM). In this work, we parameter-
ize strong convective dust storms (called rocket dust
storms) in the GCM developed at the Laboratoire de
Météorologie Dynamique (LMD). And the model out-
puts show that the detached layers of dust observed by
the MCS are successfully predicted by the GCM with
this new parameterization.

1. Introduction

Several atmospheric processes have been proposed for
explaining the formation of the observed detached lay-
ers of dust, including small-scale dust lifting [1], slope
winds [2], scavenging of the dust particles by water ice
clouds [3] and rocket dust storm [4].

In LMD GCM, a new water cycle has been param-
eterized by taking into account the scavenging of wa-
ter ice clouds [3]. However, this process didn’t yield
to satisfying results in the GCM. In LMD Martian
Mesoscale Model (MMM), a detached layer was suc-
cessfully reproduced [4]. In the MMM simulation, a
rocket dust storm governed by deep convective mo-
tions which lead to the lifting and injection of dust
at high altitudes in the Martian troposphere (~30-50
km) was firstly resolved by the MMM. Combined to
horizontal transport by large-scale winds, rocket dust
storms produce a detached layer at high altitudes. But
this process cannot be replicated by the GCM due to
the low spatial resolution, which is typically ~200 km.
So for the purpose of reproducing the detached layers
of dust in LMD GCM, we parameterize the rocket dust
storm in LMD GCM to inject dust at high altitudes and

see how this process couples with large-scale circula-
tion to form detached layers.

2. Modeling method

2.1 Model description

The LMD Mars GCM is used with various recent im-
provements, including dust, carbon dioxide and wa-
ter cycles. The model is also used with a thermal
plume model parameterized in the planetary boundary
layer, yielding sub-grid scale convection. A “semi-
interactive” scheme is used for guiding the evolution
of dust, where the total amount integrated along the
vertical axis is rescaled to a prescribed dust map, but
the shape of the vertical profile of dust is free to evolve.

2.2 Rocket dust storm parameterization

This is a sub-grid parameterization. For each mesh,
two dust trace species were defined, i.e. dust cor-
responding to environmental dust (background-dust)
and dust associated to the rocket dust storm (storm-
dust).

1. Dust injection scheme: The storm-dust were in-
jected in a GCM mesh only when strong dust col-
umn optical depth gradient A are observed (typ-
ically AT > 0.2, based on specific dust scenario).
The spatial and temporal distributions of storms
thus obtained in GCM are in line with observa-
tions.

2. Definition of the mesh fraction where the dust
storm is concentrated, for each GCM level.

3. Calculation of radiative transfer through the mesh
(background-dust) and through the storm (storm-
dust + background-dust). Heating rates inside
and outside the storm are thus obtained.

4. Considering that the increase of radiative energy
related to the presence of a storm is entirely con-
verted to adiabatic cooling, the vertical velocity
of storm-dust can be directly deduced from the



extra dust radiative heating. This storm-dust is
then transported vertically in the GCM.

5. Detrainment within the storm: conversion of
storm-dust into background-dust and control of
the ascent of the storm.

6. Horizontal transport: the dust injected in the
higher layers of the GCM is transported horizon-
tally by large scale GCM winds.

Dust storm formation Rapid advection of dust Transport by large-scale winds

Injection of dust at high altitudes Extensive horizontal transport

at high altitudes

. ——Horizontal jets
- e —|

~ 50km

¢
\ > Detached layer ofdust\ /

Figure 1: The principle of the parameterization of
rocket dust storm
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3. Results and conclusions
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Figure 2: The model derived nightside (3h00) dust ver-
tical distribution at equator at L =1.° (upleft), 113.°
(upright), 206.° (downleft), and 316.° (downright).

The Figure 2 shows four cross-sections at equator
about longitudinal and vertical distribution of model
derived dust density scaled opacity (DSO). The de-
tached layers can be easily identified. The altitude of
the detached layers in Figure 2 reach a altitude rang-
ing from ~15 km to ~ 60 km. Therefore, the rocket
dust storm can produce detached layers of dust in the
GCM. It should be noticed that not all the rocket dust

storm will result in detached layers. The reason is
that when the convective energy is not strong enough,
the dust cannot be injected at high altitudes. Thus, it
will stay below the planetary boundary layer and then
mixes with the atmosphere.

MCS ndso at equator, Ls= 152.5

, model simulation dso 3:00 at equator, Ls= 152.5
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Figure 3: Comparison between MCS observation and
Model simulation: nighttime dust DSO (3h00) at
equator averaged from L=150.~155.°.

u The comparison between MCS observation and
model outputs has also been implemented. The Figure
3 shows the comparison of averaged dust DSO from
L4=150~155°. The longitudinal distribution are quite
matched between observation and simulation. But the
altitude of the model derived detached layers are lower
than observation. This could be caused by a strong
sedimentation and/or insufficient injection of dust in
GCM.
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Abstract

In this work we scale heat flow differences across the
martian surface from crustal and topographic
differences in the planet, and also taking into account
the heat radioactive production provided by the crust
and the lithosphere mantle. Our aim is present a
preliminary global heat flow model, which will can
compared with deductions from InSight in order to
gain understanding of the present heat flow pattern of
Mars, and their implications for Martian thermal
history.

1. Introduction

To understand the current thermal state of the
Martian subsurface and interior, must be known
values of temperature and heat flow. Until the arrival
and InSight mission, which includes the HP® heat
flow probe, no direct heat flow measurements exist
for Mars. A commonly used indirect method is based
on the relation between the thermal state of
lithospheric rocks and their mechanical strength,
which, applied to regions of different ages provides
information on the thermal evolution of Mars [1]. In
this sense, the finding of a very limited flexure
caused by the north polar cap load indicates a very
thick (>300 km) present-day effective elastic
lithosphere (T¢) on the North Polar Region (NPR) [2],
which can be used to obtain very robust estimates of
the current heat flow at that region [1]. Here, we
perform a global, first-order, scaling of the heat flow
deduced for the NPR, in order to present a
preliminary global heat flow model, which will can
compared with deductions from InSight in order to
gain understanding of the present heat flow pattern of
Mars, and their implications for Martian thermal
history.

2. Lithospheric heat production

The lithosphere is not only heated from below by
internal the heat inside the planet, but also by the
decay of the radioactive elements it contains.
Therefore, we take into account the heat radioactive
production provided by both, the crust and the
lithosphere mantle. Neglecting lateral heat transfer,
the surface heat flow of Mars may be considered the
sum of the heat generated in the crust and the heat
flow from the mantle. In turn, the heat flow of the
mantle is consequence of the heat radioactively
produced in the mantle lithosphere (or, more
generally, in the stagnant lid), and of the heat
coming-up from the deep interior.

The component of the heat flow arising from crustal
radioactive heat sources is the sum of the
contributions from all the heat-producing radioactive
elements (HPE). HPE abundances on the surface of
Mars have been estimated from measurements by the
GRS instrument aboard 2001 Mars Odyssey spacraft.
K and Th abundances were measured directly,
whereas a Th/U ratio of 3.8 was assumed [e.g., 3].
The so-obtained average value of the surface heat
production of Mars is currently 4.9 x 10 W Kg™*
[3], or 0.14 mW m? per each kilometre of crustal
column.

On the other hand, HPE abundances in the mantle
lithosphere are poorly constrained. Here we use HPE
mantle lithosphere abundances 0.1 times the average
value for the martian crust [see 1], which translates to
~0.017 mW m? per each kilometre of mantle
lithosphere column.



3. Scaling of heat flow from
variationsin crustal thickness

Taking into account average crustal and mantle
lithosphere heat production values discussed in the
previous section, and assuming a constant heat flow
from the deep interior, we can scale heat flow
differences across the martian surface from crustal
and topographic differencesin the planet.

Crustal thickness variations were derived from
topography and gravity following the procedure of
potential theory [4] by assuming an average thickness
of 50 km, This mean crustal thickness is dlightly
higher than previous models [5], but in line with
geophysical and geochemical evidences [6-8], and
consistent with average thickness usualy used in
modeling of lithospheric strength [e.g., 1, 7]. Our
crustal thickness model uses densities of 2,900 and
3,500 kg m'®, respectively, for the lithospheric mantle,
values widely used for Mars[1, 5, 7].

For anchoring our model, we calculated an upper
limit heat flow of 17.0 from T, = 300 km at the NPR,
following the procedure and parameters described in
[1] and using a crustal thickness of 35 kmin NPR, as
derived by our crustal thickness model in thisregion.

4. Present-day heat flow model

The results are shown in Figure 1. The surface heat
flow varies between 14 and 23 mW m? with
minimum values in regions of crust thinned by giant
impact basin, and maximum values corresponding to
the thickest crust in the Taumasia, Syria Planum and
south Tharsis regions.

-180° -120° -60° o 60" 120° 180
mWm2
15 B 17 18 18 2 2 @ A3

Present-day Surface Heat Flow
Figure 1: Global model of present-day surface heat
flow.

Interestingly, the obtained average surface heat flow
is18.4 mW m™. If we take into account a present-day
radioactive heat production equivalent to a surface
heat flow of 14.3, according to the compositional
model of [9], then an Urey ratio (defined as the ratio
between the total radioactive heat production and the
total surface heat loss) of around 0.8 is obtained for
the present-day Mars. This vaue is higher than it
(=0.6) predicted by some thermal evolution models
of [10], but consistent with a more limited interior
cooling deduced from lithospheric strength analysis
[11].

5. Conclusions

Our results of current thermal state of Mars, and the
corresponding construction of these models and maps,
are preliminary and a first step in our attempt of
characterizing the global heat flow, their implications
for the thermal history of Mars, and overlooking
evaluate specific landing zones upcoming ExoMars
missions 2016, 2018 and InSight.
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Abstract

The latest results of data assimilation on Mars
using the Laboratoire de Météorologie Dynamique
(LMD) Mars Global Climate Model (MGCM) and
(Mars Climate Sounder) MCS observations are
presented, with the estimation of both temperature
and aerosols and an emphasis on the prediction and
forecasting of the Martian atmosphere.

1. Introduction

Data assimilation is a technique widely used in
geoscience, especially meteorology and weather
forecast. It enables to optimally reconstruct a best
estimate of the atmospheric state by combining
instrumental observations and theoretical information
provided by a numerical model.

Data assimilation on Mars has been studied for 20
years [1], using nudging and Kalman Filter
techniques by various teams. This work updates the
development of a data assimilation chain by coupling
the LMD MGCM with the Local Ensemble
Transform Kalman Filter (LETKF) [2] assimilation
framework [3].

2. Data assimilation description
2.1 Motivation

The reasons to develop such an assimilation are
numerous:

- The reconstruction of atmospheric fields is per se a
strong motivation. It provides a best estimate of the
known atmosphere and could be seen as a useful tool
for atmospheric science community.

- One of the main objectives of the Trace Gas Orbiter
(TGO), that will be launched in 2016, is to detect the
presence and origin of trace gas in the Martian

atmosphere. A data assimilation chain using data
from the Atmospheric Chemistry Suite (ACS) on
board TGO can be used to backtrack winds to locate
the sources of such trace gases.

- Another asset of data assimilation is the possibility
to point out disagreements between model and
observations. It is a very powerful tool to estimate
MGCM parameters or characterize instrumental
errors.

2.2 Atmospheric Model

The model used in this data assimilation scheme is
the MGCM developed at LMD [4]. It includes a
semi-interactive dust scheme guided by dust
scenarios, a water cycle that includes radiatively
active water ice clouds with interaction between dust
and clouds.

2.3 Data assimilation scheme

The principle of data assimilation is to successively
alternate two steps: analysis and forecast (figure 1).
In the analysis step, an a priori estimate of the
system state, called the background, is used to obtain
a new estimate, called the analysis, by being
combined to observations. The forecast, or
propagation step, consists of applying the numerical
model to the analysis to get a new background after
time integration (of typically 6 hours).

The assimilation scheme used is LETKF, which
consists of an approximation of the Kalman Filter. It
uses an ensemble, that is to say a set of a large
enough number of forecast members that samples the
variability of the system. The analysis step then
consists of applying the filter to the background
ensemble to create a new ensemble, the analysis.
Observations are localized, that is to say their
influence is limited and weighted in space within an
arbitrary range.
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Figure 1: Diagram of the functioning of the LETKF
over one cycle

3. Results

The present work shows the assimilation of
observations from the Mars Climate Sounder (MCS)
on board Mars Reconnaissance orbiter.

When compared to Earth, the specificities of the
Martian atmosphere (low atmospheric density, water
in trace quantities, absence of oceans) give Mars a
very predictable weather. For a large portion of the
year, instabilities in the Martian atmosphere do not
grow [5]. This makes assimilation on Mars more
difficult because the main source of disagreement
between model and observations are biases (whether
these are model or observational biases), rather than
flow instabilities [6]. In order to tackle this issue, the
approach in this work is to use observations to get an
estimate of the two main aerosols that are strong
forcings of the Martian atmosphere, rather than just
the atmospheric flow. These aerosols are:

- Dust loading of the atmosphere, which controls
most of its thermal structure, through dust radiative
effects.

- Water ice clouds, whose radiative effects are known
to be possibly as significant as the ones of dust,
depending on the time of the year.

The estimation of aerosols in three dimensions in the
Martian atmosphere and their evolution in time
compensates for a bias that exists for simulations

without assimilation, given the fact that it is a
challenge to impose a realistic distribution of
aerosols in a Martian GCM. It has the potential to
greatly improve our capability to predict the future
state of the atmosphere on a few days time-scale
(figure 2), paving the way to an operational weather
forecast on Mars.

Latitude 67°S - Altitude 50 Pa

Observations,
210f| - - Predicted temperature

Predicted temperature
with dust estimation

Temperature (K)

570 580 590 600
Martian days.

Latitude 40° N - Altitude 50 Pa

Martian days

Figure 2: The impact on temperature prediction
with and without estimation of dust during a regional
dust storm.
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Abstract

For the past few years, LATMOS has been involved
in the development of Micro-ARES, an electric field
sensor part of the science payload (DREAMS) of the
ExoMars 2016 Schiaparelli entry, descent and
landing demonstrator module (EDM). It is dedicated
to the very first measurement and characterization of
the Martian atmospheric electricity.

1. Introduction

The Martian atmospheric electric fields are suspected
to be at the very basis of various phenomenon such
as dust lifting [1][2][3], formation of oxidizing
agents [2][4] or Schumann resonances [5]. Although
the data collection by DREAMS will be restricted to
a few days of operations, these first results will be of
importance to understand the Martian dust cycle, the
electrical environment and possibly relevant to
atmospheric chemistry. The instrument, a compact
version of the ARES instrument for the ExoMars
Humboldt payload [6], is composed of an electronic
board, with an amplification line and a real-time data
processing DSP, which handles the electric signal
measured between the spherical electrode (located at
the top of a 27-cm high antenna) that adjusts itself to
the local atmospheric potential, and the lander
structure, connected to the ground.

i

igre 1 : Micro-ARES antenna and board

2. Scientific goals

Although the Martian electric activity has never been
observed, the interest of the scientific community has
been ever growing during the past ten years since
they should be responsible for various phenomenon
such as:

- The existence of a Martian global electrical circuit
where dust-devils and dust storms are the generator
and the ionosphere (o = 1S/m), conductive
atmosphere (o = 10 S/m) [7] and ionized ground
are the circuit, where significant currents could flow.
- The Martian dust cycle, which most impressive
manifestations are the annual global dust storms, is
suspected to be intrinsically linked to the electric-
field since very simple calculations shows that the
aerodynamic and electrostatic forces on dust grains
are of the same order of magnitude [1][2][3][6].

- The atmospheric chemistry is also believed to be
highly affected by the creation of energized free
electrons which lead to the fabrication of oxidizing
agents (O, OH or HxO2) [2][4] which could
efficiently remove organic materials.

- The same way electromagnetic waves appear in the
Earth-ionosphere  cavity, those waves, called
Schumann resonances, could appear on Mars [5][8],
bringing new insights about the peculiar Martian
ionosphere.

3. Field test campaign

The field measurement in Martian-like conditions, at
least in terms of meteorological events, had to be
performed in order to prove the good behaviour of
Micro-ARES and it ability to retrieve the necessary
scientific data. Those tests have been carried out in
July 2014 in Moroccan Sahara desert, in parallel with
DREAMS-like instruments (wind speed, pressure,
hygrometry, temperature, optical depth at least) and
above all, another electric-field measurement device,
properly calibrated, which has been used as a
reference for comparison. The main difference



between the Earth and Mars surface atmosphere is
the atmospheric conductivity, which is about two
orders of magnitude higher on Mars. Therefore, the
antenna had to be adapted so that the input
electronics of Micro-ARES could behave the same
way it will on Mars.
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Figure 2 : Calm and Storm wheather comparison
between Field mill (red) and Micro-ARES(blue)

This test campaign shew a very high correlation
between the data acquired by Micro-ARES and the
one harvested by the Field-mill, the main differences
being caused by their different installation height (2m
vs. 80cm from the ground). The instrument has even
been able to measure the Earth Schumann resonances,
despite their very low amplitude (100" of pv/m).
This campaign has therefore been very conclusive in
regards to the ability of the instrument to collect the
necessary data in order to answer, at least partially,
the questions raised in §2.

4. Martian chamber test campaign

In order to confirm or adjust the antenna-atmosphere
coupling model [9], which is capital for the proper
data processing, it has to be tested in a Martian
atmospheric chamber (CO2 atmosphere, cooled
down to temperatures around -100°C) which is
available at LATMOS.

Figure 3 : 60x60x60 climate chamber

The test will be performed in the chamber with the
adequate atmosphere and an ionizing device (UV
LEDs or Corona effect generator) in order to bring up
the conductivity to the ones we expect on Mars [7],
and the antenna placed between two metallic plates
where the electric field generated can reach up to
24kV/m. In order to make the electric field uniform
between the plates, several metallic hoops will be
placed around the antenna, between the plates, with
their potentials linearly evolving. These tests,
combined with a precise electric modelling of the
lander, will help to fully understand and quantify the
electric field deformation around the lander and
properly process the data gathered by Micro-ARES.
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1. Introduction

The oxygen nightglow is a sensitive tracer
of the thermospheric circulation. In contrast to the
Oz(alAg) dayglow that results from the ozone
photodissociation on Mars, the Oz(alAg) nightglow is
a product of the recombination of O atoms formed by
CO, photolysis on the dayside at altitudes higher than
80 km and transported downward above the winter
pole by the Hadley circulation. The first direct
observation of the night-side emission were provided
at limb geometry by the OMEGA spectrometer on
the Mars-Express orbiter in 2010 (3 vertical profiles
have been detected) [1] and confirmed and studied
later by CRISM on Mars-Reconnaissance-Orbiter [2]
and SPICAM on Mars-Express [3]. The first
detections indicate that the emission is about two
orders of magnitude less intense than the dayglow.
All observations related to Southern and Northern
poles at polar night.

2. Observations

The infrared AOTF spectrometer SPICAM IR sounds
the Martian atmosphere in the near-IR range (1-1.7
pm) with the spectral resolution of 3.5 cm™ in nadir,
limb, solar and star occultation modes since January
2004 [4]. It allows to perform measurements of the
O, emission with rather high spectral power (~2200)
and has obtained the first seasonal map of the oxygen
emission on the dayside of Mars [5]. FOV of
spectrometer at nadir and limb is 1°. Since 2010 the
spectrometer began continuous monitoring of the O,
nightglow in Mars’ polar regions. In 2010-2015
SPICAM IR provided ~260 limb observations on the
night side and ~1400 stellar occultations in IR. About
500 resulting vertical profiles of the oxygen
nightglow have been obtained in both hemispheres.

(fig.1).
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Figure 1. Distribution of limb observations (top) and stellar
occultations (bottom) with season, local times and SZA for
MY30-32. The black signs mark orbits where the emission

has been detected.

3. Results and discussion

We will present preliminary results of the O,
nightglow observations in Northern and Southern
hemispheres at different Martian years. Vertically
integrated intensity of the emission varies from 0.15
to 0.5 MR. For the North pole the emission peak
locates at 35-42 km that is lower than 40-55 km for
the South pole and the emission rate is a more intense
for the North compared with the South. As the
emission is a result of atomic oxygen recombination
in descending branch of the Hadley cell, it should be
strongly sensitive to a transport of these atoms to the
polar region of Mars. In this connection a comparison
of the received profiles with the three-dimensional
general circulation model of Mars is important [6]. In
this work the seasonal variations of the vertically
integrated emission rate and altitude variations of the
peak intensity for the slant emission in comparison
with the LMD GCM will be presented.



In case of stellar occultation, observations of the
atmospheric density by SPICAM UV [7, §] allow to
retrieve temperature profiles in Southern and
Northern polar regions. As shown in [3], the
simultaneous observations of the nightglow and
temperature-density profiles can help to retrieve the

atomic oxygen profiles at altitudes from 40 to 70 km.

The North Pole
vertical resolution >50 km

altitude, km

8

5
slant emission, MR

vertical resolution <50 km

altitude, km

0 2 4 6
slant emission, MR

5 10
slant emission, MR

Figure 2. Vertical profiles of the Ox(a'A,) nighttime
emission rate for several observations at the North and
South poles.
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Abstract

Solar cycle variations in solar radiation create density
changes in the Martian ionosphere. This work shows
the solar cycle impact on the ionosphere of Mars,
with particular attention to the different ionospheric
response observed during the period of extreme low
solar activity in 2008 and 2009. This unique
behaviour is analysed on the basis of multiple
instrument observations of the Mars Express
spacecraft and with empirical and numerical models.

