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Mars Express: foreword

Mars Express arrived at its destination in December 2003 to investigate most of the facets
of the Red Planet — the interior, surface, atmosphere and ionosphere — in unprecedented
detail. In addition to these global studies, the unifying theme of the mission is the search
for water in its various states everywhere on the planet. The resulting water inventory
(so far covering water vapour and water ice) has a great significance for the search for
potential life forms, past or present, on the surface and below.

The first ESA volume (SP-1240, Mars Express: The Scientific Payload), describing
the scientific instruments, was published a few months after arrival. This companion
volume focuses on the scientific results up to the end of the mission design lifetime
(nominal mission and first extension), bearing witness to the tremendous success of
Mars Express, scientifically and technically. The nominal science mission (January
2004 — November 2005) has already been extended twice (November 2005 — September
2007 and September 2007 — May 2009). Funding for a third extension (May 2009 —
December 2012) is being requested.

Following a summary of the scientific results so far presented in a thematic manner,
the scientific investigations are explained in detail in this volume for each of the
instruments. First, the instruments dealing primarily with the solid planet (subsurface
and surface): the High Resolution Stereo Camera (HRSC), the OMEGA infrared
mineralogical mapper, and the MARSIS subsurface sounding radar. Second, the
instruments addressing the gaseous planet (atmosphere and ionosphere): the Planetary
Fourier Spectrometer (PFS), the SPICAM UV and IR spectrometer, and the ASPERA
Energetic Neutral Atom Analyser. Finally, the MaRS radio science experiment,
providing insights into all areas, including interior gravity anomalies, surface roughness,
atmospheric and ionospheric structure, and solar corona. Two further chapters, on
science planning and operations, and data archiving complete the volume.

Mars Express is the first European mission to another planet, following ESA missions
to other Solar System bodies (Giotto to Comet Halley and Huygens to Saturn’s moon
Titan) by the Science Programme. Mars Express has opened the way to the exploration
of Mars in Europe, soon to be followed by missions of ESA’s Aurora Exploration
Programme. ExoMars will focus on detailed geochemical analysis of the martian surface
with an ambitious rover, and Mars-NEXT will establish a network of three or four
surface stations complemented by an orbiter to determine the deep internal structure of
the planet and the global circulation of the atmospheric, and to analyse the rocks and
soil at each landing site. Mars-NEXT will be an important technological milestone in
preparation for the international Mars Sample Return mission.

Mars Express has positioned European scientists at the forefront of Mars research
in all fields, giving Europe a significant presence at international planetary sciences
meetings. In spite of numerous US missions to Mars, Mars Express has provided
exciting new and fully complementary scientific results. It has taken its rightful place
between NASA’s Mars Global Surveyor and the Mars Exploration Rovers, and the
Mars Odyssey and Mars Reconnaissance Orbiter missions. Mars Express has given
ESA unprecedented visibility among the general public worldwide, unmatched until the
later landing of Huygens on Titan. Through its data archive, its data are continuously
being made available to the scientific community in all fields of research. Biweekly web
releases are reaching a vast portion of the general public on all continents.

From a technical point of view, the legacy of Mars Express is highly significant,
showing that first-class planetary missions can be built in record time with limited
resources. This made Venus Express possible by using the same spacecraft design
and more than half of the Mars Express instruments. From a scientific point of view,
in addition to the outstanding results in all areas of Mars science, the legacy of the
mission will be measured by the global imaging of its surface at high resolution, largely
improving on the 1970s Viking coverage.

Agustin F. Chicarro
Mars Express Project Scientist
ESTEC, September 2008
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First high-resolution colour-coded Digital Terrain Model (DTM) mosaic with superimposed HRSC
ortho mosaic of the central part of Valles Marineris.

The stereo information from 20 HRSC individual orbit swaths has been used to generate a
DTM mosaic with a ground resolution of 100 m per pixel. The information from the high-resolution
panchromatic nadir channel of the HRSC has been used to create an ortho-image mosaic with a
ground resolution of 25 m per pixel covering an area of approximately 630000 km?. Both sets of
processed data have been combined to create this sharpened colour-coded DTM view.



Mars Express

First near-true colour oblique view of the central part of Valles Marineris.