1. Introduction

Since the ionosphere is strongly dependent on the
solar activity, a good knowledge of the behaviour of
the ionospheric variability for a whole solar period is
something essential. Using Mars Express data from
the period 2005-2012, differences in the electron
density structure of the Martian ionosphere have been
observed, and seem to be linked to changes in the
ionospheric temperature due to the solar cycle
variation [1]. Plasma parameters such as the scale
height as a function of altitude, the peak
characteristics, the total electron content (TEC), the
temperatures, and the ionospheric pressures are seen
to have characteristic signatures during specific
periods of the solar cycle. The largest variations are
seen during the period of very low solar minimum,
when a reduction in ionization occurs, resulting in a
topside scale height decrease not predicted by
modelling.

2. lonospheric response

Mars’ ionospheric response to the extreme solar
minimum between end-2007 and end-2009 followed
a similar pattern to the response observed in the
Earth’s ionosphere, despite the large differences
related to internal origin of the magnetic field
between both planets.

In the particular case of the topside, the ionospheric
temperature was cooler, and therefore a reduction in
the scale height is found on the observations. Two
different scale heights were observed. From the peak
altitude at about 130 km to nearby 180 km, the
profile is well defined with a constant neutral scale
height like the one defined by Chapman’s theory.
However, from this transition point, the topside
behaviour is better reproduced with a neutral scale
height with a linear variation in altitude, although
with rate slower than the reference scale height. The
solar wind-ionosphere pressure balance might be the
cause since the ratio between these two pressures
could be smaller than in other phases of the solar
cycle, and therefore an induced magnetic field could
be found at deeper/lower ionospheric altitudes than in
other phases of the solar cycle [1].

Regarding the behaviour of the whole atmospheric
TEC [2], an extreme reduction not predicted before is
observed for that period. On average, the TEC shows
a very compressed ionosphere with 30-40% less of
free electrons in the atmosphere than in the preceding
and the following periods. This decrease could be
caused by the prolonged minimum of solar X-ray



radiation measured during that period on Earth. This
radiation is the cause of the formation of the Martian
ionospheric bottomside. To test this hypothesis, radio
science data from Mars Express and modelling
studies are presented and compared with other
datasets.

6. Summary and Conclusions

Plasma parameters such as the scale height as a
function of altitude, the main peak characteristics
(altitude, density), the TEC, the temperatures, and the
ionospheric thermal pressures show variations related
to the solar cycle. Major deviations are detected
during the period of very low solar minimum, when
ionospheric cooling occurs.

This study is based on the comparison of multiple
instrument dataset from the Mars Express Spacecraft.
Empirical and numerical modelling is done to
understand the peculiar behaviour of the Martian
ionosphere during the latest solar minimum.
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Introduction and summary

The megadune located in the Russell Crater of Mars
is the siege of a complex defrosting sequence imply-
ing seasonal CO2 and a small amount of water ice in
each spring [3]. Besides on its pole facing slope, the
dune displays gullies thought to have been carved by
liquid water although they could also be related to dry
avalanches triggered by the defrosting activity. In or-
der to improve our understanding of seasonal versus
secular phenomena, we conducted a quantitative anal-
ysis of a time series of joint image pairs : hyperspectral
(CRISM) and high-resolution panchromatic (HiRISE),
both sensors operating on board MRO. Automatic ex-
traction and characterization of sublimation structures
(e.g. dark spots) in the HiRISE images is performed on
the basis of their geometry or their texture with image
processing methods. The different conditions of CO2
ice are mapped by applying unsupervised linear spec-
tral unmixing methods on the CRISM images. Mod-
eling the spectral signatures with a radiative transfer
model reveals the structural organization of the ice and
its level of dust contamination. Finally we propose a
joint interpretation of all the resulting products for un-
derstanding the defrosting processes and their role in
shaping the dune.

1. Methods

A key preliminary step to achieve is the fine co-
registration of both type of imagery. The processing
of one given HiRISE image is performed with a multi-
scale method in several stages : Pixel Shape Index
classification [4], geometric filtering and regulariza-
tion. The extraction of the endmembers - spectra de-
convolved of effects related to the limited spatial res-
olution of the CRISM sensor and interpreted as dif-
ferent physical conditions of CO2 - is achieved using
unsupervised linear spectral unmixing methods VCA
and MVC-NMF [2]. The spatial distribution of the

endmembers is computed in the form of maps giving
their respective surface fraction in each pixel. Model-
ing of the spectra is performed with a semi-analytical
model aimed at simulating the reflectance of a rough
slab layer containing impurities [1]. The temporal di-
mension of observations allows us to locate and quan-
tify the changes.

2. Interpretation

We perform the joint interpretation of the different
products derived from the analysis of the CRISM and
HiRISE data : (i) the dark spot distribution maps de-
rived from the morphological analysis (ii) the corre-
sponding estimation of the growth (shrinking) rate of
the spots as a function of the position on the dune (iii)
the distribution of the surface fractions occupied by
the different physical conditions recognized by spec-
tral unmixing.

Figure 1: stacking of two products characterizing the
Russell dune at a given date: (i) detection mask of the
active areas in blue (ii) color composite showing the
spatial distribution of the different CO2 ice conditions
(structure and dust contamination).



At Ls=158° we note a very intense activity close to
the crest of the dune with the growing of numerous in-
dividual spots. Conjointly the abundance maps show
a high superficial contamination of the ice by the dust.
On the main slope numerous small spots are appearing
where granular ice is abundant. At the contrary, area
dominated by a slab of compact ice on top of granu-
lar ice are devoid of spots. In a time span of 14°Ls
the superficial contamination shows a dramatic spatial
expansion on the slope of the dune. The spot growth
rate is substantial in 4 topographical controlled regions
located on the dune slope and separated by gaps of
no activity. We also note flow like features associ-
ated with the deepest gullies with very high level of
dust contamination. However they do not show sub-
stantial spot growth except in their upper part. Con-
sequently we can infer that the dust contamination on
the slope of the dune has two distinct origins: the ac-
tivity of the neighboring spots (local source) one the
one hand and the avalanches of dust coming from the
crest ("distant" source) on the other hand. At Ls=172°
limited area of granular weakly contaminated CO2 ice
appear on the crest. We interpret the latter phenom-
ena as re-condensing CO2 gas. Between Ls=172° and
Ls=179° a slab of compact ice on top of granular ice
is detected in some area. We observe the migration
of this physical condition from the bottom part of the
dune to the upper part. At Ls=179° we note the appear-
ance of a new spectral endmember interpreted as the
complete metamorphosis of the CO2 ice into a com-
pact slab directly in contact with the sandy substratum
of the dune. Between Ls=179° and Ls=181° the abun-
dance of granular weakly contaminated CO2 ice builds
up in some places along with an increased apparent re-
flectance factor. Once again we interpret the latter phe-
nomena as freshly condensed CO2 gas in the granular
form. During the same period the upward migration on
the slope of the dune of the slab of compact ice on top
of granular ice also continues. At Ls=181° the activity
of the spots is much reduced compared to earlier times
both in the slope and along the crest of the dune. The
completely metamorphosed ice is mostly abundant in
discontinuous area along the crest of the dune where
are situated the most extended, sometimes coalescent
spots. In addition this condition is also widespread in
the western part of the slope. At contrary it has been
replaced by an optically thick layer of dust - likely
the completely defrosted sandy substratum- in the flow
like features and in the large dark area all in the lower
half part of the slope.

3. Conclusions

Our study documents in great details the evolution of
the CO2 ice physical condition and degree of contam-
ination by dust as well as the associated phenomena
prior to the complete sublimation of these seasonal de-
posits. The main conclusion of our study is that intense
ejection of dust occurs in multiple places on the crest
of the dune Russell because of the CO2 sublimation.
This phenomenon leads to the accumulation of a thick
dust layer on the ice that causes dust avalanches chan-
neled in the gullies. Thus it is now established that the
gullies are currently not active by the flow of water but
by the flow of dust. In addition we note two remark-
able observations: (i) the evolutionary path of CO2 ice
implies a top-down metamorphosis associated to sub-
limation leading to a slab of decreasing thickness (iii)
the condensation of CO2 gas back to the ground in the
form of granular weakly contaminated CO?2 ice occurs
in some places.
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Abstract

Mars possesses no dynamic magnetic field of internal
origin as it is the case for the Earth or for Mercury.
Instead Mars is characterized by an intense and
localized magnetic field of crustal origin. This field is
the result of past magnetization and demagnetization
processes, and reflects its evolution. The
Interplanetary Magnetic Field (IMF) interacts with
Mars’ ionized environment to create an external
magnetic field. This external field is weak compared
to lithospheric one but very dynamic, and may
hamper the detailed analysis of the internal magnetic
field at some places or times. Because there are
currently no magnetic field measurements made at
Mars’ surface, it is not possible to directly monitor
the external field temporal variability as it is done in
Earth’s ground magnetic observatories. In this study
we examine two indirect ways of quantifying this
external field. First we wuse the Advanced
Composition  Explorer (ACE) mission which
measures the solar wind about one hour upstream of
the bow-shock resulting from the interaction between
the solar wind and the Earth’s internal magnetic field
and extrapolate these measurements to Mars. Second
we directly use Mars Global Surveyor magnetic field
measurements to quantify the level of variability of
the external field on a daily basis. We present a
comparison of these two proxies and demonstrate
their complementarity. These proxies will especially
be useful for upcoming magnetic field measurements

made around or at the surface of Mars.
1. Introduction

The external magnetic field on Mars is very dynamic,
as it can be seen on Fig 1. We show night side
measurements acquired above an area devoid of
crustal field during different orbits separated by
about 1°. The very disturbed one (more than twice
the mean field) happens close to well documented
2003 Halloween magnetic super-storm [1].

On Earth, surface (observatory) measurements at
constant locations routinely allow to separate daily
(periodic) variations from rapid changes (magnetic
storms). External field geometry is sufficiently

constrained to define dedicated indices, e.g., Dst for
the ring current, or AE for the ionospheric auroral
electrojet. It is also possible to use the interplanetary
magnetic field — IMF [2].
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Figure 1: MGS total field measurements at the end of
2003 along seven orbits above the same location.

No such measurements exist on Mars. In this study
we describe two approaches. The first one resembles
to a virtual observatory approach, in which
measurements are corrected from static internal
magnetic fields and then stacked on a daily basis to
compute a daily index. The second one is based on
measurements acquired at the L1 Earth-Sun
Lagrange point and extrapolated at Mars’ position.

2. A local proxy

Mars Global Surveyor flew around Mars during 7
years on nearly circular and sun-synchronous orbit,
with a fixed periapsis close to the South Pole. At a
given location/altitude, there are many measurements
(~once a week), that may be seen in a virtual
observatory scheme. Over 6,000,000 magnetic field
measurements at 400-km altitude. The median value
for each 0.5x0.5°cell is found; individual difference
to median value is computed for all data; and daily
rms differences are computed from individual
differences.



The median value at a given location may be seen as
the static field at a given location, regardless of its
origin (internal or external) or of the a priori model
used to remove the crustal field. We show on Fig. 2
this proxy at the end of 2003. The signature of the
Halloween magnetic storm is visible near doy 300.
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Figure 2: Daily magnetic local proxies on Mars,
based on MGS measurements at the end of 2003.

3. An extrapolated proxy

No direct measurement of the solar wind pressure or
interplanetary magnetic field exist at Mars. But such
measurements exist between the Earth and the Sun, at
L1 Lagrange point, by Advanced Composition
Explorer (ACE) since 1997. These measurements
may be extrapolated to Mars’ position [3, 4]. IMF is
propagated along Parker’s spiral arms, only when the
Earth and Mars are close to the same arm, time shift
is computed to take into account both spiro-radial
and along-orbit displacement. The three components
of the IMF are L2-averaged on a daily basis. We
compare them to MGS measurements (after crustal
field correction) in a planet centered, sunstate
reference frame (Fig. 3).

There is a 0.8 correlation between time-shifted ACE
and MGS-based time series, each lasting about 200
days. This correlation proves that the external
magnetic field around Mars can be relied to the IMF,
and that both the local and the extrapolated proxies
are representative of the external magnetic field
variability at Mars.

4. Conclusion

The local proxy can be used to sub-select magnetic
field measurements associated with a low external
field variability, and therefore to reduce the temporal
variations of the magnetic field above a given
location. This would improve the characterization of
static fields of internal origin [5].
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Figure 3: Dst (terrestrial index, time-shifted to Mars),
ACE extrapolated and MGS daily residuals during
200 days at the end of 2003.

The extrapolated proxy confirms the validity of the
local proxy approach (when measurements are
available), and can be used to identify magnetic quiet
periods on Mars without local measurements when
the Earth and Mars are close to the same Parker's
spiral. Thanks to these complementary proxies, it will
be possible to provide a near real-time prediction of
the external magnetic field variability during the
forthcoming InSight mission.
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Introduction: The South Polar cap of Mars as
been observed by a lot of instruments (Themis, TES,
MOC, HRSC, CRISM, HIRISE), on board of orbit Ls SEA MEX
different missions (from Viking to MRO). OMEGA

[1], the hyper spectral VIS/NIR imager on board alt
Mars Express, observations during recession in 2004- (km)
2006 as been published by Langevin at al [2] in 2007. 13960 263.6 24.8 10400
We will present here recent observations 13982 | 267.6 24.9 | 10350
obtained by OMEGA in 2015 during south summer. 14025 | 275.5 24.8 | 10100

MEX orbit is elliptical nearly polar (inclination 14061 282. 24.4 9800
~86.6°). Observational conditions (illumination, 14120 292.6 22.9 9000
altitude, season) at the same area are never the same 14163 | 300.1 214 8000
as well as the main mission parameters (occultation, 14177 | 302.6 | 20.8 7700
eclipses and datarate). In 2015, for the first time, 14219 309.8 19. 6800
OMEGA had the possibility to observe the South 14257 316.2 17. 6000

Polar cap during summer at global scale (Fig 1). For 14275 3192 16 5700

this campaign only the visible channel was use >
(from .4 to .9 um). 14300 | 323.3 14.6 5300

14353 | 331.9 | 11.5 | 4300
14383 | 336.7 10. 3900
14408 | 340.5 8. 3500
14443 | 345.9 6. 3000

Table 1: Omega observations in nadir mode

MEX altitude (km)

) .Q:D;m'-cﬁ;.u-n’-é,-n;.u-)’”s:o;;a’";,‘o.;(n‘n‘".|:2;|.t-).‘".1.:-.;;o‘
orbit number
Fig 1.: Evolution of the altitude of the South Pole
observation. In red: favorable conditions. In blue,
area used.

Data sets: Table 1 summarizes the list
observations made by OMEGA over the South Pole
in nadir mode during the recession period (fig 2). At
the same time 22 limb observations, cross correleted
with SPICAM, over the South Pole were acquired.
Some dust detached layer were observed (fig 3)
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Fig 2.: Exemple of 3 different observations in nadir
mode
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Fig 3.: Limb observation with detached layer at
45 km.
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Thanks to this new database we will try to put
new constrains in the relationship between
seasonal cap characteristics and atmospheric
circulation models, in particular in the role of dust
whose composition and grain size are deductible
from OMEGA spectra.

Reference: [1] Bibring, J.P. et al., OMEGA: Ob
servatoire pour la Minéralogie, I’Eau, les Glaces et
I’Activité, ESA SP 1240, 2004a
[2] Langevin et al. JGR 2007
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Abstract

The search for evidence of past or present life is the
main objective of the ESA-Roscosmos ExoMars
rover mission [1]. The rover will be equipped with a
suite of instruments dedicated to the investigation
and characterization of the surface and shallow
subsurface of Mars. In particular, a drill will provide,
for the first time, ground samples from a depth of
approximately 2 meters and a Ground Penetrating
Radar named WISDOM (Water Ice Subsurface
Deposit Observations on Mars) will map the shallow
subsurface down to a depth of a few meters revealing
its stratigraphy and structure, and thus providing
invaluable insights into its origin and geological
history.

A review of the candidate sites for the ExoMars rover
mission has been conducted and four landing sites
have been preselected [2] among which the Oxia
Planum site (Fig. 1).

In this paper, we use all available information on
Oxia Planum to build plausible geological models of
the near-surface and translate them into geoelectrical
models based on the expected dielectric constant and
conductivity values published in the literature.
Electromagnetic simulations are then run to assess
the performances of the WISDOM radar at Oxia
Planum.

1. The Oxia Planum potential
landing site

Oxia Planum, a proposed landing site for ExoMars
2018, is located between 16° and 19° of latitude

Oxia Planum.4 - Mawrth Vallis 48624 .
Oxia Planum 25
Hypanis Vallis A v )

Simugd Vallis ' :

a?_,.;_/—— Coogoon Valles ‘

Oxia Palus

uthern Isidis

Fig. 1: The landing sites candidate for the
ExoMars rover mission

north and -23° to -28° of eastern longitude. This
region exhibits one of the widest Mg/Fe
phyllosilicate unit as mapped globally with OMEGA
and with CRISM multispectral data [3]. The entire
region corresponds to light toned and finely layered
units. Thanks to HIRISE image stereo-couples
acquired over the landing ellipse, we did a systematic
investigation of the layers exposed in the upper part
of the ramparts of small impact craters from 300 m to
1 km in diameter. The exposed layers were
systematically mapped and their thicknesses were
measured under Geographic Information System
(GIS) software. The goal was to retrieve the
stratigraphy solved by HiRISE data of the ten first
meters of Oxia Planum subsurface as 10 m is the
maximum depth of penetration of WISDOM. The
results show that these ten first meters are composed
of 4 to 9 well-identified layers on HiRISE images.
The thicknesses of these layers range from 0.4 mto 5
m with an average thickness of 1.2 m.

2. The instrument



The WISDOM GPR [4] will be accommodated the
mission Rover and operated from the surface.
WISDOM has been designed to meet the scientific
requirements of the ExoMars mission, which is to
investigate the shallow subsurface down to a depth of
~3 m with a vertical resolution of a few centimeters.
The data provided by WISDOM will be critical to
understanding the local geologic context and to
identifying and prioritizing the most promising
targets for investigation by the drill. 1t will also aid in
the identification of potential hazards, such as the
presence of buried rocks, which could damage the
drill and jeopardize the mission.

The stratigraphic profiles of shallow subsurface
provided by WISDOM will allow the analysis of
superpositional and cross-cutting relationships of the
detected geological units and will give access to their
relative timing, erosional history, deformational and
structural development

Earlier field tests performed with a mock-up
representative of the instrument, allowed us to verify
the instrument performances and anticipate the fact
that the penetration depth will be larger than 5 m in
favorable environments. The purpose of the present
study is to simulate the behavior of the instrument on
Mars.

3. Simulations tool and results

Electromagnetic simulations that take into account
the characteristics of the WISDOM radar (namely its
distance to the surface, center frequency, frequency
bandwidth, and antenna radiation pattern) have been
performed. They were conducted using the OPEN
TEMSI-FD software, which is based on the Finite
Difference Time Domain method (FDTD). This non-
commercial software was developed by C. Guiffaut
[5] from the XLIM lab.

Simulation have been run for a variety of subsurfaces
including layers with varying thickness, slope and
geoelectrical nature, different degrees of roughness at
the interfaces, and the presence of embedded blocks
and random inhomogeneities within the geological
units.

The results of the simulations will be presented for
the retrieved stratigraphy of Oxia Planum. The
obtained simulated data will be, when possible,

compared to actual radar data acquired with
WISDOM.
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Abstract

We have used the pixon image reconstruction
technique on the Mars Odyssey Neutron
Spectrometer epithermal neutron data to produce an
improved global map of the hydrogen abundance on
Mars. We will compare this to the predictions for
surface hydration from the martian general
circulation models, in order to provide both new
constraints on, and tests of, the models.

1. Introduction

Much of our knowledge of the martian atmosphere is
encapsulated in the General Circulation Models
(GCMs): numerical simulations based on those
developed for weather and climate forecasting on
Earth. These models are constrained using the in-situ
measurements of the martian atmosphere made by
the various landers and rovers from the Viking
missions to the present MSL Curiosity rover.
However these measurements lack the spatial and
temporal resolution to fully characterize the martian
atmosphere.

The predictions of the GCMs have been compared
with remotely sensed global data including that from
the Thermal Emission Spectrometer (TES) [4] and
the Mars Climate Sounder. The GCMs are found to
be in agreement with most available observations and
have been used to predict previously unobserved
phenomena.

We propose another test of and constraint on the
GCMs using the water equivalent hydrogen (WEH)
distribution derived from the observations made by
the Mars Odyssey Neutron Spectrometer (MONS).
The stability of water ice on the surface of Mars is
strongly dependent on atmospheric pressure and
temperature. We will examine how the pressure
variations predicted by the GCMs correlate with
changing hydration as revealed in the MONS neutron
data, noting that the form of the hydration (i.e. water
ice or hydrated minerals) will affect the stability of
the deposits and that this varies across the surface.

Previously, the utility of the MONS data in
constraining the distribution of water, on scales
similar to the GCM resolution (typically ~300 km),
has been limited by its poor spatial resolution due to
the large footprint of the MONS (its point spread
function (PSF) has a full width at half maximum of

Figure 1: Robinson
projection showing a
pixon reconstruction
of the MONS prism-1
data. Underlayed is a

MOLA shaded relief
map. The colour bar

also shows the
conversion to wt. %

g to Feldman et al. 2004

120° 60°W 0° 60°E120°E

10.8<

2
20.2§
55.8©

water equivalent
hydrogen from
Feldman et al. (2004)

[2].

%WEH



Pressure
[}
O

=
et

=
>l

1% 50
L

Figure 2: The average pressusre (in arbitrary units) at

50°N in the LMD GCM against solar longitude, Ls.

100 150 200 250 300 350

~550km). Here we have used the pixon image
reconstruction technique to improve the spatial
resolution of this data set by suppressing noise and
removing the effect of blurring with the PSF. At the
poles this technique has been shown to give a spatial
resolution of between 45-100 km [5]. Our
reconstructed data set is available for the entire
surface of Mars and will be compared to the
predictions of the GCMs globally.

1.1 Image Reconstruction

The pixon method is a spatially-adaptive image
reconstruction process that aims to deconvolve
observed data from the PSF, to infer the simplest
image consistent with the data [1].  Using this
technique we have carried out the first global
Bayesian reconstruction of a remotely sensed
planetary data set, the result of which is shown in
Figure 1.

The pixon method’s adaptive smoothing algorithm
works such that regions of the image with a higher
signal to noise ratio are given the freedom to vary on
small scales and those with low signal to noise ratio
vary only on larger scales. This is done to create an
image that has a spatially constant information
content, which has the effect of precisely maximizing
the entropy of the reconstructed image.

We use the frost-free prism-1 data (a measure of
epithermal neutrons) from the MONS instrument of
the three martian years from 2001, which has been
corrected for altitude and look direction of the
spacecraft and variation in environmental conditions

[3]. We take only the data from where CO> frost is
not present as it inhibits atmospheric exchange with
the soil.

The conversion from epithermal neutron count rate to
WEH is done using the relation in Feldman et al.
(2004) [2].

2. Constraining the GCMs

GCMs depend on several important parameters
associated with atmospheric and surface properties.
One key property is the thermal inertia, which
depends on the presence of water ice near the pole.
Replicating the Viking and later missions
atmospheric pressure histories requires taking into
account near-surface water ice content and spatial
distribution at high latitudes. In particular ice content
is directly related to thermal conductivity and
thermal inertia, and spatial variations of these govern
the input and release of energy (and water vapour)
seasonally. Therefore, the pixon reconstruction in the
polar regions can be used to outline deviations from a
uniform ice distribution poleward of 80°N which will
influence local circulation and precipitation.

At all latitudes the pressures and temperatures
predicted by the GCMs can be used to infer water
concentrations in near-surface soil, which are
measured globally in the MONS data. We will
compare both the NASA Ames and Laboratoire de
Météorologie Dynamique (LMD) models to our
reconstructed data set. The variation in pressure with
time in the LMD model is shown in Figure 2, this
information can be used to predict surface water
abundances globally, which we will then compared to
the measured water abundances derived using the
pixon reconstruction technique on the MONS data.
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Abstract

We here report on new measurements of the escape
flux of oxygen ions from Mars by combining the ob-
servations of the ASPERA-3 and MARSIS experi-
ments on board the European Mars Express space-
craft. We show that in previous estimates of the to-
tal heavy ion escape flow the contribution of the cold
ionospheric outflow with energies below 10 eV has
been underestimated. Both case studies and the de-
rived flow pattern indicate that the cold plasma ob-
served by MARSIS and the superthermal plasma ob-
served by ASPERA-3 move with the same bulk speed
in most regions of the Martian tail. We determine
maps of the tailside heavy ion flux distribution derived
from mean ion velocity distributions sampled over 7
years. If we assume that the superthermal bulk speed
derived from these long time averages of the ion distri-
bution function represent the total plasma bulk speed
we derive the total tailside plasma flux. Assuming
cylindrical symmetry we determine the mean total es-
cape rate for the years 2007 to 2014 at 2.94-0.2 x 10%°
atoms/s which is in good agreement with model esti-
mates. In this talk we will also try to compare these
results with more recent observations by the MAVEN
spacecraft. Possible mechanism to generate this flux
can be the ionospheric pressure gradient between day-
side and nightside or momentum transfer from the so-
lar wind via the induced magnetic field since the flow
velocity is in the Alfvénic regime.
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Figure 1: Total flux calculated from total velocity derived
from the mean MEX Aspera IMAEXTRA VD with space-
craft velocity and potential correction observed between 1
May 2007 and 1 June 2014 multiplied by the mean MAR-
SIS local density observed over the same period in the same
spatial bins, scaled in /cm?s. The vertical component of vec-
tors shows the deviation from the cylindrical symmetry axis.
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Figure 2: Top: Total mean flux as in Fig.1 in cylindrical
bins with respect to the M SOx axis as a function of tail-
ward distance from the terminator plane. Numbers in the
upper right corner give the mean flux over the last 0.3 R/
of each cylindrical shell, where combined observations of
MARSIS and Aspera-3 were obtained. Bottom: Position of
the cylindrical shells used for the mean flux calculation and
escape (ions/s) calculated from the cross section of the cylin-
drical shells multiplied by the mean flux for each cylindrical
shell. Standard deviations are from the flux variation over
this distance.
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Abstract

Two connected tasks are tackled in this work in order
to provide useful information for the highly sensitive
NOMAD solar occultation channel [1] on the future
ExoMars Trace Gas Orbiter mission. Firstly, an ana-
lysis of potential chemical by-products of methane is
carried out using a 1D model for atmospheric che-
mistry. Secondly, we aim to investigate the time and
space evolution of methane after different surface
release scenarios using a 3D Global Circulation
Model (GCM) for the atmosphere of Mars (GEM-
Mars), focusing specifically on the vertical
distribution of methane.

1. Introduction

In the past decade, the detection of methane (CH,) in
the atmosphere of Mars has been reported several
times [2, 3, 5, 8, 9]. These observations have strongly
drawn the attention of the scientific community and
triggered a renewed interest in Mars as their
implications for the geochemical or biological
activities are remarkable. However, given that
methane is expected to have a photochemical lifetime
of several centuries, the relatively fast loss rates of
methane estimated from Earth-based measurements
remain unexplained [6]. Although this gave rise to
objections against the validity of those observations
[11], recent in situ measurements [9] confirmed that
methane is being occasionally released into the
atmosphere from an unknown source (possibly from
the ground). This is in this context that we present a
model study of the behaviour of methane plumes and
some preliminary results on the chemistry of methane
in the atmosphere of Mars.

2. Chemistry of methane

Ten years ago, a chemical scheme involving methane
and related compounds was proposed [10].

Photolysis and oxidation of methane (see Figure 1)
leads to the production of several organic species of
which the most important ones are formaldehyde
(CH,0), methanol (CH3;0OH), and ethane (C,Hg). In
this work, all those reactions were implemented in a
1D model for atmospheric chemistry initially
developed by A. Garcia Mufioz [4]. A discussion will
be held about the CH, loss reactions and the
production of related species in the framework of the

future NOMAD mission.
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Figure 1. Rates of methane loss reactions as function
of the altitude.

3. Surface release of methane

Mischna et al. (2011) investigated the behaviour of
methane plumes formed in the Martian atmosphere
[7]. Following on from that work, a 3D General
Circulation Model for the atmosphere of Mars (called
GEM-Mars) is used, paying specific attention to the
evolution of the vertical distribution of methane after
different surface release scenarios.



A few days after its release from the ground, methane
is not uniformly dispersed into this atmosphere but
can rather form layers at altitudes as high as 25-30
km (see Figure 2).
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Figure 2. Zonal mean of methane mixing ratio 13.5
days after an instantaneous release at the equator.
Contours in magenta represents the uniform values of
the mass stream function.

4. Summary and Conclusions

This work in progress aims to develop a GCM
(GEM-Mars) in order to support the future NOMAD
mission. Two linked aspects are addressed: i) the
chemistry of methane on Mars; ii) the evolution of
methane in the atmosphere after surface release. We
specifically put in evidence the remarkable formation
of layers. This is relevant for the highly sensitive IR
solar occultation of NOMAD with high vertical
resolution.
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1. Introduction

The onset of local dust storms on Mars can happen
very suddenly, and the development into large
regional or even planetary-encircling storms can be
rapid and rather unpredictable, taken into account the
current knowledge of dust lifting mechanisms and
meteorological feedback.

Forecasting at least the dust optical depth of the
atmospheric column (if not the dust opacity profile
and the size of the dust particles) expected at a
particular location and season is a key issue for safe
spacecraft landing on Mars. Next spacecraft to land
on the martian surface will be ESA’s Exomars 2016
‘Schiaparelli’ module in Meridiani Planum (-6.1° lon,
-1.9° lat) during the so-called ‘dust storm season’
(northern hemisphere winter, around L~245°). It will
be followed by ESA’s Exomars 2018 Rover and
NASA’s 2020 Rover, whose landing sites have yet to
be confirmed, as of May 2015.

Although operative dust storm forecast currently
presents significant challenges, a forecast based on
the statistics of past information is more readily
achievable, thanks to the plethora of dust optical
depth observations available since the Mariner era. In
particular, Montabone et al. [3] have reconstructed
the atmospheric dust climatology at all locations on
the planet from MY 24 through MY 31 using
observations from the Mars Global Surveyor/TES,
the Mars Odyssey/THEMIS, and the Mars
Reconnaissance  Orbiter/MCS. The multiannual
dataset of daily gridded maps of retrieved IR column
dust optical depth (CDOD) they have produced can
serve the purpose of statistically forecasting the dust
loading at selected seasons and locations on the
planet. Specifically to Meridiani Planum and Gusev
Crater, moreover, the Mars Exploration Rovers
(MER) ‘Opportunity’ and ‘Spirit’ have continuously
collected near-IR CDOD observations (as retrieved

by Lemmon et al. [1]), from Ls~330°, MY 26, to date
for Opportunity, and until Ly~67°, MY 29, for Spirit.

2. Statistical dust loading forecast

In this study, as a test-case of statistical dust loading
forecast, we use the MER ‘Opportunity’ dataset [1]
and the multiannual dust climatology dataset [3] to
estimate the CDOD expected in Meridiani at the
season of Schiaparelli's landing, and to examine how
much the atmospheric dust loading can change (in
statistical terms) over a given time period. In other
words, we want to estimate the probability Y % that
the CDOD changes by X % after n sols, for each sol
within Schiaparelli’s extended landing window
(Le=[220°, 270°]) in the Meridiani Planum area.

The lower panel of Fig. 1 shows that, in this
particular case, the dust loading decreases with time
after sol-of-year 475 (see the sol-based Mars calendar
in [3]), Ls~245°. The histogram of the CDOD relative
difference for “10-sol ahead of time” conditions in
Meridiani clearly shows the signature of this decrease
— a significant negative bias in the mean value (Fig. 2,
including all years). This happens despite regional
dust storms occurring in MY 27 and 29, and a planet-
encircling dust storm occurring in MY 28, within the
considered time range (Fig. 1). The cumulative
histogram in Fig. 3 allows us to estimate the
probability of dust loading change (independently of
increase or decrease) in Meridiani for “10-sol ahead
of time” conditions.

When looking at the specificity of Meridiani Planum
during the considered season, Fig. 4 illustrates that it
is rather representative of the global situation. The
histograms are obviously smoother (more grid points
are taken into account), but the negative bias in the
mean value due to the general decrease of the dust
loading after sol-of-year 475 is still present.



The global decrease in dust loading after Ls~245° can
be linked to the solsticial pause in baroclinic wave
activity [2], which considerably reduces dust lifting
in the northern plains. This phenomenon has the
consequence of reducing the probability of large
regional cross-equatorial storms, which are one of the
main sources of dust loading increase in the northern
hemisphere autumn and winter seasons.

3. Figures

Figure 1. Time series of near-IR (880 nm) CDOD as
retrieved by [1] from MER 'Opportunity’ at Meridiani
Planum over 7 Mars years (data are plotted until
Ls~50° in MY 32, although Opportunity is still
collecting observations as of May 2015). The dashed
vertical lines in the upper panel indicate the time
range considered in the lower panel and in the
subsequent analysis. The CDOD values are
normalised to the 610 Pa reference pressure.

Grid_peints in Ls=[220.0, 270.0] ; Lon=[-21.0, 9.0] ; Lat=[-15.0, 10.0] ; MY 24-3

Figure 2: Using the Montabone et al. [3] multiannual
dust climatology dataset, we have calculated the
CDOD relative difference between each sol in the
solar longitude range L¢=[220°, 270°] and 10 sols
ahead in time, within a grid box centred on Meridiani
Planum ([-21°, 9°] lon, [-15°, 10°] lat), for Martian
years 24 through 31. This figure shows the histogram
of this relative difference.

Figure 3: Cumulative histogram for the absolute
value of the same variable as in Fig. 2.

Grid paints in Ls=[220.0, 270.0] - Lon=[-180.0, 180.0] - Lat=[-20.0, 20.0] — 8 MYs

Figure 4: Same as in Fig. 2 for a latitude band [-20°,
20°] and all longitudes.
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Abstract

Water ice clouds have proven to be an important driver
in the temperature distribution and overall climate of
the Martian atmosphere. Clouds have both a direct
and indirect radiative effect on temperature and cir-
culation, which in turn can modify the water vapour
distribution and that of other trace gases.

We have included the radiative effect of water ice
clouds (RAC) in the GEM-Mars GCM model, using
Mie code and optical indices to compute the scattering
properties of ice particles.

We present preliminary results from simulations
with and without RAC, and compare these initial
tests with Mars Climate Sounder (MCS), Thermal
Emission Spectrometer (TES) and Mars Color Imager
(MARCI).

The GEM-Mars model

GEM-Mars is a three-dimensional general circula-
tion model (GCM) of the Mars atmosphere extending
from the surface to approximately 150 km based on
the GEM (Global Environmental Multiscale) model,
the operational data assimilation and weather fore-
casting system for Canada (Coté et al., 1998). The
dynamical core is an implicit two-time-level semi-
Lagrangian scheme on an Arakawa C-grid with a log-
hydrostatic-pressure terrain-following vertical coordi-
nate discretized on a Charney-Phillips grid (Girard et
al., 2014). The model has both a hydrostatic and non-
hydrostatic formulation, providing a single platform
for simulations on a variety of horizontal scales. The
model code is fully parallelized using OMP and MPI.

The GCM includes the relevant physical processes
such as COy condensation, planetary boundary layer
mixing, gravity wave drag and surface parameterisa-
tions. A simple water cycle, gas-phase chemistry and
passive tracers are also included. Because of the verti-
cal extent of the model, UV heating, non-LTE effects
and molecular diffusion are also included.

The scattering and absorption effects of dust are
taken into account and the model includes interactive
dust lifting by saltation and dust devils, based on the
work of Kahre et al. (2006) and Newman et al. (2002).
Three particle sizes of dust are transported using the
dynamical core and optical properties are those given
by Wolff et al. (2006, 2009). The active dust scheme
has been successfully utilized to examine dust layering
as seen by the Phoenix lander (Daerden et al. 2015,
submitted).

For water ice clouds, a uniform radius of 2 pm is
used as a starting point, with optical properties calcu-
lated using the indices of Warren and Brandt (2008).
A simple bulk condensation scheme is used at present.
The modularity of the model permits the inclusion of
a more sophisticated microphysical parameterisation
such as that used by Daerden et al. (2010) at a later
date.

Simulations performed

For these initial tests, the GEM-Mars model was run
for one Martian year with and without the impact of
radiatively active water ice clouds. Both runs kept the
same settings for dust devil and wind lifting rates, and
the opacities were not scaled to observed values (i.e.
free-running advected dust tracers).

The horizontal resolution of the model is 4°x4°
with 103 log-hydrostatic-pressure levels up to ~150
km.

In the following sections, we discuss the impact of
RAC on temperature, circulation, dust lifting, water
vapour and ice, and ozone.

Temperature

Figure 1 shows the difference in zonal mean tempera-
ture profiles for 4 seasons for the simulations with and
without RAC. There is a general equatorial warming
around 10 Pa of 10-15° K, but greater for the L; 90
season where clouds are more dominant. There is also



warming in the winter polar regions at the equinoxes.
The RAC have a infrared cooling effect in the lower
levels, which can be seen more clearly when the zonal
means for day and night are separated (not shown
here).
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Figure 1: Temperature difference between the simula-
tions with and without RAC. Red scale shows warm-
ing, blue shows a cooling effect.

We also compare the zonal mean temperature pro-
files with those from MCS (Kleinbohl et al., 2009) av-
eraged over several years. Figure 2 shows the differ-
ence between the averaged MCS seasonal profiles and
those of GEM-Mars. Before the introduction of RAC,
the temperatures around 10 Pa region were too cold in
the model (not shown), where now they are improved,
with difference of less than 10 K depending on the sea-
son and location. The largest improvement was seen in
the L, 90 season, where water ice clouds form in the
equatorial region. There are still some biases as the
inclusion of RAC has indirect effects as well, such as
influencing the amount of dust lifted off the surface
and an increase in the strength of the Hadley cell cir-
culation.

Impact on dust

An indirect effect of RAC is on the rate of dust lifting,
which depends on the surface wind stress. A small de-
crease in wind stress due to RAC causes a decrease of
nearly half in the optical depth due to lifted dust. The
rate of dust lifted due to dust devils does not change as
significantly. Figure 3 shows the zonal mean optical
depth for the two simulations, separated into optical
depth from dust devils and wind lifting.

Figure 4 shows the dust optical depth at the equa-
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Figure 2: Averaged zonal mean temperature profiles
from MCS (top), GEM-Mars with RAC (middle) and
the difference (GEM-MCS) of the 2 fields (bottom).
In the difference plots, blue indicates a cool bias in the
model, red means the model is warmer than MCS.

tor compared with TES (Smith et al., 2002). The dust
in the model is not scaled to observations or tuned to
any specific year, which can be done by adjusting an
efficiency parameter or threshold. The timing of the
dust storm compares well with TES in both cases but
the values are too low, especially with the addition of
RAC. Sensitivity tests are ongoing. Another factor in
the dust optical depth is the change in circulation as
discussed in the following section.

Change in circulation

The inclusion of RAC increases the height of the
Hadley circulation as suggested in Navarro et al.
(2014). Figure 5 shows the change in zonal aver-
age mass stream function with the implementation
of RAC. The circulation reaches higher in the atmo-
sphere, which has a consequence of transporting the
dust and water vapour to higher levels. For dust, there
is a combination of reduced lifting as well as more
transport, reducing the optical depth, although the re-
duced lifting is the dominant factor.

Impact on water vapour and ice

Due to the enhanced Hadley circulation, we see a de-
crease in the amount of total column water vapour, be-
cause it is transported higher in the atmosphere, reduc-
ing the column amount. The mean vertical profiles of
ice extinction compare better with MCS with the in-
clusion of RAC (not shown here).
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Figure 3: Dust optical depth for RAC and noRAC sim-
ulations. Top row is the RAC simulation, left: dust op-
tical depth from dust devils, right: from wind lifting.
Bottom row is the noRAC run, left: dust optical depth
from dust devils, right: from wind lifting.

The complex interaction between dust, water
vapour, ice and temperature make it difficult to quan-
tify the direct effects of RAC. As these tests are pre-
liminary, we have not tried to separate the direct and
indirect effects and allowed the model to run without
constraints. Sensitivity tests are necessary to under-
stand more about these complexities.

The change in vertical distribution of water also im-
pacts ozone as seen in the following section.

Ozone

Ozone reacts with the products of HoO photolysis,
leading to an anti-correlation between ozone and wa-
ter vapour in the daytime. With the transport of wa-
ter vapour to higher altitudes in the RAC simulation,
we see a decrease in the the total column amount of
ozone. Figure 6 shows a comparison of mean vertical
profiles of ozone and water vapour for the two simula-
tions. In the equinox seasons, especially in L 90, the
layer of ozone at 10 Pa seen in the noRAC simulation
is affected by the increased transport of water vapour
in the RAC run.

Figure 7 shows this effect as compared with prelim-
inary retrievals from the MARCI instrument (Malin et
al., 2001). The inclusion of RAC reduces the column
amount most significantly in the first half of the year,
leading to better agreement with MARCI, notably at
high latitudes in the northern summer, when the north

14 Dust optical depth GEM-Mars vs TES Seasonal Climatology, Lat=EQ

— GEM-Mars-noRAC
— GEM-Mars-RAC

— GEM-Mars-conrath |
— TES (MY26) K
10H - - TES (MY24-27)

dust absorption optical depth (vis)

Figure 4: Dust optical depth compared with TES. The
black solid line is TES, MY26 (a lower dust year) and
the dashed line is the average from MY24-27. The
RAC run is in green, without RAC is in blue and the
climatological dust values previously used is given as
a reference in red.

polar permanent water ice cap is sublimating.

Summary and Conclusions

Overall, with the addition of RAC, temperatures in the
10 Pa region increased by 10-20 K, depending on sea-
son and location. The largest impact is during aphe-
lion, where an equatorial cloud belt is formed. An in-
direct effect of RAC is on the amount of dust lifted
which depends on the surface wind stress.

The increase in strength of the Hadley circulation
has a significant impact on the vertical distribution of
trace gases in the atmosphere.

It should be stressed that these are very initial tests,
with no tuning of the dust or water cycle, but the re-
sults are very promising.
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Figure 5: Zonal mean mass stream function in 10 kg/s
for L, 90, with (red contours) and without (blue) RAC.
Positive solid lines indicate counter-clockwise flow.
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Abstract

Images derived from the slope of the water ice
absorption band between 3.4 and 3.525 1 m from the
OMEGA spectrometer onboard Mars Express have
been used to detect clouds. From a series of OMEGA
images covering 4 Martian years (between 2004 and
2011), the pixels are used to construct a cloud
coverage database over a regular 4D grid in longitude,
latitude, solar longitude and Martian local time. It can
be used to observe the evolution of clouds over
specific regions, and their diurnal and annual cycle.
As an example, the diurnal cloud life cycle in the
tropics  (-25°S to 25°N) during the Northern summer
shows the presence of thick clouds in the early
morning (possibly haze), which dissipate before noon
(local time). In the afternoon, the cloud cover grows
again, possibly due to convection generated by the
increased solar heating.

1. Introduction

Water ice clouds have been first observed from space
in the 1970’s (by Mariner and Viking spacecrafts), and
more intensively in the 1990’s, starting with the MGS
mission. But due to their heliosynchronous orbits,
most past and current Martian satellites have observed
the planet only at a specific local time (LT) during the
day (for example at 2pm and 2am LT for MGS) , and
therefore cannot provide information about the daily
cloud life cycle. In this study, we use OMEGA nadir
data at different local times. This is possible due to the
unusual Mars Express satellite orbit phasing, which
induces a slow drift of the local time between
consecutive orbits.