The stereo information from 20 HRSC individual orbit swaths has been used to generate a DTM
mosaic with a ground resolution of 100 m per pixel together with the colour information of 12 HRSC
orbit swaths to generate this near-true colour ortho-image mosaic covering an area of approximately
630000 km?. In order to improve the spatial resolution, the HRSC colour channels and the high-
resolution nadir channel have been combined (Hue-Intensity-Saturation Transformation) and then
recast into a sharp, improved colour image. This colour image and the DTM data combined have
been used to generate the particular bird’s eye view of Valles Marineris at an angle of 45° to the
surface at four times vertical exaggeration.
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Mars Express: Summary of Scientific Results

A.F. Chicarro, O.G. Witasse & A. Pio Rossi

Solar System Missions Division, Research & Scientific Support Department, ESA/ESTEC, PO Box 299, 2200 AG Noordwijk, the Netherlands
Email: agustin.chicarro@esa.int

Mars Express is the first European mission to another planet. It has opened the
way to further European exploration of Mars with the ExoMars rover and, one
day, with a network of surface stations in preparation for the international Mars
Sample Return mission. The Mars Express spacecraft has been orbiting the Red
Planet for more than five years, during which time it has investigated many
scientific aspects of Mars in unprecedented detail, which are summarised in
this chapter. Mars Express has revolutionised our understanding of the planet’s
geological evolution, allowing us to build a comprehensive and multidisciplinary
view of Mars, including the surface geology and mineralogy, the subsurface
structure, the state of the interior, the climate’s evolution, the atmospheric
dynamics, composition and escape, the aeronomy and the ionospheric structure.
Major advances have been made through discoveries such as the very recent (in
geological timescales) occurrence of volcanic and glacial processes, the presence
of water ice below the surface and the fine structure of the polar caps. The
various types of ice in the polar regions have been mapped, and the history of
water abundance on the surface of Mars has been determined in view of the
alteration minerals formed at different epochs. The mission has revealed the
unequivocal presence of methane in the atmosphere, the existence of nightglow,
mid-latitude auroras above crustal magnetic fields in the southern highlands
and very high-altitude CO, clouds, as well as the solar wind scavenging of the
upper atmosphere down to 270 km altitude and the current rate of atmospheric
escape. Detailed studies have been made of the crustal gravity anomalies (and
thus the properties of the interior), the surface roughness and the fine structure
of the ionosphere. Indeed, the presence of methane, independently confirmed by
ground measurements, suggests that either volcanism or biological processes are
currently active on Mars. Either way, these breathtaking results have given us
an entirely new view of the planet.

Mars Express has revolutionised our understanding of the planet’s geological 1. Introduction
evolution, in conjunction with the ‘ground truth’ provided by NASA’s rovers. A
great wealth of data has been gathered, allowing us to build a comprehensive and
multidisciplinary view of Mars, including the surface geology and mineralogy, the
subsurface structure, the state of the interior, the climate’s evolution, the atmospheric
dynamics, composition and escape, the aeronomy and the ionospheric structure. Major
advances have been made, such as the discovery of water ice below the surface,
mapping of the various types of ice in the polar regions, the history of water abundance
on the surface of Mars in view of the minerals formed at different epochs, the presence
of methane in the atmosphere, mid-latitude auroras above crustal magnetic fields, and
much younger timescales for volcanism and glacial processes. Indeed, the presence
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2. Deep Interior and
Subsurface

of methane, independently confirmed by ground measurements, suggests that either
volcanism or biological processes are currently active on Mars.

The Mars Express spacecraft has now been orbiting the Red Planet for more
than five years. Its High Resolution Stereo Colour Camera (HRSC) has provided
breathtaking views of the planet covering both hemispheres, highlighting the very
young glacial and volcanic features, from hundreds of thousands to a few million
years old, respectively. The OMEGA infrared mineralogical mapping spectrometer
has provided unprecedented maps of H,O ice and CO, ice in the polar regions. It
has also shown that the alteration of minerals in the early history of Mars reflect the
abundance of liquid water, while the nature of minerals formed later suggest a colder,
drier planet with only limited periods of surface water.