2. Methodology

Following preliminary work by Gondet et al. (e.g. [1])
using the 1.5 pm ice band, a study by Madeleine et
al., (2012) [2] has shown the feasibility of extracting
(water) ice clouds with an ice clouds index, a
parameter derived from the depth of a water ice
absorption band around 3.4 pm. After comparison
with a threshold value, this IceCloudsIndex indicates
if the pixel is cloudy or not (figure 1).

F i P 7
Figure 1 : OMEGA-derived images along a portion of
an orbit. From left to right : IceCloudsindex, MOLA
elevation, incidence wrt. local normal, cloudy
IceCloudsIndex (from dark gray : thick clouds, to
white : thinnest clouds ; black : no cloud).

In a first step, the IceCloudsIndex is calculated and
quality-checked for each pixel of all the nadir
observing orbits, over a period covering four Martian
years (MY 26 to 30).




In a second step a cloud climatology is constructed.
The pixels are binned into two 4-dimensional arrays
(cloudy and cloudy+non-cloudy) according to their
longitude, latitude, solar longitude (Ls) and local time
(LT). The bins have sizes of 1° in latitude and
longitude, 5° in Ls and 1 (Martian) hour in LT. These
arrays are sparsely populated (pixels come from 0 to 3
orbits per bin).

The cloud coverage of each bin is obtained by
dividing the number of cloudy pixels in the first array
by the number of all pixels in the corresponding bin in
the second array.

In a third step, several 4D bins covering larger spatial
areas and longer time periods are assembled in order
to form 2D our 1D subsets showing temporal
evolutions of clouds.

3. Observations and interpretation
of results

In the preliminary global part of this study, the
percentage of cloud coverage has been averaged
temporally over all solar longitudes and local times
(figure 2). Tt shows the almost complete spatial
coverage of the planet by the OMEGA instrument, and
the main areas where clouds form during the Martian
year : the tropical area around Tharsis (in summer),
the temperate regions at the edge of the polar hood in
both hemispheres, the Hellas basin...

In the second part of this study, cloud percentages
have been averaged over several geographic areas. On
figure 3, all the percentages of cloudy pixels have
been averaged over an area covering all longitudes,
tropical latitudes between -25°S and 25°N, and over
the Northern summer for Ls between 60 and 120°.
This figure shows an important cloud coverage early
in the morning (around 6am LT), possibly due to haze
formed in the (late) night, a decrease of the cloud
coverage resulting from solar heating in the late
morning, and an increase again in the afternoon,
possibly following the onset of convection.

4. Conclusion

OMEGA data, available at different local times of the
Martian day can be used to investigate the diurnal
cloud life cycle, over sufficiently large regions. The
4D cloud climatology will also constitute a data
product for the validation of outputs from Martian
climate models, such as the Martian Global Climate
Model developed at LMD.
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Figure 2 : global map of cloud cover percentage (black
: absence of data ; dark grey : no cloud ; bright white :
full (100 %) cloud cover) for all solar longitudes and
local times, -180°W to 180°E longitude.
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Figure 3 : percentage of cloud cover in the tropics [-
25°S ; 25°N] for different local times, during
Northern summer (Ls = [60°; 120°]), all longitudes.
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1. Introduction

Amazonian-aged outflow channels on Mars have
been recently identified using high resolution orbital
data [e.g. 1, 2]. They display morphological evidence
of fluvial erosion, including streamlined forms, scour
marks, and erosional islands. In most cases, the
source of water is interpreted as either a groundwater
aquifer, melting of glacial deposits or ground ice (e.g.,
by impacts), or lake overflow. Irrelevant of the
source, the presence of liquid water during the
Amazonian  has significantly increased our
knowledge about the recent history of the Martian
climate.

Here we report the presence of an Amazonian-aged
outflow channel located on the rim of the
Ariadnes Colles basin (37°S/178°E) that has an
alluvial fan on its downstream part. The study area is
located in the Noachian highlands of Terra Sirenum,
the site of a large hypothesized paleolake [3]. This
so-called Eridania lake existed during the
Late Noachian-Early Hesperian and drained into
Ma’adim Vallis, one of the largest valleys on Mars.
The Ariadnes Colles basin was part of the Eridania
paleolake and hosted later a closed lake.

2. Data and methods

We used HRSC and CTX images as well as CTX and
MOLA topographic data (DTM) to analyze the
morphological and hydrological characteristics of the
Avriadnes outflow channel. We performed crater size
frequency distribution (CSFD) analysis on CTX
images to determine the absolute model ages of the
fluvial events using CraterTools [4] and CraterStat 2
software [5], based on the chronology function of [6]
and the production function of [7].

5km Al ’t"'

Fig.1: Morphological details of the Ariadnes outflow
channel. a) Channel head. The water flowed through the
gaps between the bright mounds, but the source of the
water is unclear. b) Deep scour marks and erosional
islands on the upstream section of the channel bed. c)
Braided alluvial fan. The main channels are marked by
blue arrows, and the beginning and ending of the major
bar systems by red arrows.

3. Geomorphological investigation

The Ariadnes outflow channel is about 50 km long. It
is incised into the ejecta blanket of a relatively fresh
impact crater, and partly removed the ejected
material. Besides the Ariadnes channel, the ejecta
blanket has not been visibly modified by another
erosional process and the crater has a sharp and steep



rim. Crater counting of the ejecta suggests an
absolute model age of around 1.7 Ga (Early
Amazonian) for the impact event. We assume the
crater age as the maximum age of the fluvial activity
that formed the Ariadnes outflow channel.

The channel head is located at NE and SW sides of a
500 m height mound (Fig.1-a). The SW channel cuts
the NE one, and therefore it formed later than the NE
channel. Alternatively, both channel heads may have
been active earlier but the last or few last outflow
events occurred only through the left channel, which
may as well reveal a change in the morphology of the
source of water.

The channel has an average width of about 3 km and
its depth varies between 30 m at its maximum and
10 m at its minimum. On the channel bed, we can
observe deep grooves that are indicative of scouring
of bedrock by catastrophic and high pressure flood
flows [8] (Fig.1-b). Remnants of the ejecta blanket
are visible as erosional islands (Fig.1-b). Whether the
channel was carved by one continuous event or
multiple events is unclear.

The downstream part of the channel is marked by a
wide braided alluvial fan (Fig.1-c). An alluvial fan,
by definition, forms when a confined feeder channel
deposits most of its sediments load in an unconfined
area [9]. This is the case for the Ariadnes outflow
channel, as the feeder channel incised the ejecta
blanket and, as soon as it reached the unconfined area
downslope of the ejecta blanket, the deposition
started. The absolute model age of the alluvial fan
suggests an age of 470 Ma for the last fluvial event.

The alluvial fan, at its widest place, is about 15 km
wide, and is composed of bars that are partly
separated by multiple channels. These bars, deposited
in the direction of the water flow, represent ever-
changing patterns of migration and collision into
each other (Fig. 1-c).

There is no clear morphological evidence of the
source of the water. However, at the head of the
channel, there is a closed depression that fits to the
400 m contour line (MOLA DTM). It may have
hosted a lake, the overflow of which possibly carved
the outflow channel.

4. Hydrological modelling

In order to better understand the formation
mechanism of the Ariadnes outflow channel, we
analyzed the channel hydrological parameter using
the methods described in [10]. The alluvial fan
volume of 2.4 km®is comparable with the volume of
the eroded ejecta (2.52 km®) on the upstream part of
the channel. This suggests that no or very few
sediments had been added to the system from the
source area of water.

The discharge rate (Qw) has been estimated as
34 km®day for 30m of channel depth and
6.9 km/day for 10m. The volumetric sediment
transport rate  (Qs) is ~0.3kmday and
~0.02 km®/day respectively. We chose a grain size of
2 mm for the above calculation, which is the mean
value measured by [11] using in-situ data of the MSL
rover. The water to sediment ratio would be 130 to
370, which is a relatively high value compared to
terrestrial examples of catastrophic flows. We have
to note that due to the data resolution constraint and
lack of some basic information e.g. precise grain size,
these values may be overestimated.

5. Conclusions

The Ariadnes outflow channel represents clear
evidence of one or several fluvial events in
Terra Sirenum during the Amazonian. Based on the
analysis of CSFD, we were able to narrow the
channel formation time window from 1.7 Ga to
470 Ma.

The hydrologic modeling would provide important
insights, e.g. the amount of water, flow duration, and
source of water, into the understanding of the
formation mechanism of this channel, as well as the
climatic evolution of Mars.
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Abstract

We are investigating change detection tools for
detecting and quantifying changes caused by mass
wasting on Mars. The increasing amount of High
Resolution Imaging Science Experiment (HiRISE)
images has made the detection of fine-scale changes
possible, but manual change detection is very time-
consuming. Our goal is to support the analysis of
surface changes in the north polar region, where mass
wasting is very common [1], with automated change
detection tools, in order to improve our under-
standing of dynamic geological processes and related
climatic parameters of the planet.

1. Mass Wasting

Since the first time HIRISE captured an avalanche at
the north polar steep slopes of Mars in 2008 [2], a
much improved temporal coverage of it has been
achieved by the HiRISE experiment. This allows for
a thorough investigation into change detection which
will in turn support the analysis of active geological
processes from different perspectives. Russell et al.
[3] have demonstrated the occurrence of numerous
mass wasting events at one particular scarp over 5
Mars years through image to image comparison. We
investigate how this can be achieved over larger
areas and in a more automated way.

In one case (Fig. 1) we observed that a “rock” fall
seems to have created a relief change along the way
carving a linear furrow into the talus deposits at the
base of the steep North Polar Layered Deposit
(NPLD) scarp and scattering some smaller boulders
on the way. The largest boulder involved travelled
the longest down-slope and is roughly 4m long x 2m
wide x 2m high (through shadow measurements).
The coarse fraction of the “rock” fall deposit and the
linear furrow show a distinct topographic relief in the
image. From the shading pattern of the furrow, the
steepness of its inward dipping flanks can be roughly

estimated as 10°, which leads to an estimate of about
Im for its depth. Interestingly, the images of the
surrounding area seem to show a change at the foot
of the NPLD as well.

Figure 1: Example of change within 10 days; a
boulder has fallen between HiRISE images
ESP_016292_2640_RED (left) and
ESP_016423 2640 _COLOR (right). The boulder is
roughly 4m long x 2m wide x 2m high and has fallen
from the upslope step coming to rest around 70 m
away from its source, which can be seen as a dark
gap at the bottom of (b).



This is the most impressive example of mass wasting
among many others that were observed between
those two images, or between two other images of
the same month and area. The effort of detecting
such changes could be significantly reduced if a more
automated way were to be developed.

2. Change Detection

Wagstaff et al. [4] and Di et al. [5], dealt with this
issue, focusing on larger-scale changes, induced by
other phenomena (e.g. impact craters, dark slope
streaks). Sidiropoulos and Muller [6] attempt a more
generalized approach for all kinds of change based
on multiple types of images. Observed mass wasting
events, such as “rock” falls, however result in very
small changes only visible in HIiRISE images, and
therefore require a process-specific approach with
high geometric accuracy.

The fundamental steps of image-based change
detection are image selection, accurate image
registration, radiometric corrections and the method
of change detection itself. A common problem that
arises during this process is the detection of trivial
changes, such as shadows. In order to avoid this, we
are developing a sophisticated system that will reject
these and only select the ones which reflect change
on the surface of Mars. The image features that can
potentially be exploited are various and include
modification of scarp edges, new boulders, albedo
changes due to new deposits or erosion, and active
avalanches.

A further development would be to recognize such
changes, which actually occur in three-dimensional
space, on HiRISE Digital Terrain Models (DTMs).
Detectable height changes are likely associated with
new scars in the source area of “rock” falls, new talus
deposits, and erosion, as in the example of Fig. 1.
Due to the high rate of imaging at the north pole,
there are multiple images which comprise stereo
pairs and can be used to create ‘before’ and ‘after’
DTMs in order to detect differences in 3D. In the
particular case of Fig. 1 for example, there are 25
candidate stereo partners for the first image and 9
candidate stereo partners for the second image.
DTM-based mapping of height changes, however, is
an extremely challenging task due to the
requirements on the resolution and accuracy of co-
registration in an area characterised by steep slopes.

3. Summary and Conclusions

Active mass wasting at the north pole of Mars can be
studied based on numerous available HiRISE images.
This activity is normally associated to many small
surface changes. Our goal is to create an automated
change detection system for HIRISE images and if
possible HIRISE DTMs, to allow for a more rigorous
approach to mapping regional changes and
quantifying related volumes and erosion rates.
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Abstract ciently good agreement with the observations. An-
other difficulty is linked to the inherent uncertainties
The atmospheric fluorescent emissions of CO2 at 4.3-in the microscopic description of the NLTE popula-
um have been observed in the daytime upper atmo-tions involved in a CO2 atmosphere like that of Mars.
sphere of Mars from a limb geometry by the instru- Specifically, the lack of laboratory information on col-
ments OMEGA and PFS on board Mars Express [1, 8]. lisional energy exchanges between CO2 states at high
Initial analysis using non-local thermodynamic equi- Vibrational states and with isotopes. Actually, when
librium (NLTE) models show that the emissions are Spectral resolution and sensitivity are good enough,
well understood [7, 3, 6]. Yet they have not been insight into and retrieval of some collisional rate co-
exploited to derive important thermospheric parame- €fficients are possible from remote souding [4]. A
ters, like CO2 densities and temperatures. Our major third difficulty is the large optical thickness of these
goals are to improve current NLTE models with a joint €missions in a limb geometry, which may produce
study of OMEGA and PFS data, and to build an ambi- variations in the actual location of the “emitting re-
tious state-of-the-art NLTE retreival scheme for Mars. gion” along the line-of-sight. Retrievals under opti-
Recent progress has been made in these directions oally thin conditions, free from this last difficulty be-
Mars, Venus and Earth. We will present a summary of cause the emitting region is at the tangent point, have
these efforts and the difficulties and expectatives for recently been carried out for CO at 4uih in the up-

its application to the Mars Express data. per atmosphere of Venus [2]. A careful evaluation of
all these conditions and difficulties, and a proper fit
1. Introduction of the OMEGA and PFS data with a NLTE forward

model are needed in order to evaluate the ability to
Infrared NLTE emissions by atmospheric molecules, investigate the upper Martian atmosphere using these
specially under fluorescent or solar-pumping situa- datasets, and are the focus of an ongoing effort in our
tions, are powerful tools to sound the upper layers of a teams.
planetary atmosphere [5]. Limb observations, in addi-
tion, are specially suited for a proper vertical sound- 2, Recent NLTE results
ing. The particular emissions by the ro-vibrational
bands of CQ@ around 4.3um share these two advan- 2.1. Mars upper atmosphere
tages and are among the strongest molecular emission§he OMEGA and PFS datasets seem to obey the ex-
in the infrared in the three terrestrial planets [6]. The pected NLTE behaviour of the emissions regarding the
instruments OMEGA and PFS have been performing two most important aspects: spectral shape and abso-
systematic observations of these emissions on boardute magnitude of the emitted radiance. Also the varia-
Mars Express since 2003 and form a dataset whichtion of these with altitude and solar illumination seem
needs to be properly exploited. However, their sci- to be understood, at least in a global or averaged sense
entific exploitation has a couple of difficulties, in- [7, 3]. In order to explain the spectral shape mea-
herent to the NLTE nature of the emissions. One sured by OMEGA, however, changes in vibrational-
of them is the need to develop a suitable NLTE for- vibrational exchanges between ¢@;) states was
ward model (based on the theoretical NLTE population needed; a solution which also improved similar mea-
models) which produce simulated radiances in suffi- surements by VIRTIS/Vex in the Venus thermosphere



[6]. An extended study using both OMEGA and PFS Acknowledgements
is needed, in particular the PFS higher spectral resolu-

tion, can be very useful to settle this question.

2.2. Venus upper atmosphere

In the Venus upper atmosphere, the A8 emissions

by CO, present similar difficulties. A simpler retrieval
(optically thin situation) was applied to the limb fluo-

rescent emissions by CO at 4/from VIRTIS/Venus
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1. Introduction

The search for life on Mars is a cornerstone of
international solar system exploration. In 2018, the
European Space Agency will launch the ExoMars
Rover to further this goal. The ExoMars Rover’s key
science objectives are to: 1) search for signs of past
and present life on Mars; 2) investigate the
water/geochemical environment as a function of
depth in the subsurface; and 3) characterize the
surface environment. ExoMars will drill into the sub-
surface to look for indicators of past life using a
variety of techniques, including assessment of
morphology (potential fossil organisms), mineralogy
(past environments) and a search for organic
molecules and their chirality (biomarkers).

The choice of landing site is vital if the
objectives are to be met. The landing site must: (i) be
ancient (>3.6 Ga); (ii) show abundant morphological
and mineral evidence for long-term, or frequently
recurring, aqueous activity; (iii) include numerous
sedimentary outcrops that (iv) are distributed over the
landing region (the typical Rover traverse range is a
few km, but ellipse size is ~104 by 19 km). Various
engineering constraints also apply, including: (i)
latitude limited to 5° S to 25° N; (ii) maximum
altitude of the landing site 2 km below Mars’s datum;
and (iii) few steep slopes within the ellipse.

In 2014, two international workshops were held
to discuss potential landing sites. The outcome of
these workshops was a shortlist of four possible sites:
Aram Dorsum, Hypanis Delta, Mawrth Vallis, and
Oxia Planum. We proposed the Hypanis and Aram
Dorsum sites and led the scientific presentations for
these sites at the Workshops. Here, we present the
science cases for Aram Dorsum and Hypanis Vallis.

2. Aram Dorsum

The Aram Dorsum site in western Arabia Terra (Fig.
1) is situated about half way between Meridiani

Planum and the dichotomy boundary, where Arabia
Terra meets the northern lowlands. Aram Dorsum
itself is a flat-topped, branching, sinuous ridge-like
feature that is surrounded by smoother marginal
materials. We interpret Aram Dorsum to be a former
fluvial channel system that has been preserved in
positive relief by differential erosion. Such features
are fairly common on Mars [1], and are also well-
studied on Earth [2]. Aram Dorsum is interesting in
that it is overlain by overburden materials including
both ejecta from nearby 10-50 km diameter craters,
and regionally-extensive, sedimentary layers [3].
These materials are Noachian, so Aram Dorsum itself
must be at least this old.

Figure 1: Aram Dorsum site and 2018 landing
ellipse. Blue/green areas are Aram Dorsum or its
marginal units. Flow is inferred to be East-to-West.
Purple areas are regionally extensive, Noachian-aged
superposing sedimentary units.

The presence of channels at different
stratigraphic positions indicates long-lived fluvial
activity, not catastrophic flow. This is reinforced by
the overall sinuous, branching morphology of the
channel, consistent with a river-like fluvial system.
Aram Dorsum is a Noachian-era, aggradational,
multithread/sinuous river-system, including small
tributaries and extensive flood plain-like marginal
deposits. It displays clear evidence for the long-lived



action of water in the Noachian. Although the
inverted channel likely contains mainly coarse-
grained sedimentary outcrops, the channel marginal
unit is probably fined-grained sediments, or could
contain lenses and/or ‘islands’ of fine-grained
material suitable for preserving biosignatures.
Importantly, the system has been exposed from
beneath >100s of metres of overburden materials;
outliers of such overburden are still present. Such
burial/exhumation greatly benefits preservation of
biosignatures. Science targets comprising channel
marginal units and inliers within the overburden
cover a significant proportion of study area and are
distributed throughout the ellipse.

3. Hypanis Vallis

The Hypanis landing site in northern Xanthe
Terra is situated on the dichotomy boundary. Our
study area includes fluvio-deltaic deposits at the
termini of Sabrina Vallis and Hypanis Vallis (Fig. 2).
Mapped Sabrina terminal deposits are constrained to
within the buried crater, Magong. The Hypanis
deltaic system is more extensive, with multiple
depositional lobes extending to the north and east.

Significant aeolian modification has occurred
since delta formation, with crater counts on both
Sabrina [6] and Hypanis [8] delta units revealing
crater-retention ages of < 100 Ma, supported by the
presence of ubiquitous aeolian features and
suggesting recent exhumation from overburden. The
large crater population classifies the study area as
mid to late Noachian terrain [6, 8].

CRISM observation FRS0003157E (Y’ in Fig. 2)
shows a 1.9 pm hydration signature that spatially
aligns with exposed strata in eroded deltaic sediments,
indicating putative hydrated minerals in discrete
layers. A spectral unit in FRS0003134F (‘X’ in Fig.
2) is defined by the combined presence of the 1.9 um
absorption plus a strong 2.3 upm dropoff in
reflectance, indicative of the presence of Fe/Mg-
phyllosilicates [4,5]. Both spectral signatures are
located between, but not immediately adjacent to, the
Sabrina or Hypanis deltas, perhaps indicating that
extensive ancient fluvial activity has influenced
mineralogy throughout the landing ellipse. The
Sabrina Vallis delta deposits in Magong crater also
indicate a weak Fe/Mg-phyllosilicate signature that is
consistent with the presence of nontronite,
verminculite or saponite in delta sediments [6].

The Hypanis site displays clear evidence for the
long-lived action of water in the Noachian. The total

northward flow, including that through a now
degraded channel connecting Nanedi Vallis to
Hypanis Vallis, removed and deposited ~850 km® of
material, of which the Hypanis deposits are estimated
to comprise ~150 km® [7]. The most rewarding
science target may lie in the Sm, Em and Le units,
which are pervasive throughout the ellipse. Sm and
Le exhibit fine-scale layering and the presence of
phyllosilicates. Low-energy depositional
environments that formed or influenced delta-
proximal exposures of these units may have
concentrated any potential biosignatures transported
from the upstream Hypanis-Nanedi fluvial system.

46°W
Figure 2: Geologic map of Hypanis study area
overlaid on CTX. Deltaic units are blue. The nominal
104 x 19 km 2018 landing ellipse is bright green.
CRISM observations are the yellow ‘X’ and ‘Y.

Recent exhumation of this formation could imply
its protection from the surface environment for much
of Mars’ history, resulting in a high preservation
potential for any biomarkers emplaced in the
Hypanis-Sabrina delta system.
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Abstract

The ExoMars 2018 rover and platform will land on
Mars with a suite of instruments to search for past
and present life. After a call for landing sites in 2013,
the selection process is considering 4 potential sites
at the moment. The next step should select 2 final
candidates during the fall 2015.

1. Introduction

The ExoMars 2018 mission will land a rover on Mars
with the scientific objectives to search for signs of
past and present life on Mars and to investigate the
water/geochemical environment as a function of
depth in the shallow subsurface. To this purpose, the
rover will carry a comprehensive suite of instruments
(the Pasteur payload) dedicated to geology and
exobiology research [1]. The rover will be able to
travel several kilometres and analyse surface and
subsurface samples down to a 2 meter depth. The
very powerful combination of mobility with the
ability to access in-depth locations, where organic
molecules can be well preserved, is unique to this
mission [1].

1.1 Landing site constraints

On December 2013, an invitation was sent to the
scientific community to propose scientifically
compelling landing sites (LS) [2], which comply to
the main engineering constraints for landing and
operation. These include a landing ellipse of
19 km x 104 km, an altitude < -2km, a latitude
between 5°S and 25°N.

Scientifically interesting LS include locations with
evidence for long duration or frequently recurring
aqueous activity, low energy transport and deposition,
fined-grained, recently exposed sediments, and/or

hydrated minerals such as clays or evaporites. The
outcrops of interest must be distributed over the
landing ellipse to ensure their accessibility. LS must
also comply with planetary protection requirements:
They must not contain features currently considered
as Mars Special Regions [2].

1.2. Eight proposed sites

Initially, eight LS were found to be compliant with
the science, engineering, and planetary protection
requirements by the Landing Site Selection Working
Group (LSSWG) [3]. These sites were presented by
their proposers and discussed at the first LS
workshop: http://exploration.esa.int/mars/53944-
proposed-landing-sites-for-exomars-2018-mission/.

Figure 1: Location of the final candidate landing sites.

2. Landing site selection

Following the first LS workshop, four sites were
selected for further investigation (figure 1) on the
basis of their higher potential for long lived water
activity, the presence of fine-grained sediments, and
the higher concentration of potential targets over the
whole landing ellipse [3]. The study of these sites,



both in terms of scientific interest and engineering
safety, is still on-going, and a second workshop took
place at the ALTEC facility, in Torino (ltaly,
December 2014).

2.1. Landing sites overview

We describe hereafter the geology of these four LS as
they have been presented at the workshops.

Aram Dorsum (7.9°N, 348.8°E). The proposed ellipse
lies in a local topographic low, ~100 km north of
Crommelin crater in the large Oxia Palus region [4].
The site comprises layered sedimentary rocks and a
distinct inverted channel system. The overlying unit
would be late Noachian/early Hesperian, indicating
an ancient age for the channel.

Hypanis Valles (11.8°N, 314.96°E). The proposed
ellipse is located at the margin of the fluvial
fan/deltaic systems at the termination of Hypanis
Valles, just below the transition between the
highlands and the plains around Chryse [5]. Another
deltaic deposit is in Magong crater at the terminus of
Sabrina Vallis, just SW of the proposed LS. This LS
targets fan-like deposits that were interpreted to be
the remnants of a prograding delta. The lower strata
of the Hypanis delta appear to be enriched in Fe/Mg-
rich phyllosilicates as suggested by CRISM
observations, as well as the Sabrina delta.

Mawrth Vallis (22.16°N, 342.05°E). The proposed
LS is in middle to late-Noachian terrains south-west
of the Mawrth Vallis channel [6,7]. The region
surrounding Mawrth Vallis contains one of the
largest exposures of phyllosilicates detected on the
Martian surface [8], associated to light-toned layered
deposits [9-11]. Outcrops at the proposed landing site
show a general sequence of Al-phyllosilicates on top
of Fe-smectites, indicating a long wet history. The
rocks show the highest degree of alteration identified
on Mars. The deposition and alteration are ancient
(mostly > 3.8 Ga), and the rocks are well preserved.
Oxia Planum (24,55°E ; 18,2°N). The ellipse covers
large exposures of Fe/Mg-phyllosilicates rich rocks
detected on both OMEGA and CRISM multispectral
data [12]. These detections are associated with
layered rocks in a topographic low and may represent
the south-western extension of the Mawrth Vallis
clay-rich deposits, pointing to an extended alteration
process. The crust there is ancient (> 4 Ga) and has
undergone intense erosion > 3.6 Ga ago, although the
phyllosilicate bearing rocks have been exposed only
recently (< 100 Ma ago).

2.2. Astrobiological interest

Of interest in all the chosen sites is the evidence for
varying amounts of liquid water in contact with
volcanic materials, during different time spans. The
volcanic  substrates could have  supported
chemolithotrophic  life, and even possibly
organitrophic life living off the dead lithotrophs [13].

2.3. Further characterisation and down-
selection

New data are being actively acquired by the HRSC,
HIiRISE and CRISM teams to support the ExoMars
2018 landing site selection process. The ellipses are
large and new data are important for characterizing
the potential science targets and evaluating the safety
of the sites. The proposing teams, the ExoMars
project team and the LSSWG will continue their
analysis and comparison of the sites, aiming to select
two final candidate sites by the fall 2015 —in time
for the start of the mission's Critical Design Review
(CDR). The final selection of the landing site is
expected within 2017.
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Abstract

Impact craters within Arabia Terra region, on Mars,
display a large central bulge, sometimes showing a
well-preserved stratification (light albedo layered
deposits). In craters like Crommelin or an unnamed
crater (that is numbered 12000088) located a few
hundreds kilometers on the East some unusual
landforms and structures among the layered deposits
were observed. In particular, on Crommelin’s bulge
and its surroundings we found fold systems with axis
parallel to the bulge perimeter. The fold sets are
typical compressional structure often associated to
diapiric rise on Earth [1]. In addition on top of
12000088 crater’s bulge the evidence of sulfate
signatures was detected as well as the presence of
small bowl-shaped depressions. Several fluid-carved
channels that depart radially from the bulge are cut
by a ring of normal faults, thus suggesting a collapse
of the bulge summit. Thus, on the basis of the
previous observations it is possible to hypothesize
that diapiric rise could have been responsible for
central bulging both on Crommelin and 12000088
craters and likely on other bulged craters on Arabia
Terra.

1. Methods

A high-resolution image dataset as well as DTMs
were required to perform structural analyses on both
craters to verify strata dips and dip directions within
the Crommelin crater floor and evaluate the presence
of faulting in the 12000088 Crater central bulge. In
order to have an overall detailed view as well as good
coverage of the study areas overlapping CTX images
(6 m/px) were selected as pairs to produce stereo
DTMs. In addition, where available, HIRISE stereo
images (0.25 m/px) were used. The DTMs were
produced with Ames Stereo Pipeline and validated
with the alignment on HRSC DTM (from DLR 100
m/px) and calibrating the heights according to
MOLA topography (460 m/px) [2]. Moreover, the
Compact Reconnaissance Imaging Spectrometer for
Mars (CRISM) onboard Mars Reconnaissance
Orbiter (MRO) was used to study the spectral
signatures on the crater 12000088 bulge’s summit.

2. Crommelin Crater’s Folds

Folding

Folding

Figure 1: Perspective view and conceptual sketch of the
diapiric body emplacement that likely caused bulging and
folding. The diapir stays under the sedimentary layering
coverage

Several areas around Crommelin Craters bulge
display clear stratification identified as ELD
(Equatorial Layered Deposits, [3]) suitable for
analysis of strata dips and dip directions on DTMs.
Four different areas with folded stratigraphy were
identified all around the central bulge displaying
concentric axial planes. On the western sector of the
bulge a sequence of symmetric folds was identified,
bearing two anticlines and a syncline inbetween. The
approximate wavelength is ~2.5-3 km and the
amplitude is ~4-6 km. On the NW sector of
Crommelin Crater a sequence of 3 synclines and
anticlines was measured and identified as asymmetric
folds. The average amplitude is ~2.5-3 km and the
wavelength ~2 km. A similar case can be found in
the NE sector of the crater on the bulge slope where
we identified another set of kilometric scale strongly
asymmetric synclines and anticlines. In all these
cases the axial planes are concentric to the central
bulge and the folds vergence is radial pointing
outwards. In the southern sector several basin-like
structures are present displaying a clear inward-
dipping stratification with the dip angle progressively
increasing towards the center of the basin. The major
folding phase presents the axial plane concentric to
the bulge and a second one more gentle orthogonal



3. Crater 12000088 structures and

terrains composition

Crater 12000088 is located ~650 km eastern to
Crommelin and is slightly smaller in size being ~50
km in diameter. This crater is actually composed of
two intersecting craters, with the younger crater (~20
km in diameter) superimposed to the larger one. The
inner bulge’s height is less pronounced and follows
an inner average slope that is in accordance with the
regional slope. The bulge is surrounded by a change
in slope in correspondence to several radial channels
that appear to be water-carved (fig. 2). On the eastern
part some furrows and channels seem to flow
preferentially in direction of the deeper smaller
crater. A ring of normal faults all around the central
bulge were identified on images and verified with
DTM topographic profiles. Most of the channels are
cut by the ring of faults as well as the ejecta blanket
of a ~7 km crater (fig. 2) supporting the hypothesis of
tectonic summit collapse of the bulge (clearly visible
also in fig. 2). Spectra analyzed from CRISM show
clearly overtone absorption bands compatible with
hydrated mineralogy. In particular the presence of
absorption around 1.2, 1.5, 2.0, and 2.4um are
indicative of hydrated sulfate (e.g., Mg-sulfates).

Figure 2: Perspective view of 12000088 crater interior. The
crosscutting relationship between radial channels, faults system
and inner crater’s ejecta is clearly recognizable. To emphasize the
morphologies a 5x vertical exaggeration was applied on the CTX
stereo DTM

3.1 Karst Morphologies

On the top of 12000088 crater’s bulge from HiRISE
images and stereo DTMs we recognized some
peculiar circular features that cannot be associated to
impact craters, since they completely lack rims and
ejecta, although being in some cases ~100 m in
diameter. Doline-like depressions on the bulge were
analysed with photoclinometric method based on sun
incidence to infer the topography and slopes. The

measurements showed several similarities with
collapse dolines commonly found in gypsum terrains
on Earth presenting a high circularity index, steep
walls and debris at their bottom. Similar features
developed in gypsum, with minor axes ranging from
10 to 150 meters comparable to those on 12000088
cratere can be found in New Mexico [4] and Turkey
[5] confirming the karst sinkholes genesis hypothesis.

Figure 3: CRISM image with in orange the BD2400 band depth that
emphasizes the presence of sulphates. In green the BD1900FRT
that highlights the presence of a small amount of hydrated minerals.

4. Implications

All these evidences suggest that crater bulges may be
hint for diapiric phenomenon at different stages of
evolution, either being a subsurface or an exhumed
diapir body. This led to deformation of the
surrounding rocks giving origin to fold sets
(Crommelin Crater) and to normal faulting and
bulge’s dissolution caused by the encounter with a
subsurface fluid table (Crater 12000088). The trigger
for the phenomenon could have been the impact
cratering itself, having removed a rock mass volume
that generated a differential lithostatic load favoring
low density buried salt bodies to uprise.
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Abstract

In this abstract the hypothesis that impact craters may
cause changes in the geoid undulation on Earth is
tested. The Vargedo Dome crater in Brazil has been
chosen as the case study. The geoid undulation N has
been calculated in 315 points spread over the region
and no variation due to the presence of the crater has
been noted.

1. Introduction

On solid planetary bodies, impact cratering is
currently being referred as the most important
resurfacing and land forming process. In planets such
as Mars, craters can be easily identified by visual
analysis performed on remotely sensed data. On
Earth, a number of resurfacing processes take part.
Hence, the impact craters can be erased or masked by
erosional and depositional processes or land cover.
Much effort has been done to detect impact craters on
Earth. There is a broad field of research on the
subject comprising, among others, the analysis of
optical [1] and microwave [2] remote sensing data,
digital elevation models [3] and global gravitational
models [4]. Despite that, only a few 188
(http://passc.net/EarthimpactDatabase) confirmed
impact craters on our planet have been reported. In
this abstract, we investigate if an impact crater can
cause changes in the geoid undulation. If that
hypothesis is confirmed, then geoid undulation
models can be an alternative method for searching
for candidates of impact craters on Earth.

2. Setting

Up to date, seven impact craters have been confirmed
[5] in Brazil, which are Araguainha Dome, Serra da
Cangalha, Riachdo, Vargedo Dome, Vista Alegre,
Cerro Jarau and Santa Marta. In this abstract, we

have chosen to study the geoid undulation in Vargeédo
Dome crater. Vargedo Dome is a circular feature
located in the Santa Catarina state, Southern Brazil,
formed in Cretaceous volcanic rocks of the Serra
Geral Formation. This wunit comprises mainly
continental flood basalts and subsidiary intermediate
and acidic volcanic rocks whose emplacement are
related to the rifting of Gondwana and the formation
of the South Atlantic Ocean [6]. The crater has the
center  coordinates  26°47°S  and = 52°10°W
(SIRGAS2000 reference frame), its diameter is ~12
km and its age is ~123 Ma.

3. The geoid undulation

The geoid is the equipotential surface of the Earth’s
gravity field, which best fits, in a least square sense,
the global mean sea level. It is a surface that defines
zero elevation for orthometric heights measurements.
The orthometric height H is the distance along the
plumb line between the geoid and the point on the
Earth’s surface. The distance between the geoid and
the reference ellipsoid is the geoid undulation N. N
can be obtained by field gravity measurements or, as
an alternative, by the difference between ellipsoidal
heights h and orthometric heights: N = h — H. The
ellipsoidal height h is the distance measured from the
reference ellipsoid to the point on the surface of the
Earth. The geoid is a smooth but highly irregular
surface whose shape results from the uneven
distribution of mass within and on the surface of the
Earth. Consequently, the geoid undulation also varies
according to the mass distribution inside the Earth’s
crust.

3.1 Brazilian undulation model

The Brazilian undulation model is named
MAPGEQO2010 and has a grid resolution of 5” in
latitude and longitude. It was estimated by using



more than 928,000 terrestrial gravimetric points for
the South America. The procedures for the
determination of the model can be found on
http://www.ibge.gov.br/english/geociencias/geodesia/
calculo_do_modelo.shtm. The mean accuracy of the
model is + 0.32 m. The lowest accuracy occurs in the
North and Northwest regions of the country where it
can reach up to = 0.50 m.

4. Results

Our assumption is that the impact crater produced by
a planetary body may alter the mass distribution
immediately below Earths’ surface and force the
geoid undulation to change. We have used
MAPGEO2010 to calculate the geoid undulation in
315 points spread over the Vargedo Dome crater. The
points were placed in a grid with 30” of resolution in
latitude and longitude. The adopted reference frame
was the Brazilian SIRGAS2000. Fig. 1 shows a map
of the region. The background image is a Landsat-7
scene, composite bands 3 (B), 4 (G) and 5 (R). From
the points with N values, we have calculated contour
lines with a vertical distance of 0.05 m. In Fig. 1, the
N values are positive over the region meaning that
the geoid lies above the ellipsoid surface there. By
analyzing the contour lines, one can see that there is a
Southeast trend of increasing values and no changes
in the geoid undulation due to the presence of the
crater are noted.
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Figure 1: Geoid undulation in Varge&o crater.

5. Conclusion

After analyzing the contour lines made up of 315
points of geoid undulation values in the region of
Vargedo crater, as shown in Fig. 1, the hypothesis
that an impact crater may change the geoid
undulation could not be confirmed. In the data shown
in Fig. 1 the geoid undulation has not been affected
by the presence of the impact feature. On the other
hand, the hypothesis cannot be discarded yet. The
Brazilian model has a poor 5’ by 5’ resolution in
latitude and longitude, which roughly corresponds to
an area of ~9.25 km by 9.25 km. As the crater has a
diameter of ~12 km, most of the N values were
obtained by interpolation (carried out by the
MAPGEQO2010 itself). Thus, we are going to perform
another test with a much larger structure, the
Araguainha impact crater, whose diameter is ~40 km.
In addition, we are going to test the EGM2008 global
gravity field model.
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Abstract

The Mars Atmosphere and Volatile Evolution
(MAVEN) spacecraft went into orbit around Mars on
21 September 2014. After a commissioning phase
that included science observations of Mars and of
Comet Siding Spring during its close approach, its
primary science phase began on 16 November 2014
and will run for a full Earth year, until November
2015. Early results on structure, composition and
dynamics of the upper atmosphere and on escape to
space will be presented.

1. Introduction

MAVEN has been collecting data since prior to the
formal start of the primary science mission in
November 2014. The spacecraft and all science
instruments are functioning well, and science data is
being collected utilizing our planned observing
scenarios. The first two deep-dip campaigns have
been carried out successfully (February and April,
2015), and the next two are scheduled (July and
September).

By the time of EPSC, we expect to have a
preliminary understanding of the instrument behavior,
operations, and calibrations. We also expect to have
sufficient data collected to allow us to reach
preliminary conclusions about the state of the upper
atmosphere, interactions with the solar wind, escape
of atmospheric gas to space at the present epoch, and
integrated escape to space over time. These results
will be presented at the meeting.

2. Mission objectives

The science objectives of the MAVEN mission are to
characterize the upper atmosphere and ionospheric
structure and composition, the interactions of the sun
and the solar wind with the planet, and the processes
drivine loss of gas from the atmosnhere to snace.

Our goal is to understand the chain of processes
leading to escape today, learn how to extrapolate
back in time, and determine the integrated escape of
atmosphere over Martian history.

These goals follow on previous observations that
suggest that the early Mars atmosphere was very
different from today’s, and that it was thick enough
to allow liquid water to be present and more stable.
MAVEN is addressing the questions of where did the
water go and where did the CO, go? Loss to space is
indicated as being important based on observations of
escaping atoms at present, fractionated light stable
isotopes most consistent with loss having been
important, and the apparent absence of a sufficiently
large surface/subsurface reservoir for CO,.

3. Mission Description

The MAVEN spacecraft is in an elliptical orbit
whose altitude ranges from about 150 km to 6200 km
above the surface. This orbit allows the spacecraft to
pass through the upper atmosphere on each orbit to
allow in situ observations, and also to make global-
scale remote-sensing observations near apoapsis. In
addition, we are lowering periapsis to ~125 km for
up to four five-day periods during the mission. At
the higher densities observed during these “deep-dip”
campaigns, we make observations down to the
altitudes at which the upper atmosphere transitions to
the lower atmosphere. Thus, we sample the entire
upper-atmospheric column, all the way out to
altitudes at which the solar wind interacts with the
planet and its magnetosphere.

The orbit precesses with time, with periapsis moving
through local time (sampling the entire range of O-
24H) and latitude (between £75° given its orbital
inclination). With this variation, the spacecraft is
able to obtain good three-dimensional coverage
around Mars and to sample all regions of near-Mars
space.



Having had a successful orbit insertion, fuel that had
been reserved for a recovery from a problem MOI is
now available for an extended mission. With
appropriate planning, MAVEN may be able to
continue to make science observations for up to a full
solar cycle. Of course, the actual longevity will be
determined by the fuel usage required for orbit
adjustments to ensure that we stay within our
periapsis “density corridor” that maximizes the
science return.

4. Science instruments

MAVEN has nine instrument sensors collected into
eight separate instruments. The sensors can be
thought of as being grouped into instruments
measuring different aspects pertaining to the goals of
MAVEN.

The first group of instruments measures the
properties of the solar wind and of the sun that drive
the processes in the upper atmosphere:

Solar Wind lon Analyzer, SWIA (Instrument lead
is Jasper Halekas, U. lowa).

Solar Wind Electron Analyzer, SWEA (David L.
Mitchell, U. California Berkeley).

Extreme Ultraviolet Monitor,
Eparvier, U. Colorado Boulder).

Solar Energetic Particle, SEP (Davin Larson, U.
California Berkeley).

EUV  (Frank

The second group measures the structure and
composition of the upper atmosphere and of the ions
in the ionosphere, and also measures isotope ratios
that can tell us about the integrated escape to space.
In this group, NGIMS measures properties in situ at
the location of the spacecraft, and IUVS measures
them remotely, providing a powerful combination of
local and global measurements:

Imaging Ultraviolet Spectrograph, IUVS (Nick
Schneider, U. Colorado Boulder).

Neutral Gas and lon Mass Spectrometer, NGIMS
(Paul Mahaffy, NASA/GSFC).

The third group measures the properties of the

ionosphere that both drive escape and determine the

composition and properties of the escaping ions:
Magnetometer, = MAG  (Jack  Connerney,

NASA/GSFC).

Langmuir Probe and Waves, LPW (Bob Ergun, U.

Suprathermal and Thermal Ion Composition,
STATIC (Jim McFadden, U. California Berkeley).

With this combination of measurements, we are able
to observe the entire chain from solar energy input
that drives the processes controlling the upper
atmosphere and ionosphere, to the upper-atmosphere
response, to the loss of neutrals and ions to space.

6. Summary and Conclusions

The MAVEN spacecraft and instruments are doing
well. The data are of high-quality, and all indications
as of this writing are that we will be able to address
the science questions and achieve the science goals
that were the original drivers for the mission. Results
will be presented at the meeting.