Also, high-altitude CO, ice clouds have been detected in the equatorial region
of Mars. The Planetary Fourier Spectrometer (PFS) has confirmed the presence of
methane for the first time from orbit, pointing to current volcanic activity and/or
biological processes. The SPICAM ultraviolet and infrared atmospheric spectrometer
has provided the first complete vertical profiles of CO, density and temperature. It
has also discovered the existence of nightglow over the atmosphere’s nightside, as
well as auroras over mid-latitude regions linked to crustal palacomagnetic signatures,
and very high-altitude CO, clouds. The ASPERA energetic neutral atom analyser has
found that the solar wind is slowly stripping off the high atmosphere down to 270 km
altitude, and has measured the current rate of atmospheric escape. The MaRS radio
science experiment has studied the surface roughness by pointing the spacecraft’s
high-gain antenna at the planet and recording the echoes. Also, the martian interior
has been probed by studying the gravity anomalies that affect the orbit, and a transient
ionospheric layer due to meteors burning in the atmosphere has been identified.
Finally, the MARSIS subsurface sounding radar has recorded strong echoes coming
from the surface and the subsurface, allowing the identification of the very fine
structure of the polar caps. Radar probing of the ionosphere has revealed a variety of
echoes originating in areas of remnant magnetism.

One of the objectives of the Mars Radio Science (MaRS) experiment is to study the
temporal and spatial variations of the martian gravity field. Gravity is measured by
observing the acceleration of a test mass, which is in this case the Mars Express craft
itself. For example, the mass excess of a volcano attracts the spacecraft, while the
mass deficit of a large impact crater allows the spacecraft to drift away from Mars.
Time variations in the gravity field also disturb the spacecraft’s orbit, although in
a more complex way. The speed and position of Mars Express can be measured to
within a few tens of metres by Earth antennas through the round-trip time and the
Doppler frequency shift of the radio signal between Earth and the orbiter. It is then
possible to compute precise orbits of Mars Express in order to estimate deviations of
the path of the spacecraft with respect to the expected trajectory assuming a reference
model of the gravity field. Moreover, flybys above specific targets at the surface of
Mars are useful for determining the crustal density and the elastic thickness of the
lithosphere. Scientists have focused on the volcanic Tharsis region, for which results
point to a high loading density in comparison with the mean density of the martian
crust. The trajectory of Mars Express is also disturbed by the mass of the Phobos and
Deimos moons, enabling us to refine our estimates of the mass of each moon.

Real imaging of the Mars interior was impossible before Mars Express. Altimetry
and radio science data from past NASA missions, as well as Mars Express, have
provided indirect information about the internal structure of the planet, but the first
ever direct subsurface sounding of any planet has been obtained by MARSIS. This
multi-frequency synthetic aperture radar is capable of sounding both ionosphere and
subsurface, and of detecting material discontinuities in the subsurface, enabling us to
understand the distribution of water, both solid and liquid, in the upper crust. MARSIS
has probed the polar layered deposits and investigated them down to their base, at a
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depth of several kilometres below the surface (Fig. 1). As a result, we know that the
north polar layered deposits are dominated by water ice, with variable amounts of
dust. The southern polar cap is more asymmetric, with a maximum ice thickness of
3.7 km. Its interior appears to be almost completely water ice, with little dust. The
total amount of water in the southern ice cap is equivalent to a global water layer of
11 m, and thus constitutes an extremely large water reservoir. It also appears that the
lithosphere under the southern cap is distorted by the heavy ice.

Mars was first completely photographed by NASA’s Mariner 9 and two Viking
orbiters in the 1970s, providing topographic and geological mapping that was used
for almost three decades. Since then, only high-resolution but relatively small images
have been captured — until Mars Express. HRSC, which consists of a stereo colour
imager and a Super-Resolution Channel (SRC), has provided the first large-footprint
high-resolution stereo colour images of Mars. HRSC has shed new light on the timing
and extent of geological activity (volcanic, fluvial and glacial) from the very early
stages more than 4 billion years ago up to the very recent past. Local geological
activity is probably still ongoing. A key finding is the very recent activity of some of
the large volcanoes. Olympus Mons (Fig. 2), the largest volcanic edifice in the Solar
System, is located in Tharsis province, an area that is geologically very young, in
some places only 5 million years old. In general, the most recent volcanic activity in
both Tharsis and Elysium volcanic provinces was around 100-200 million years ago,
which is still geologically very young by martian standards.

Glacial activity on Mars appears to be very recent, and is possibly still continuing
in some areas. Ice-related landforms are widespread, extending over very large
ranges of latitudes, longitudes and altitudes. Of particular interest is the discovery
in tropical and equatorial areas of possible glaciers that were active perhaps only a
few million years ago. Apart from the scientific importance of such recent ice-rich
deposits and their implications for climate change on Mars, they might still contain
ice, and might be accessible by future Mars robotic or human exploration. Among the
peculiar landforms discovered by HRSC is a possible recently frozen body of water
in Elysium, close to the equator. It is very young — only about 5 million years old.
High-resolution, large-swath images from HRSC have made it possible to determine
surface ages in unprecedented detail over certain areas. The principle is simple: older
surfaces have experienced meteoritic bombardment for a longer time, and therefore
contain large numbers of impact craters (Fig. 3).