In addition, MAVEN is on track to being able to
carry out an extended mission that would allow us to
observe throughout the remainder of a Mars year
(including the high-water-abundance northern-
hemisphere-summer season) and through different
phases of the solar cycle. Observing at these times
will have high science value for understanding the
Mars environment.
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1. Introduction

Robert Sharp (133.59°E, -4.12°N) is a 150 km
diameter impact crater, located in the equatorial
region of Mars, near Gale Crater, where the MSL
rover Curiosity landed in August 2012. Using orbital
data, an iron chlorine hydroxide named akaganéite
that typically forms in highly saline and chlorinated
aqueous environments on Earth has been detected in
Robert Sharp crater [1]. Interestingly, akaganéite has
also been detected in Gale Crater from the
ground [2,3]. In order to reconstruct the paleo-
environments in the region, we produce a geological
map of Robert Sharp (Fig. 1). Crater counts provide
time constraints on its infilling history.

[ 1Fretted terrains
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¢ Carbonates and
akaganeite

Figure 1. Geological map of Robert Sharp crater, displayed
on a mosaic of CTX images. Locations of figures 2a-2c are
indicated.

2. Physiography

Robert Sharp crater displays a varied and complex
physiography. It is an open basin towards the
northern plains (Fig. 1); its northern rim being
entirely degraded. Its eastern rim is not exposed at
the surface and appears to be buried under deposits.
No central peak is visible in Robert Sharp. Instead,
numerous knobs and mesas of varied sizes and
shapes, that are representative of the fretted
terrains [4,5] crop out in the crater (Fig. 2a) and
display a rather heterogeneous distribution. Overall,
the eastern part of Robert Sharp raises 1.5 km higher
than its western part that results into a west-east
asymmetry. Nevertheless, the western rim is higher
than the eastern one, with about 500 m and -1000 m
of elevation respectively. As a result, Robert Sharp
shows a physiography significantly different from its
neighbors, Gale crater and Knobel crater, suggesting
a different geological history.

3. Geologic Mapping Results

The geological units of the Robert Sharp crater are
defined according to their localization, physical
characteristics (e.g. thermal inertia), morphology,
geometry, and mineralogical composition.

Valleys are incised in the western and southwestern
crater rim of Robert Sharp, i.e. the lower rims. They
are several tens of kilometers long, mostly linear and
do not show any hierarchization. Fan-shaped deposits
with flat-topped surfaces are located at the outlet of
these valleys and may be interpreted as fan deltas.
Detection of phyllosilicates at the foot of these fan
deltas (Fig. 2b) as well as on the surrounding
plateaus suggest that clay was transported from the
plateaus and deposited within the crater, or just
formed in situ during an episode of aqueous activity

[6].



Draping deposits partly fill the crater in the eastern
part and cover the fretted terrains, as well as the
surrounding plateaus at the east. These draping
deposits are subdivided into 3 units based on their
surface texture (rough, smooth and hummocky
embaying fretted terrains).

In the western part of Robert Sharp crater, the floor is
covered by deposits which are posterior to draping
deposits and fretted terrains. These crater-floor
deposits consist of alluvial deposits, and fluvio-
lacustrine deposits, which expose dune-fields of
dark-mafic materials (olivine and pyroxene) in some
locations. Additionally, significant signatures of Fe-
rich carbonates and traces of akaganéite have been
detected on these crater-floor deposits [1], as shown
in Fig. 2c.

4. Age Determination Results

The estimated ages of the southwestern and western
fan-shaped deposits are ~1.30 + 0.37 Ga and
501 £69 Ma, respectively, which corresponds to
Amazonian ages. The crater-floor units have been

formed at ~ 3.5 Ga, during the early Hesperian epoch.

Additionally, we perform crater counts on chloride-
rich deposits [7-9] (Fig. 2d), located in a basin on the
surrounding plateaus at the south of Robert Sharp
(131.94°E, -6.4°N). This basin shows an Amazonian
age, about 1.12 +0.33 Ga, which is similar to the
southwestern fan-shaped deposits. It suggests a
synchronous formation of these chloride-rich
deposits and the fan-shaped deposit. Moreover, our
measurements are consistent with those of recent
studies [6,10].

5. Timing of events and Conclusion

Our work shows that the Robert Sharp crater
underwent a variety of geological events. We suggest
the following timing of events: After the impact that
formed the crater in the late Noachian epoch [11],
Robert Sharp crater experienced the deposition and
erosion of the fretted terrains, followed by the
aeolian/aerial deposition of the draping deposits
during the Hesperian epoch [4,5]. The presence of
valleys and possible fan deltas as well as hydrous
minerals in the region (i.e. chlorides [7-9],
phyllosilicates [6], carbonates, and akaganéite [1]),
suggests the occurrence of fluvio-lacustrine episodes.
Akaganéite precipitates from acidic, highly saline,
iron and chlorine rich fluids. Detection of akaganéite
suggests that Robert Sharp has experienced an acidic

and oxidizing environment during the last alteration
phase of a drying lake within the crater. The
lacustrine phase is likely related to the aqueous
activity that formed the chloride-rich deposits on the
plateaus [7-9]. The last episodes of aqueous activity
may be as recent as the early-middle Amazonian
period. As shown in the Robert Sharp crater, Mars
has known aqueous phase activities well after the late
Noachian/ early Hesperian boundary.

Crater-floor unit2

Smectites

fan-shaped deposﬁ\

Olivine E%&)xen;
dunes

Akaganeité, =

Crater-floor unitl

Carbonate
+ Olivine

Figure 2. a/ Fretted terrains (i.e. mesas and knobs). b/
Phyllosilicates detected at the foot of the southwestern fan
delta [6]. ¢/ Akaganeite and carbonates detected on crater-
floor units within the crater [1]. d/ Chloride-rich deposits
detected on the surrounding plateaus [7-9].
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Abstract

This presentation will give the present status and
early results of the echelle channel in the IUVS
instrument on the MAVEN spacecraft at Mars. The
channel studies H, D, and O in the upper atmosphere
of Mars at high spectral resolution (0.008 nm). One
primary goal is to study the ratio of D/H in the
martian upper atmosphere, and determine the
underlying principles that control the escape of H and
D into space, with relevance to the historic escape of
water from Mars. Initial data indicate that the echelle
channel is working well, and we detected the D
emission in the first observation of the sunlit disc of
Mars.

1. Introduction

The IUVS instrument on MAVEN contains the first
echelle spectrograph to be sent to another planet.
The system has a novel optical design to enable long-
aperture measurements of emission lines in the
absence of continuum emission, intended primarily to
measure the H and D Ly o emission lines and thereby
the D/H ratio from the martian upper atmosphere [1].
The design provides for higher photon counting rates
by observing through the long aperture, while
maintaining the high spectral resolution in the narrow
direction of the aperture. The system also detects the
OI 1304 triplet emission with the three component
lines well resolved. The echelle system obtains
altitude profiles of these emissions every fourth
MAVEN orbit, with data both outbound and inbound
looking at a constant look direction that scans the
atmosphere in altitude. The echelle spectrum is
recorded using the same FUV microchannel plate
detector as the low resolution IUVS system, and
emission lines appear diffusely filling a 1.6 x 0.1
degree aperture (Figure 1) with a spectral resolution
0f 0.008 nm.

2. Scientific Goals

The main scientific goal of the echelle channel is
to measure H and D Ly o emissions from resonantly
scattered solar emission, and from these data derive
the D/H ratio of the martian upper atmosphere. The
ratio HDO / H,O is roughly 5-10 times higher than in
the terrestrial atmosphere. This has been interpreted
as being due to the escape of a large volume of water
into space, likely early in the history of Mars [2,3].
Since H atoms escape faster than D atoms, the D/H
ratio increases with time as more water is lost [4].
There are a number of caveats to this interpretation,
including uncertainties in the diffusion of H and D
atoms to the upper atmosphere, and different
condensation and photodissociation rates of H,O
compared with HDO. MAVEN measurements are
intended to determine the average ratio, and any
changes with location or season on Mars, to provide
a detailed understanding of the physical principles of
the escape of both species. This study has gained
new importance with the detection of an apparently
changing ratio of HDO / H,O in the lower
atmosphere with latitude and season on Mars [5],
which implies that the isotopic ratios of different
reservoirs of water differ from location to location,
perhaps from the poles to the equator.

The derivation of the D/H ratio from brightness
measurements requires the use of a radiative transfer
model, since the H line is optically thick while the D
line is optically thin. The D line exhibits limb
brightening, and the effective altitude of the peak can
also in principle be used to determine the altitude of
the homopause. The OI 1304 triplet line ratio will
provide information about both the optical depth of
the O line of sight column, and also the contribution
of photoelectron excitation to the total emission.
Early results from the echelle channel will be
presented.

3. Figures



Figure 1: Detector image of the H and D lines (below)
and the OI triplet (above) resolved into images of the
aperture. The H and D lines (separation 0.033 nm)
are well separated by the 0.008 nm resolution of the
instrument, however the D line is much fainter and
requires a longer integration time to detect.
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Figure 2: Reduced spectrum of the H (121.567 nm)
and D (121.533 nm) lines from the observation in
Figure 1, with a 420 sec exposure looking down on
the sunlit martian disc. The extended wings on the H
line are due to grating scatter.
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Abstract

Our investigations reveal the local thermal properties
on the Martian surface at the Viking Lander 1 (VL-1)
site. We achieved this by using the VL-1 footpad
temperature sensor which was buried, and due to its
location, was under shadow for extensive periods of
time during each sol. Reconstruction of the surface
and subsurface temperature history of the regolith in
the vicinity of the temperature sensor was made using
a 1-D atmospheric column model (UH-FMI) together
with a thermal model of the lander. The results have
implications for the interpretation of subsurface
thermal measurements made close to a spacecraft or
rock, interpretation of remote sensing measurements
of thermal inertia and understanding the micro-scale
behavior of the Martian atmosphere.

Figure 1: A view of the terrain at the Viking lander site.

1. Introduction

In situ thermal measurements of the regolith are
required on Mars as they can complement thermal
inertia measurements made remotely from orbit,
provide a ground truth, characterise the thermal
properties with depth to investigate the regolith
structure, study the evolution of the thermal properties
with time to investigate the exchange of volatiles with
the atmosphere. Thermal probes have been included

on spacecraft landers to investigate the surface energy
balance, evolution of volatiles and key thermal
properties, e.g. most recently Phoenix on Mars and the
Philae lander on P67/Churyumov—Gerasimenko, and
in the future the InSight mission will deploy a mole
into the Martian regolith to measure the thermal and
environmental properties.

temperature sensor
FROMT

]

LEG 2 LEG 3

TILT DIRECTION
(Z= DOwM)

LEG 1

LANDER 1 ORIENTATION

Figure 2: Images of the footpad temperature sensor
(bottom) reflected in the sampler boom mirror at
different times. Bold arrows in the above schematic
show viewing orientation. Modified top image from
reference [3].



2. Viking lander 1

The landing of Viking Lander 1 (VL-1) took place in
June 1976 during the Martian northern hemisphere
summer at a solar longitude of Ls 97 at 22.697 N
48.222 W. The spacecraft landed on mixed terrain
with areas of fine grained material and areas of coarser
grained material. As VL-1 touched down on the
Martian surface its footpad #2 penetrated loose fine
grained material burying the footpad and temperature
sensor. The sensor survived and continued to make
measurements for the duration of the mission (> 3
Martian years). The footpad temperature sensor was
buried between 1.2 and 2.4 cm [2].

3. Results

A 3D spacecraft model was used to determine the
timings of the shadows cast by the lander. A thermal
model of the spacecraft together with a 1-D column
model of the atmosphere and regolith [1] was used to
predict the subsurface temperatures of the regolith
around the footpad temperature sensor (see fig. 2).

Figure 3 shows the sensitivity of the predicted
temperatures on the uncertainties of the input
parameters. Measurement from the footpad
temperature sensor is also shown for comparison. The
uncertainty of the spacecraft model input parameters,
e.g. reflected and emitted radiation from the regolith.
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Figure 3: Thermal modelling results showing the
sensitivity of the surface temperature on the
uncertainty of the spacecraft model inputs. The season
is Ls 180° (autumn equinox).
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Figure 4: Model results compared to measurements for
Ls 180°. Depth is 1.8 cm and thermal inertia is 98 tiu
(Thermal Inertia Units). Reasonable fits also obtained
for other combinations of depths and thermal inertias.
Temperature range due to depth uncertainty - arrow.

4. Concluding remarks

We unravel the thermal influences of the VL-1 on a
patch of regolith around its footpad. Even though there
is extensive shadowing from the spacecraft it appears
thermal radiation emitted from the lander raises the
regolith temperature above the surrounding regolith.

A thermal inertia, around the VL-1 footpad #2, of 98
tiu +/- 20 tiu is consistent with our modelling approach
given the uncertainty in knowing the depth of the
sensor. This is likely much lower than the thermal
inertia of the adjacent area of coarser grained material.
A consequence is that adjacent areas will have
divergent surface temperatures that then could
influence the local climate at the VL-1 site.
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Abstract

Recurring Slope Lineae (RSL) are seasonal flows or
seeps on warm Martian slopes. Observed gradual or
incremental growth, fading, and yearly recurrence
can be explained by seasonal seeps of water, which is
probably salty. The origin of the water is not
understood, but several observations indicate a key
role for atmospheric processes. If sufficient
deliquescent salts are present at these locations, the
water could be entirely of atmospheric origin.

1. Introduction

Recurring Slope Lineae (RSL) on Mars may be
produced by the seasonal flow or seepage of water on
relatively warm slopes. They are narrow (<5 m),
relatively dark markings on steep (25°-40°), low-
albedo slopes, which appear and incrementally
extend during warm seasons, then fade and recur in
the same approximate location over multiple Mars
years [1]. RSL lack clear water absorption spectral
bands, but the fans on which they terminate have
distinctive color and spectral properties [2]. The
lineae commonly follow small gullies, but few
topographic changes have been detected via 30
cm/pixel images from the Mars Reconnaissance
Orbiter (MRO) High Resolution Imaging Science
Experiment (HiRISE). The first documented group of
RSL occur between ~48-32°S latitude and develop
primarily in late southern spring and summer,
favoring equator-facing slopes—times and places
where peak surface temperatures exceed 250 K [1].
Active RSL also occur in equatorial regions of Mars
(0-15°S), most commonly in the Valles Marineris
troughs [3]. Like the first group, these equatorial
RSL are especially active on sun-facing slopes,
moving from north- to south-facing slopes and back
to track the peak insolation. We have also confirmed
RSL in low-albedo Acidalia Planitia (35°N), active in
northern spring and summer with the most vigorous
extension in early spring [4]. RSL advance rates are

highest at the beginning of each season, followed by
much slower lengthening [5].

There are several key gaps in our understanding of
RSL. Most importantly, the origin of water to drive
RSL flow is unknown. The time of day of active flow
is also unknown. Most RSL locations are steep,
rocky, low-albedo slopes, with daily peak surface
temperatures typically >250 K, and commonly >273
K, in the active season, but there must be additional
factors, because many times and places with these
properties lack detectable RSL [6]. Water has not
been confirmed to be present, but laboratory
experiments show that even minor amounts of water
(5 wt. % and no liquid film on surface) can darken
basaltic soils while producing only weak spectral
features [7, 8]. These spectral features may be
undetectable in CRISM spectra obtained from
MRO’s midafternoon orbit, due to partial
dehydration and evaporation.

2. Evidence for Atmospheric Effects

The behavior of RSL strongly suggests fluid flow,
and we are not aware of any entirely dry process
known to create seasonal flows that progressively
grow over weeks and months. Seasonal melting of
shallow ice would explain the RSL observations, but
it would be difficult to replenish such ice annually,
and ice inherited from an earlier climate would be
quickly depleted. Deeper groundwater may exist and
could reach the surface at springs or seeps, but this
cannot explain the wide distribution of RSL,
extending to the tops of ridges and peaks [1, 9].
Also, there are apparent RSL on equatorial dunes
composed of permeable sand, unlikely to be a
groundwater source. This leaves an atmospheric
origin, but the dryness of the Martian air (~10 pr.
microns average column abundance [10]) is a
challenge.

Several observations show that atmospheric dust
opacity has a significant effect on RSL activity,



whether or not RSL water comes from the
atmosphere [1, 3, 11]. The evidence for the source
of water being atmospheric includes the following:

1. RSL extend to tops of ridges and peaks in many
locations.

2. RSL originate over many spots, up to thousands,
within a single HiRISE image, rather than being
concentrated at a few key locations like springs.

3. Perchlorates and other hygroscopic salts are
common on Mars.

4. Complex RSL flow boundaries may be exactly
repeated from year to year [4], perhaps explained
by deliquescence of salt deposited by past RSL
flow.

5. RSL fans in Valles Marineris transiently darken
during or just after periods of high dust opacity
[3], perhaps due to stability of deliquesced liquids
into the afternoons when MRO observes.

Deliquescence provides a mechanism for trapping
water from the atmosphere [12-14]. Condensation of
frost is also possible at these sites but direct melting
of such frost is unlikely to produce RSL [4].

Seasonal variation in the atmospheric column
abundance of water vapor does not match the RSL
activity over active locations [3, 15]. Although
subsurface exchange during the early stages of the
MY28 global dust storm has been suggested to affect
column abundances [16], the progressive obscuration
of water vapor as dust rises is an alternate
explanation [10]. However, near-surface water vapor
exchange with the shallow subsurface has been
reported by MSL [17].

Can deliquescence trap sufficient water to explain
RSL? RSL are highly concentrated in Coprates
Chasma, with RSL and their fans covering a total
area of ~6 x 107 m* Assuming 10% water by
volume (5% by wt.) a 10 mm flow depth gives 6 x
10* m® of water [18]. The atmosphere over the full
area of Coprates Chasm at ~10 pr. microns contains
~20 X more water. Thus, sufficient water may be
present in the atmosphere, but must be efficiently
trapped over small areas. The principal difficulty is
that evaporation during the warm part of the day may
exceed deliquescence during cooler times, in spite of
efflorescence relative humidities as low as 5% [13,

14], but the cooler days under dusty air may enable
liquid to acumulate. HiRISE shows that there are
often bright deposits after RSL have faded (possible
salt deposits), but they are generally too small to be
resolved by MRO/CRISM spectral imaging and may
usually be anhydrous. Recent detection of hydrated
deliquescent salts at RSL sites in some seasons [19]
supports this hypothesis.

3. Summary and Conclusions

The potential for water activity creates new
exploration opportunities, to search for extant life or
resources, as well as challenges such as the definition
of special regions for planetary protection. If RSL
form via atmospheric deliquescence, then they are
likely eutectic brines with temperatures and water
activities too low to support terrestrial life [20].
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Abstract

The atmosphere of Mars is significantly enriched in
C and O heavy isotopes, detected by ground based
high-resolution infrared spectroscopy as well as in
situ measurements by the Phoenix lander and Mars
Science Laboratory Curiosity rover. Heavy isotope
enrichment is consistent with the preferential loss of
light isotopes in eroding Mars’ primordial
atmosphere. Infrared spectroscopy of Mars collected
in May 2012 as well as in March and May of 2014
from the NASA IRTF resolves rovibrational
transitions of normal-isotope carbon dioxide as well
as singly-substituted minor isotopologues, enabling
remote measurements of carbon and oxygen isotope
ratios as a function of latitude and local time of day.
Earlier measurements obtained in October 2007
demonstrated that the relative abundance of O-18
increased  linearly  with  increasing  surface
temperature over a relatively warm early-afternoon
temperature range, but did not extend far enough to
inspect the effect of late-afternoon cooling. These
results imply that isotopically enriched gas is
sequestered overnight when surface temperature is
minimum and desorbs through the course of the day
as temperature increases. Current spectroscopic
constants indicate that the peak isotopic enrichment
could be significantly greater than what has been
measured in situ, apparently due to sampling the
atmosphere at different time of day and surface
temperature. The observing runs in 2012 and 2014
measured O-18 enrichment at several local times in
both morning and afternoon sectors as well as at the
subsolar, equatorial, and anti-subsolar latitudes. The
two runs in 2014 have additionally observed O-17
and C-13 transitions in the morning sector, from local
dawn to noon. These observations include a limited
sampling of measurements over Gale Crater, which
can be compared with contemporary in situ
measurements by the Curiosity rover to investigate
the degree of agreement between in situ and remote
methods and potentially to calibrate the spectroscopic

constants required to accurately evaluate isotope
ratios all over Mars.
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Figure 1: High-resolution infrared spectrum of CO,
in Mars atmosphere at 952.8808+0.0534 cm™
(bandwidth, not uncertainty). The measured spectrum
is dominated by wings of the telluric CO, transition
at the rest frequency, spanning the Doppler-shifted
CO; transition formed in Mars troposphere with a
non-local thermodynamic equilibrium (non-LTE)
core emission formed in the mesosphere, and the
'80CO absorption formed in the Mars troposphere.
The blue curve models the emergent spectrum for
standard temperature profile and surface temperature.
The red curve arises from an iteratively improved
lower-atmosphere temperature profile and surface
temperature. Both models use the telluric isotope
ratio, resulting in a poor fit to the 0CO feature,
demonstrating the opportunity to constrain fitting the
isotope ratio.
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Figure 2: Spectroscopically measured deviation of
Mars carbon dioxide '*O from terrestrial VSMOW
standard, permille (%o). Measurements on the
subsolar point are orange (~0.8” FWHM field of
view on map). Measurements at subsolar latitude, but
offset 20° longitude toward planetary east (1.33
hours of local time) are in yellow. The light orange
band indicates mass spectrometry by Viking landers
(0£50%o0) [4,5]; the red band indicates remote
spectroscopy by Krasnopolsky et al. [1], 18+18%o;
and the blue band indicates in sifu mass spectrometry
from the Phoenix lander, 31.0+£5.7%o [3]. Webster et
al. [6] report 48+5%o enhancement of 180 from Mars
Science Laboratory, somewhat greater than Phoenix
and at the upper limit of the Viking range. A dotted
line indicates the unenriched solar wind measured by
the Genesis mission, -102.3+3.3%o [2].
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Figure 3: Corroboration from Phoenix lander
measurements (data re-plotted from [3]), which show
evidence for mass-dependent fractionation of
isotopes, consistent with sequestration processes that
significantly modify the isotopic enrichment of
atmospheric CO,.
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Abstract

We present an algorithm to detect slope streaks on
Mars. It is mainly based on morphological operators
and it is successfully tested on images of MOC, CTX
and HiRISE cameras on different locations of Mars.

1. Introduction

Slope streaks are features typically dark, narrow and
fan-shaped which are seen on downslope reliefs [6].
Studies of these features are important because they
may provide a clue for understanding the basic
properties of Martian surface layer, dust and water
cycles and also some of the most recent climate
changes [3]. Many surveys on Mars are being
developed with remotely sensed imagery in order to
understand the physical processes triggering of these
patterns. All the studies that quantify some
characteristics of the streaks, are based on manual
interactive procedures to delineate only a small
portion of the available slope streaks and to measure
their morphometric characteristics as area, length or
thickness [2][1]. The availability of a methodology to
segment the streaks and to extract meaningful
information would naturally increase the regional
knowledge and the statistical significance, as a much
larger amount of images from different locations
could be fully analyzed. Since there is no approach in
the literature to deal with this problem in an
automated manner, we propose an algorithm to deal
with the segmentation of dark slope streaks on Mars.

2. Method

The algorithm developed is constituted by a sequence
built in three main steps: 1- pre-processing, 2-
detection and 3- post-processing. The procedure is
based on Mathematical Morphology operators, Otsu
method and a shape-based post-processing filtering.
The pre-processing of the images consists in
attenuating small bright/dark objects. Thus, a

filtering operation based on surface area opening and
surface area closing [5] is used. In the detection step,
the dark streaks are first enhanced through a top-hat
transform by closing [5]. The next stage of the
detection step consists of the thresholding with Otsu
method [4] that permits binarizing the images in an
automatic way. Also in the detection step we use a
thinning/pruning-reconstruction procedure, so in this
way we are able to keep the thin structures, which
would be suppressed by the erosion. The post-
processing is based on the morphology of the streaks.
Thus, to filter out false positive detections, those
structures that have an individual low value ratio
‘length/width’ are excluded from the image. We are
able to use this filter since slope streaks are always
long elongated features.

3. Image Datasets and Results

In order to include the diversity of dark slope streaks
and different illumination conditions, the dataset was
built containing images from different locations of
Mars captured along different daily periods and solar
longitudes. Currently, our dataset is constituted by
190 images: 90 MOC narrow-angle (resolutions in
the range 1.4-6.5 m/pixel), 90 CTX (5-6 m/pixel) and
10 HIRISE (0.25-0.50 m/pixel), that is, those from
which we have already performed ground-truth
images manually. Therefore, the algorithm developed
is applied to each individual image of the dataset
mentioned. Examples of the results obtained with the
algorithm application for each camera (MOC, CTX
and HiRISE) are shown in Figure 1. The performance
of the algorithm is evaluated through the computation
of the following quantities: true detection percentage
D = TP/(TP+FP)*100, branching factor B=FP/TP,
and quality percentage Q = TP/(TP+FP+FN)*100.
Here, TP denotes true positive detections, FP false
positive detections and FN false negative detections.
TP, FP and FN were obtained through comparisons
with ground-truth images of the dark slope streaks.
The application of the algorithm in each one of the



190 images of the dataset led to an overall quality
performance of about 80% (Table 1).
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Figure 1: Examples of algorithm performance in
images (@) CTX DO01_ 027725 2078 (b) MOC
M0307769 (c) HIRISE ESP_011730_2105

In what concerns the sensor, the quality is higher
with HiRISE images than with MOC and CTX ones.
This seems to be due to the fact that HiRISE images
only survey smaller regions on the Martian surface (a
consequence of its wvery high resolution) and
normally the scenes under analysis contain mainly
slope streaks and very few of other type of surface
features.

Table 1: Average Performances (by Camera and

Global)
Nb. of D B Q
Sensor Images % %
MOC 90 87.93 0.14 77.97
CTX 90 93.67 0.20 78.52
HiRISE 10 8450 0.03 82.09
MOC +

HIRISE + 190 89.70 0.18 80.03
CTX

4. Conclusions

The algorithm presented is still an ongoing process.
Currently, the algorithm identifies slope streaks in

high resolution images from Mars (0.25-6.5 m/pixel)
with a quality detection of about 80%. The result can
be considered very good as the dataset built is
representative of a very large diversity of terrains
where these features occur. Although there is still
room for improvement, namely to detect the more
faint streaks, we consider that this segmentation
algorithm is already very useful for start mapping
slope streaks on Mars at large scale.
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Abstract

The Mars Atmosphere and Volatile
Evolution spacecraft (MAVEN) entered in orbit
around Mars on September 21%, 2014 and began its
scientific phase two months later. Compared to its
predecessors, i.e. Mars Global Surveyor which
orbited around Mars at 400 km from 1999 to 2006,
and Mars Express which has been around Mars since
2003 with a periapsis at 270 km, MAVEN will
provide unprecedented observations of the neutral
and plasma environment of the planet thanks to its
unique orbital coverage and its sophisticated
instrument suite. Its precessing orbit is highly
elliptical with a 4.5h period and a nominal periapsis
at 150 km with “deep-dip campaigns” down to 125
km. While MGS did not carry any ion spectrometer
and MEX does not carry any magnetometer,
MAVEN has a complete set of plasma instruments
including the Solar Wind Electron Analyzer (SWEA)
measuring the energy and angular distributions of
electrons of energetic range from 3eV to 4.6 keV
with a 2 seconds rate.

From November 2014 to February 2015
MAVEN?’s periapsis sampled northern latitudes from
30 to 70 degrees from the dawn to the dusk
terminator in the night-side above regions with and
without significant crustal magnetic sources. On
nearly each periapsis a drop of more than two orders
of magnitude of suprathermal electrons with energies
above 3 eV can be observed. Electron plasma voids
have already been reported from MGS and MEX
observations and their location suggested a strong
link with crustal magnetic sources on the surface of
the planet that can generate magnetic loops excluding
electrons. We will first revisit the properties of
electron plasma voids from MGS and MEX

observations and compare/contrast them with the
new MAVEN multi-instrumental observations that
reveal with unprecedented details the highly variable
structure of these voids. Their numerous observations
above the Northern hemisphere where crustal
magnetic sources are much weaker than in the
southern hemisphere reveal that additional generation
mechanisms must be taken into account. We will
then discuss the various possible origins of these
electron plasma voids in relation to the variability of
the nightside ionosphere of Mars.
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1. Introduction

The InSight robotic lander is scheduled to land on Mars in
September 2016. InSight was designed to perform the first
comprehensive surface-based geophysical investigation of
Mars [1]. Passage of vortices may have a number of
influences on the geophysical measurements to be made by
InSight. Seismic data could be influenced by dust devils
and vortices via several mechanisms such as loading of the
elastic ground by a surface pressure field which causes a
local tilt [e.g. 2]. In addition, the power supply of the
InSight instruments is provided by solar arrays. Solar-
powered missions on Mars like the Sojourner rover in 1997
were affected by a decline in electrical power output by
0.2-0.3 % per day caused by steadily dust deposition on its
horizontal solar panel [3]. The solar-powered Mars
Exploration Rovers (MERs) Spirit and Opportunity
experienced similar dust deposition rates [4] which led to
steady power decrease over time endangering longer rover
operation times. The much longer operation times of the
rovers were made possible by unanticipated ‘dust clearing
events’ of the solar arrays by wind gust or dust devils [5].
Recent studies imply that dust devils are primarily
responsible for those recurrent “‘dust clearing events’ [6]. In
this study we investigate the potential frequency of intense
dust devil occurrences at the InSight landing site regions,
which are able to remove dust from its solar panels. We
analyzed newly formed dust devil tracks within a given
time span using multi-temporal HIiRISE image data
covering the same surface area. Based on these
measurements we will give encounter rate predictions of
intense (high tangential speed and high pressure drop) dust
devils with the InSight lander.

2. InSight landing site region

In 2013, four final landing site ellipses in Elysium Planitia
located between 133.8°-139.5°E and 2.8-5°N (Fig. 1) were
selected [7]. Within this region we analyzed multi-temporal
HIiRISE images covering the same surface area within a
relatively short time period. In total, 8 image pairs were
available at the start of the analysis (Fig. 1; Ids 1-8). Newly
formed dust devil tracks were identified and mapped, and
the width, length, and azimuth of each dust devil track was
measured.

3. Results

In total, 557 dust devil tracks were identified in 8 image
pairs acquired between March 2010 and February 2014. No
active dust devils in these image pairs were observed.

134°E 135°E 136°E 137°E 138°E

Fig. 1. The final four InSight landing ellipses (white color; EQ5,
E08, E09, and E17) in Elysium Planitia (based on [7]). Frames and
identitiy numbers (lds 1-8) show areas of HiRISE stereo pairs (red)
and overlapping surface area of two HiRISE images (pink).

Morphology. Fig. 2 shows an example of a typical newly
formed DDT. The DDTSs in the study region are relatively
straight which is also expressed in their low mean sinuosity
of 1.03 (standard deviation = 0.004). The sinuosity is lower
compared to mean values of ~1.3 and ~1.08 measured by
[8] in Russell and Gusev crater, respectively.

IN. L2y ».v.) i

Fig. 2. Example of observed track formation between HIiRISE
images. A: HIRISE image ESP_016942_1845 at LS=61.30°. No
tracks visible. B: HIRISE image ESP_018010_1845 at LS=97.83°.
The new NW-SE oriented dust devil track has a width of 5 m.
Images were acquired 81 sols (martian days) apart.

Track widths. Measured DDT widths vary from 1 — 30 m
with a mean and median width for all measured DDT of
3.99 m and 3.08 m (standard deviation = 3.13), respectively.
In general, narrower DDTs occur much more frequently as
broader ones, i.e. the size distribution is strongly skewed.
This can simply be explained by size-frequency
distributions of dust devils: On Earth and Mars, smaller
dust devils occur more frequently than larger ones [e.g., 9,
10], hence narrower DDTs should be expected to occur
more frequently as larger ones. [11] suggested the size
distribution of Martian dust devils may be described by a
power law with a differential exponent of -2: fuller
discussion of this question is found in [12] and [13]. As
discussed in these papers, the break in frequencies
occurring at DDT widths that we observe here between 1 —
2 mand 2 — 3 m can be explained by limitations of DDT
identification due to the spatial image resolution of around
30 cm/pixel (i.e. poor detection efficiency at small sizes,
rather than a low abundance).



Track lengths. Many DDT run out of the HiRISE image,
hence the complete length of the DDT cannot be measured.
Although there is a broad scattering in the results, a trend
for increasing DDT lengths versus DDT widths can be seen.
Such a relationship of increasing lengths with increasing
widths (likely comparable to dust devil diameters) would
be expected due to the fact that larger dust devils have
longer durations [14] who suggested an empirical
correlation for both Earth and Mars data of t=40d0.66,
where t is the longevity in seconds and d the diameter in
meters. The exponent allowed by the data may be between
about 0.5 and 0.75, with 0.66 as a best guess round number
(there exists large scatter in the data). The track length data
where the full tracks were observed, are described by the
least-squares fit L=181d%™. The exponent here is
reassuringly consistent with the longevity exponent of 0.66
in the expression by [14].

Frequency and seasonal variations. Seasonally most
image pairs cover solar longitudes (Ls) between 51° and
93° (northern spring), except for one covering Ls=215°-
250° (northern autumn). The frequency of newly formed
DDTSs per square kilometer per sol (ddt km? sol™®) varies
between 0.002 and 0.08 (Fig. 3). However, within the last
three acquired image pairs with a frequency of 0.002-0.005
ddt km? sol* a strong fading of already existing DDTs
occurred, indicating suppressed dust devil activity probably
caused by increased dust deposition. We compared the
seasonal DDT formation rate to the Dust Devil Activity
(DDA) index (Fig. 3), which is defined as the flux of
energy available to drive dust devils [15]. It is related to the
surface sensible heat flux and thermodynamic efficiency
and generally increases with the depth of the convective
planetary boundary layer, the difference between air and
surface temperatures and the surface wind stress. Input
parameters for the calculation of the DDA index were
derived from the Mars Climate Database (MCD version 5.1)
[16]. The seasonal DDA index was calculated in LS=10°
steps and averaged from 5 daily calculations between 9-17
local time. Although the available mul-titemporal HiRISE
data is so far limited to certain seasons, the DDA index
indicates an average seasonal DDT formation rate around
0.04 ddt/km?/sol.
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Fig. 3. Seasonal DDT frequency of the analyzed image pairs in
comparision to the Dust Devil Activity (DDA) index of [15].

4. Solar panel clearing predictions

The formation of DDTs is of operational interest, in that
InSight is solar-powered, and the accumulation of dust on
its solar panels may influence the amount of data the lander
can send back, and ultimately the operational lifetime of
the lander itself. By multiplying the track widths by the
track lengths, we obtain a DDT area formation rate (e.g. for
the 1d1 data, we find a total of 1.6 km? of DDTs formed by
396 DDTs in a 61km? survey area over 81 sols) of about
0.0003 km?/km?/sol. Inverting this implies that a given spot
on the surface may be cleared of dust once in 3000 sols (i.e.
every ~5 Mars years). Based on the measurements of Ids 1-
5 (Ids 6-8 show fading of tracks) and the seasonal DDA
index (Fig. 3), the average seasonal DDT formation rate is
around 0.04 ddt/km?sol. After normalization of track
widths, lengths, and using the average DDT formation rate
of 0.04 ddt/km%sol we calculated an average DDT area
formation rate of about 0.00007 km%km?/sol for the
InSight landing site regions, which implies that InSight’s
solar panels may be cleared of dust in average once in
~15000 sols (i.e. every ~22 Mars years). In so far as
clearing dust from a solar panel is in principle the same
process as the formation of a DDT (i.e. the removal of a
layer of dust [17, 18]), then the DDT formation rate we
have observed is not favorable for expecting any reversal
of dust accumulation on InSight's solar panels since the
recurrence interval of ~22 martian years is much longer
than the expected mission duration. The main reason for
this very long recurrence interval is the small dust devil
size population observed from DDTs. On the other hand,
we have not yet had the opportunity to observe the DDT
formation rate at the season at which dust devil activity
would be expected to be highest based on the DDA index
from Lg ~250°-320° (Fig.3). Finally, the total encounter
rate of the InSight lander with less intense dust devils (not
able to remove significant amounts of dust) and dustless
vortices will be much higher. Orbital obervations showed
that only 14% of active dust devils leave tracks [19].
Measurements of DDT formation rates with HiRISE [8]
and the comparison to observed active dust devils by Spirit
rover [10, 20] in Gusev crater implies a ratio between
1/500 and 1/110 [8]. This ratio even does not include
dustless vortices, which indicates that the total encounter
rate of vortices with the InSight lander might be several
100 factors higher than our predictions for intense dust
devils.
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1. Introduction

In contrast with teleconnection patterns, which can
be thought as vast atmospheric regions dynamically
coupled over long time scales, a transient
teleconnection event couples distant regions over
much shorter time scales, through the propagation of
some kind of mediating signal.

The signature of a transient teleconnection event, for
instance, has been identified in a reanalysis of the
martian atmosphere (which includes observations
from the Mars Global Surveyor/TES instrument)
during the onset of the 2001 (Martian Year -MY- 25)
planet-encircling dust storm. Montabone et al. [3]
and Martinez-Alvarado et al. [2] have identified a
long-range radiative-dynamical coupling between the
site where a regional dust storm (about a thousand
kilometres across) had its explosive growth, near the
Hellas Planitia basin, and the area where subsequent
storms appeared in the Tharsis region, on the
opposite side of the planet. In this specific case, the
mediating signal that allowed the teleconnection has
been identified in the interference of the diurnal and
“Kelvin” components of the thermal tides.

In this study, we describe another possible transient
teleconnection event, coupling the northern (NH) and
southern (SH) hemispheres rather than the eastern
and western ones. This event analogously originates
from the development of a large regional dust storm,
which seems to induce a radiative-dynamical
coupling between the two hemispheres.

We use the publicly available MGS/TES Mars
Analysis Correction Data Assimilation (MACDA)
dataset v1.0 ([3]) to identify and analyse the event.

2. Teleconnection event in MY 26

In late MY 26 winter (Ls~310°), a dust storm
originated in the North-East corner of the Tharsis

Plateau, crossed the equator and expanded in the SH
(Ls~320°). See the evolution of the atmospheric
column dust optical depth (CDOD) in Fig. 1. This
late winter storm had a strong effect in the NH, via
the transient modification of the global circulation.
The increase of air downwelling and consequent
adiabatic compression at high northern latitudes
produced an episode of enhanced polar warming at
several altitudes (see Fig. 2), severely affecting also
the shape and strength of the northern polar vortex.
We are interested in understanding the mechanisms
underlying the transient teleconnection event that
connected the SH, where the dust storm and related
direct atmospheric heating were mostly located, and
the NH, where the effects on the polar warming and
the circulation were observed.

Figure 1: Maps of gridded equivalent-visible CDOD
observations normalized to 610 Pa ([5]) from Ls~315°
through Ls~322° (~3 sols apart) in MY 26, showing
the development of the cross-equatorial storm.

In order to understand which mediating signal
allowed the teleconnection in this specific case, we
investigate several individual atmospheric wave
components, including migrating tides, non-
migrating tides, planetary waves, and gravity waves.



Figs. 3 and 4 show the individual components before
and during the polar warming enhancement, 16 sols
apart. The analysis reveals strong differences in the
migrating tide and planetary wave components,
which induce the strengthening and displacement of
both the peak of the westerly polar jet and the peak of
the easterly equatorial jet. It is likely that the
modification of the migrating tides (with largest
amplitudes between 30°S and the equator, see Fig. 4)
is directly produced by the localised atmospheric
heating due to the presence of dust. The
understanding of the origin of the dynamical
coupling between the displacement of the migrating
tides and the enhancement of the northern high-
latitude planetary waves, though, requires further
detailed analysis.

Figure 2: Maps of temperature at about 4 Pa level
(~50 km altitude) from Ls~314° through Ls~328° (5
sols apart) in MY 26, extracted from MACDA ([4]).
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Figure 3: Analysis of the atmospheric wave
components and zonal wind for sols 584-586,
L~315°, MY 26, extracted from MACDA ([4]). The
analysis is carried out as detailed in [1].
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Figure 4: Same as in Fig. 3 for sols 600-602, Ls~322°,
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warming enhancement, as represented in the top right
panel of Fig. 2.
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Abstract

For the upcoming NASA 2020 Mars rover mission
we identified a potential landing site that meets all
geological criteria including the presence of
Noachian/Early Hesperian aqueous sediments and
mineral phases and access to unaltered igneous rocks.
Our proposed landing site is located at the terminus
of Sabrina Vallis in Magong crater. The 25 km x 20

km landing ellipse is centred at 11.990°N, 313.425°E.

This site features deltaic sediments and distal
lacustrine sediments. Weak signatures of Fe/Mg-
bearing phyllosilicates were detected at central delta
cliff sections. Lacustrine sediments are cut by a
partially exhumed igneous dyke. On the crater floor
of Magong crater remnants of an approximately 1 m
thick dark deposit are observed, which is interpreted
to be a tephra layer sourced from an adjacent
volcanic field within Lederberg crater. Detailed
terrain analysis of the landing site shows that
engineering constraints are met with respect to slope
and relief.

1. Introduction

Our proposed 2020 Mars rover landing site is located
in Magong crater at the highland/lowland transition
zone in northern Xanthe Terra. The landing ellipse is
placed at the distal end of the Sabrina Vallis delta.
Sabrina Vallis extends for about 250 km in W-E
direction, cutting into Middle Noachian highland
material (unit mNh; [1]).

2. Data and methods

For morphological investigations we used HRSC
nadir (12.5 m/px), CTX (5-6 m/px), and HiRISE
(0.25 m/px) images. Terrain analysis was performed
on HRSC (75 m/px) and CTX-derived (15 m/px)
digital elevation models (DEM). Albedo and thermal

inertia values are derived from TES data. Spectral
signatures are based on CRISM images.

Fig. 1: Simplified geological map of Magong crater hosting
the Sabrina Vallis delta. Blue: deltaic deposits, pale brown:
crater floor unit, dark grey: tephra deposit, brown: highland
material. The narrow line feature in the centre represents a
dyke.

3. Geology

In our initial survey we prepared a basic geological
map (Fig. 1), where four units are distinguished: 1)
crater floor unit, 2) dark deposit, 3) deltaic deposits,
and 4) highland material. Deltaic deposits are layered
subhorizontally as exposed in distal cliff sections
(Fig. 2a). The delta is covered by fine-grained
sediments obscuring any potentially coarse-grained
components and surficial proximal to distal facies
changes. Due to the mantling, CRISM data only
show weak signatures of Fe/Mg phyllosilicates
(person. comm. J. Carter) exposed in central delta



cliffs. The crater floor unit appears dust-free and
exhibits a rough texture peppered with eroded impact
craters (Fig. 2c). Small aeolian bedforms are only
observed in some larger craters. The crater floor unit
represents aqueous and subaqueous sediments. Fresh
craters exposed dark-toned underlying strata. The
dark deposit overlies the crater floor unit and is
approximately 1 m thick (Fig. 2b). It occurs in
isolated patches throughout the crater floor. A narrow
ridge runs across the crater floor in NE-SW direction,
which is interpreted to be the top portion of a
partially exhumed dyke (Fig. 2d).

Fig. 2: Cose-up HiRISEviews of the deltaic sedients @),
hypothesized tephra deposit (b), crater floor material (c),
and the linear ridge (an exhumed dyke?) (d).

3. Terrain analysis

The mean elevation within the landing area based on
the HRSC-DEM is -2681m + 48 m (1c). Slope values
range between 0-18.1° with an average of 2.4° + 1.8°
(1o). The expected slopes at a 2 m baseline length are
expected to be about 2.9° based on CTX and MOLA
DEMs. The relief over a 1000 m baseline length is
for most areas within the landing ellipse less than
75 m with a few patches exceeding 100 m (Fig. 3).

Fig. 3: Relief/slope map of Magong crater for a 1 km
baseline length. Red areas exceed the 100 m relief
threshold value. Yellow and orange colours mark relief
values of 50-75 m and 75-100 m, respectively. Greenish
colours mark the relief of <50 m within a 500 m radius.
The 25 km x 20 km landing ellipse is shown in yellow. —

4. Discussion

Sabrina Vallis and the surrounding terrain are
characterised by periods of extensive fluvial activity.
The Sabrina valley system was formed at about 3.8
Ga with its delta representing the last stage of activity
at about 3.4 Ga [2]. The crater floor material was
deposited at 3.7 Ga with a major erosive event taken
place at about 2.2 Ga. This event eroded most of the
tephra leaving only isolated patches behind. The
tephra was likely emplaced through explosive
eruptions at hypothesized volcanic tuff rings within
the adjacent Lederberg crater [3]. At the landing site
there is access to fluvial and lacustrine sediments
where signatures of life may be found. Sampling
igneous rocks from the dyke will advance our
understanding of the Martian magmatic evolution.
The widespread tephra deposit would give insights
into eruption dynamics and will also serve as a
regional time-stratigraphic marker horizon.
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Abstract

Over the past 40 years, estimates of the total
outgassed inventory of water on Mars have ranged
from a global equivalent layer (GEL) ~7-1000 m
deep [1, 2]. However, Carr and Head [3] have
recently argued that it is not the total inventory of
outgassed water that is important, but the amount that
exists in climatically exchangeable surface and near-
surface reservoirs — suggesting that any exchange
with water in the deep subsurface is precluded by the
existence of a thick cryosphere, at least during the
Amazonian and Hesperian. Based on this assumption,
and their estimate of the present day near-surface
inventory of H,O (~34 m GEL, stored as ice in the
polar layered deposits (PLD), lobate debris aprons,
ice-rich latitude dependent mantles, and as shallow
ground ice), they then extrapolate the evolution of
this inventory backward in time, taking into account
the introduction of new water by volcanism and
outflow channel activity and the loss of water by
exospheric escape. They conclude that, at the end of
the Noachian, Mars had a near-surface water
inventory of ~24 m and ~62 m by the end of the
Hesperian — inventories that Carr and Head [3] argue
were incompatible with the existence of a former
ocean.

Yet, estimates of the amount of water lost or
gained, over Martian geologic history, have large
uncertainties. Further, the freezing and subsequent
burial of a Noachian or Hesperian ocean (by volcanic
ash, lavas, and eolian and fluvial sediments) provides
a plausible and effective means of sequestering many
hundreds of meters of H,O (GEL) well below the
~60-80 m depths sampled by the MARSIS surface
permittivity investigations [4]. The potential survival
of a buried remnant of a former ocean, outflow
channel discharge, and past climatically emplaced
ice-rich latitude dependent mantles, is consistent with
theoretical expectations of the hydrologic and
climatic evolution of Mars, the abundant geologic
evidence for km-thick accumulations of volcanic and
sedimentary deposits, and the observed distribution
and morphologic characteristics of fluidized ejecta
craters, as well as other geomorphic indicators of

subsurface volatiles, throughout the northern plains
[5-7]. This suggests that the present near-surface
inventory of H,O places no constraint on either the
past near-surface inventory, or the former existence
of a northern ocean.

Near-Surface Inventory of H,O and Resurfacing
History of the Northern Plains

Current research suggests that Mars accreted from
a population of planetesimals that were more volatile
rich than those that formed the Earth [8, 9], yielding
an initial Martian planetary inventory of (bound)
water ~600-4000 m deep (GEL). A potentially large,
but unknown, fraction of this inventory was released
from the interior by the formation of an early magma
ocean, as well as by subsequent impact and volcanic
degassing. It is not known how much of the initial
outgassed inventory survived the early period of
atmospheric escape — nor how much more was added
by wvolcanic outgassing during the Noachian.
However, there is persuasive evidence that Mars
experienced intense volcanic activity throughout its
first billion years of geologic evolution. This
evidence is apparent at the eastern end of Valles
Marineris, where ~4-5 km of layered stratigraphy is
exposed in the canyon walls, capped by a plateau unit
that dates from the Late Noachian [10, 11].
Additional evidence is provided by the regional flow
directions of Late Noachian/Early Hesperian valley
networks, which indicate that the vast bulk of Tharsis
volcanic province was in place prior to the last
episode of valley network formation [12].

This inability to quantify the inventory of water on
Mars during the Noachian motivated Carr and Head
[3] to try a different approach, based on three key
assumptions: (1) that the inventory of water present
in climatically exchangeable near-surface reservoirs
can be considered in isolation from the planet’s total
outgassed inventory of water, (2) that the present
near-surface inventory of water is reasonably well-
known, and (3) that we can accurately estimate the
amount of water added and removed from the near-
surface inventory during the Amazonian and
Hesperian. In this way, Carr and Head [3] attempt to



deduce the Late Noachian near-surface inventory of
water by extrapolating the present inventory
backward in time. While the validity of all three
assumptions can be debated, it is the first that
represents the most serious weakness of the Carr and
Head [3] approach, as extensive resurfacing has
heavily modified the nature of the near-surface
environment over time.

For example, early Mars global climate models [13,
14] suggest that, if the Noachian inventory of water
was large enough to form a northern ocean, it would
have rapidly frozen — creating a northern ice sheet.
While sublimation may have redistributed some of
this ice to high elevations (forming snowpacks and
glaciers) [15], Noachian Mars was the most
geologically active period in the planet’s history [11].
Higher atmospheric pressures would have resulted in
enhanced eolian erosion, with global dust storms
redistributing dust across the planet. Fluvial
discharges, associated with the formation of the
valley networks and earliest outflow channels, would
have caused extensive erosion and carried substantial
volumes of water and sediment to low elevations —
especially in the northern plains. Finally, the intense
volcanic activity that characterized this era could
have readily blanketed any frozen remnant of an
early ocean, outflow channel discharge, or ice-rich
latitude dependent mantles, with volcanic ash and
lavas — 10’s to 100’s of meters deep.

This episodic resurfacing would have had a
profound effect on the stability and preservation of
ice at depth [7, 16]. For example, at mid-latitudes, a
mantle of regolith <10 cm deep is sufficient to
thermally isolate near-surface ice from daily
temperature  extremes, greatly reducing its
sublimative loss. Mantles >1-2 m, provide enough
insulation to protect ice from annual temperature
extremes, allowing buried ice to survive for billions
of years. Present-day Martian examples of this effect
include the defrosted regions of the south polar
layered deposits and the ice-rich latitude dependent
mantles. Numerous examples of the preservation of
glacial ice, by its burial beneath mantles of sediment,
volcanic ash and lava, can also be found on Earth
(Fig. 1a).

Conclusions

If early Mars possessed an inventory of outgassed
water sufficient to form an early ocean, then a frozen
relic of that body may survive at depth to the present
day. While sublimation undoubtedly depleted some
fraction of the initial inventory of ice, later episodes
of outflow channel activity and obliquity-driven
polar ice redistribution, combined with the
concurrent accumulation of ~0.5 - 15 km of
sediments and volcanics, since the Noachian [17],

would have led to the development of a complex
volatile stratigraphy throughout the northern plains
[7] — at depths well below those associated with the
present near-surface inventory of ice (Fig 1b). Thus,
even if we could assess the present near-surface
inventory of ice with high precision, it would place
no constraint on either the past near-surface
inventory of H,O or the former presence of a
northern ocean. Finally, because the burial of ice
significantly inhibits its diffusive communication
with the atmosphere [16], any estimate of the original
outgassed inventory or water, inferred from the
present atmospheric D/H ratio [18], must be
considered a minimum.
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Potential Complex Volatile Stratigraphy of the Northern Plains:
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Fig. 1. (a) Several meter-thick sedimentary layer preserving
remnant ice from the last glacial maximum in
Garwood Valley, Antarctica. (b) Potential complex volatile
stratigraphy of the Martian northern plains.
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1. Abstract

We present a Mars Atmospheric and Volatile
EvolutioN (MAVEN) data-model comparison to
better constrain the response of Mars’ atmosphere to
changes in the interplanetary magnetic field (IMF)
configuration, specifically with how the IMF
influences the escape of the atmosphere. Because
Mars lacks a dipole magnetic field, the solar wind
directly interacts with the upper neutral atmosphere
to create ‘pick-up’ ions. The pick up ions can
subsequently escape to space, with a spatial
dependence on the IMF configuration. We will
present global maps of escaping O” during different
solar cycle phases for multiple IMF conditions using
a magnetohydrodynamic and test particle simulation.
We will compare these to the relevant MAVEN
datasets and examine how the different IMF
configurations could influence the escape rate from
Mars’ atmosphere. Using the models, we will also
address the role of the solar cycle and crustal field
orientation.

2. Introduction

Diagenetic and isotopic evidence suggests that
Mars hosted large inventories of water (e.g. [1,2]),
much of which may have escaped to space [3]. When
water in the atmosphere is photodissociated, the
resulting  hydrogen can be removed via
hydrodynamic escape [4] while the resulting oxygen
is 16 times heavier and requires ~2 eV at Mars to
escape, which is more than most photochemical
processes provide. Thus other mechanisms are
necessary to explain the removal of oxygen from
these atmospheres.

One of the non-thermal mechanisms for removing
oxygen is through the interaction with the solar wind.
Mars lacks an intrinsic dipole magnetic field, which
creates a scenario where neutral oxygen can be

ionized and 'picked up' and accelerated by the
background convective electric field. Pick-up ions
can affect two significant processes for atmospheric
escape: 1) sputtering via pick-up ion precipitation as
well as 2) escape through pick-up ion acceleration [5].
In the first process, pick-up ion precipitation drives
atmospheric escape through sputtering when an
energetic ion re-impacts the atmosphere and collides
with neutral oxygen, exchanging momentum and
causing the neutral oxygen to have enough energy to
escape the atmosphere. In the second process, oxygen
can escape when it is ionized and swept away by the
solar wind.

2. Approach

Simultaneous measurements of plasma and
magnetic fields are critical for assessing how much
of the ionized gases in Mars’ atmosphere escape;
MAVEN is the first spacecraft since Phobos in 1988
to carry both plasma instruments and a magnetometer.
Using the available observations, we present
comparisons of simulated heavy planetary ions with
MAVEN plasma data to better constrain atmospheric
loss rates at Mars. Specifically, questions remain
about the effect of the interplanetary magnetic field
(IMF) on atmospheric erosion due to the lack of a
dipole magnetic field. Past data observations have
indicated that most of the pick-up ion escape is
behind the planet through the tail, but numerous
simulations have predicted a high-energy plume
driven the convective electric field generated by the
IMF. The MAVEN data will be compared to model
results from the Mars Test Particle (MTP) simulation
and the BATS-R-US magnetohydrodynamic (MHD)
simulation in order to capture both the fluid and
kinetic behavior of the upper atmosphere. Both
simulations use a 3-D neutral atmosphere, and the



MHD simulation is a single fluid, multi-species
realization [6,7].

3. Preliminary results

The most observed IMF configurations at Mars
have been a Parker spiral in the towards and away
sector [8]. Using the suite of models mentioned
above, we present maps of escaping O" on a spherical
shell around Mars at 3 Ry;. We will compare the high
altitude plasma observations of O using the particle
and field instruments on MAVEN, including
STATIC, SWIA, SWEA and MAG. Specifically, we
will present magnetic field observations of a reversal
in the IMF from a towards to an away sector,
highlighting the response of the observed behaviour
of the heavy ions seen by SWIA and STATIC.
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Figure 1: The Molleweide projection of escaping
0" from 3 Ry is looking directly downtail of the
planet. The flux is on a log scale in units of cm™ s™.
The top panel illustrates the escape pattern for an
away sector IMF while the bottom panel illustrates
the escape pattern for a towards sector IMF.
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1. Introduction

One of the primary goals of the Mars Atmosphere
and Volatile Evolution Mission (MAVEN) mission is
to characterize rates of atmospheric escape at the
present epoch and relate those escape rates to solar
drivers [1]. One of the major escape processes is
known as photochemical escape, which is broadly
defined as a process by which a) an exothermic
reaction in the atmosphere/ionosphere results in an
upward-traveling neutral particle whose velocity
exceeds planetary escape velocity and b) the particle
is not prevented from escaping through any
subsequent collisions [2]. At Mars, photochemical
escape of oxygen is expected to be a significant
channel for atmospheric escape, particularly in the
early solar system when extreme ultraviolet (EUV)
fluxes were much higher [3]. Thus characterizing
this escape process is central to understanding the
role escape to space has played in Mars’ climate
evolution.

2. Approach

Because escaping hot atoms cannot easily be directly
measured, models of production and transport
(through the atmosphere) of such atoms must be used
to constrain escape rates. These models require
altitude profiles of neutral densities and electron and
ion densities and temperatures, as well as
compositional information.

All the relevant quantities upon which photochemical
escape depends are measured by MAVEN at the
relevant altitudes (130-300 km). The Langmuir
Probe and Waves (LPW) instrument measures
electron density and temperature [4], the Neutral Gas
and lon Mass Spectrometer (NGIMS) measures
neutral and ion density [5]and the SupraThermal And
Thermal lon Composition (STATIC) instrument [6]
measures ion density and temperature. Four separate
calculations must be made for every inbound and
outbound altitude profile [7]:

1. Profiles of O," dissociative recombination (DR)
rates are calculated straightforwardly from
electron temperature, electron density and O,"
density.

2. Profiles of rotational and vibrational distributions
of O," ions are calculated from profiles of CO,,
0, 0,, 0%, CO," and CO* via a lookup table from
an empirical model.

3. Profiles of energy distributions of hot O atoms
are calculated from the results of step 2 and from
profiles of electron and ion temperatures.

4. Profiles of all neutral densities are input into
models of hot O transport in order to calculate
photochemical escape fluxes from DR of O,".

3. Preliminary results

We present photochemical escape fluxes as a
function of all relevant factors, in particular solar
zenith angle and EUV flux. The latter will change
with solar activity, solar rotation and Mars
heliocentric distance, while MAVEN will sample the
former from ~10° to 150° as the periapsis location
precesses over the first 5 months of the primary
mission. Figure 1 shows an example of
aphotochemical escape rate calculation from
December 2014 at a solar zenith angle of 75°. Figure
2 shows calculated photochemical escape rates as a
function of solar zenith angle for ~100 periapsis
passes. At 60° solar zenith angle the calculated
escape fluxes range from 0.1to 5 x 10’ cm?s™
compared with modeled escape fluxes ranging from 1
t0 40 x 10’ cm? s,

These results are still very preliminary and subject to
change as calibrations evolve. Validated
photochemical escape fluxes from the MAVEN
primary mission, combined with further simulations
with progressively higher EUV fluxes, will
eventually enable a total integrated loss estimate over



the course of Martian history and hence a
determination of the impact of this loss process on
the evolution of the Martian climate.

Peak escape: 268.4 km
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Figure 1: Example of photochemical escape rate
calculation. Top left panel shows measured
neutral densities. Top right panel shows average
escape probability as a function of the altitude at
which hot O atoms are produced via dissociative
recombination. Bottom left panel shows
measured ion densities. Bottom right panel shows
of production rates of total and escaping hot O
atoms.
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Figure 2: Hot oxygen escape fluxes calculated
from periapsis passes in November and December
2014, shown as a function of solar Zenith angle.
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Introduction

The last decades of Mars research have revealed numerous
observations of past flowing and ponding of water on the surface
of Mars, including channels, valleys, paleolakes, seas and oceans.
A region on Mars with the highest density of fluvial and lacustrine
landforms is the Noachian-aged Libya Montes highland at the
southern rim of Isidis Planitia [e.g., 1-5]. In particular, a 60-km
diameter crater paleolake site located at 85.8°E/2.7°N reveals a
diverse and complex setting of fluvial and lacustrine landforms [4].
The dense appearance of valleys, fan-shaped deposits and
associated mineral assemblages record the repeated occurrence of
liquid, flowing and standing water and provide significant insights
into the aqueous geologic record of Libya Montes. The complex
hydrologic activity proposed for this crater lake site indicates a

Degraded

valleys

.~ Fan-shape
/Crater rim deposits
f.60-km crater® -

3500 n'%‘* T i -

e

great potential for discovery of past environmental conditions that
may have been favorable for life [4].

The complex geologic and geochemical nature of this site
encouraged multiple proposals for candidate landing sites for
future rover missions to Mars [e.g., 4,6,7]. Although this site has
not yet been selected as a landing site due to difficulties meeting
the engineering requirements of near-future missions to Mars, it
has been monitored with high priority by recent Mars orbiter
missions. New HiRISE images provide, together with the HRSC
DEM for the geologic context (Fig.1), a terrific view into the
paleolake site and, in particular, of the fan-shaped deposits. Here
we present the morphologic maps of the deposits at HiRISE scale
(Fig. 2-4) and added hyperspectral CRISM data to investigate the
mineralogy in greater detail.
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Fig. 1: Perspective view of the 60-km diameter crater at the boundary between the Libya Montes and Isidis Planitia. The crater-lake site hosts a complex
diversity of fluvial, lacustrine and possible fluvio-glacial landforms, in particular degraded valleys, parallel (tunnel) valleys, two cliffs and a terrace, an
outlet cut into the northern rim of the 60-km crater, a delta with associated Al-rich phyllosilicates, a small-scale open-basin paleolake with another delta,
widespread bright, polygonally-fractured Fe/Mg phyllosilicates, and an alluvial fan. Color-coded HRSC h_2162 DTM on CTX mosaic.



Proposed formation history

The stratigraphically oldest units in the 60-km crater are heavily
degraded valleys that are partly dendritic and are present only on
some sections of the eastern and southeastern walls. They are
comparable to the dendritic valley networks observed elsewhere in
Libya Montes and represent earliest phases of fluvial activity
characterized by precipitation-induced surface runoff [e.g., 1-4].
At that time (~3.8 Ga, [4]), water was possibly also initially
ponding in the 60-km crater. As the terrain declines toward the
north, water may have spilled over the northern rim of the crater
and resulted in an initial breach in the wall. The crater rim should
have been initially intact to an elevation above -2500 meters. This
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Fig. 2: HiRISE-based morphologic maps of (2AB) a small-scale open-
basin paleolake with fan-shaped deposits, (3AB) deltaic deposits at the

outlet of the 60-km crater, and (4AB) an alluvial fan.

is supported by the elevation of fluvial and lacustrine landforms in
the 60-km crater, which suggest later and repeated ponding events.
We proposed that a second lake-size standing body of water is
associated with cliffs near -2500 and -2800 meters elevation along
which the majority of valleys terminate. A terrace between the
cliffs may also be related to a lake-size standing body of water and
suggests, together with the cliffs, variations of the lake-level and
distinct ~ still-stands. Further evidence for fluvio-lacustrine
processes that occurred later and were different from those that
formed the degraded valleys and the initial breach are the parallel
valleys and a few individual valleys that appear stratigraphically
higher than the degraded valleys. One of the individual valleys
drains as the inlet channel into a small open-basin paleolake (Fig.
2). Our HiRISE based morphologic map shows the fan-shaped
deposits, including typical morphologies such as a topset lobe with
numerous exhumed distributary channels, a heavily degraded
foreset and the degraded and buried remnants of the bottomset.
The latest fluvio-lacustrine activity at this site appeared likely
along a distributary channel along the western edge of the fan-
shaped deposits. The distributary channel follows the channel
through the outlet breach. The topographic setting in an open-basin
crater-lake site, the lobe morphologies and strong evidence for
hydrous alteration supports the interpretation of this feature as a
delta.

Overspill events of the second lacustrine phase had eroded the
breach in the northern rim of the 60-km crater to its present state at
-3100 meters elevation. In a depression immediately north of the
outlet, another fan-shaped deposit indicates a third phase of lake
formation (Fig. 3). The deposits consist of three individual topset
lobes with decreasing extent from oldest to youngest, suggesting
that the amount of water was also decreasing during formation.
The stratigraphically oldest lobe (Topset-lobe 01, Figure 3) is
heavily degraded and does not show many distributary channels.
Abundant bright polygonally-fractured materials along the front of
lobe 01 are rare in Libya Montes and have been interpreted as Al-
rich phyllosilicates, particularly montmorillonite [4] and/or
beidellite [5,8]. The topographic setting in a closed basin, the lobe
morphologies and strong evidence for hydrous alteration supports
the interpretation of this feature as a delta.

The fan-shaped deposit located in the center of the 60-km crater
(Figure 4) very likely shows a late-stage depositional event in the
60-km crater and also indicates that a possible lake did not exist
during the crater formation. The orientation of the lobes
perpendicular to the parallel valleys suggests that the materials
have been deposited significantly later. Also the rim of the 60-km
crater was already breached at -3100 meters elevation and did not
allow ponding up to -2500 meters, the level of the alluvial fan.
However, four distinct lobes of the fan-shaped deposit and Fe/Mg
phyllosilicates present in the stratigraphically oldest lobes are
possibly the result of repeated events of erosion, transport and
deposition, and suggest a complex formation history. The general
morphologic setting of the fan on a steep slope and not in a basin
is more comparable to an alluvial fan. Finally, fluvial activity
responsible for the formation of the alluvial fan was still active
(~<3.6 Ga, [4]) but waning and insufficient to form a lake.

Conclusion

We interpret the morphologic—geologic setting and associated
mineral assemblages of the 60-km crater-lake site as resulting from
repeated fluvial activity, multiple lake-size standing bodies of
water and an environmental change over time toward decreasing
water availability.
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