The high-resolution images over large areas, together with consistent illumination,
and matching colour and stereo information, have made it possible to study the
geology and to map small areas in much greater detail than in the past (Fig. 4). These
images have allowed the geological characterisation of most provinces of volcanic,
sedimentary or impact origin on Mars. HRSC imagery is particularly useful for
studying sedimentary basins such as fluvio-lacustrine basins, mostly for correlating
sediments over large areas (tens or hundreds of kilometres), and provides a very good
background for highly detailed observations. Similarly, high-resolution colour images

Fig. 1. MARSIS radargram showing water-
ice-rich layered deposits below the surface of
the southern polar cap. The lower image shows
the position of the ground track on a MOLA
topographic map (NASA MGS).

3. Surface Geology and
Mineralogy
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Fig. 2. Olympus Mons (in false colour) as
imaged by HRSC, part of a new high-resolution
dataset recently released on the internet that
allows the visualisation of Mars in 3D.

Fig. 3. Maunder crater, an impact structure

90 km in diameter, located in the Noachis Terra
region of the southern hemisphere of Mars,
showing barchan dunes similar to those in the
African deserts on the crater floor (HRSC).
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provide the basis for a new generation of mapping products. The Viking orbiter
images have resolutions of tens to a few hundred metres; HRSC is raising that level by
an order of magnitude, adding stereo and colour information. When complete, these
images will fill more than 10 000 map sheets at a scale of 1:200 000. No other planned
mission will provide comparable wide-swath, high-resolution and global coverage.
HRSC is also extremely valuable for future generations of planetary scientists.
Among the many ‘firsts’ achieved by the mission is the high-resolution hyper-
spectral imaging of Mars. OMEGA is a visible/near-infrared hyper-spectral imager
that is capable of identifying and mapping atmospheric and surface constituents,
including ice and minerals, by their spectral fingerprints. OMEGA has observed both
polar caps in detail. The seasonal frost consists mostly of CO, ice, while the bulk of
layered material is mainly water ice, mixed with dust. There is evidence of hydrated
sulphates (gypsum) in the vicinity of the northern polar cap. In the southern polar
cap, the ‘cryptic region’ (a rather dark area during the southern spring) shows the
importance of the dust component in this region, which strongly dominates the CO,
ice. The composition of most of the surface rocks was poorly known, but OMEGA
has provided new reliable information. The features and variability of minerals in
the crust have been characterised and global maps of pyroxenes have been obtained.
Clearly hydrated minerals have been found and mapped. OMEGA has discovered two
main classes of hydrated minerals: phyllosilicates (Fig. 5) and sulphates, each with
distinct spatial and temporal settings. Phyllosilicates, which are usually formed from
the aqueous alteration of volcanic rocks, were discovered in the most ancient outcrops.
Hydrated sulphates were discovered in areas mainly in association with thick layered
deposits in Valles Marineris, the largest canyon on Mars. All of these occurrences are
clearly distinct — most importantly in time — from the ancient phyllosilicates, as the
hydrated sulphates are remarkably younger. All these discoveries have provided new
and more reliable constraints on the timing and extent of aqueous alteration on Mars,

Fig. 4. Candor Chasma (HRSC view), situated
in the northern part of the Valles Marineris
canyon system, is one of the many radial
grabens formed during the Tharsis uplift that
dominated Mars geological history.
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Fig. 5. Clay minerals (phyllosilicates) identified
by OMEGA in Mawrth Vallis (20°W, 25°N)
formed during long-term exposure to water in
the oldest regions of Mars, mapped in blue on
an HRSC image.

4. Atmosphere and Climate

which has profound implications for reconstructing the evolution of the planet and the
search for possible traces of past life.

OMEGA has shown that the perennial ice deposits are of three kinds: water ice
mixed with CO, ice, patches of water ice tens of kilometres wide, and pure water
ice deposits covered by a thin layer of CO, ice. The discovery of mixed-ice deposits
confirms the long-standing hypothesis that CO, acts as a cold trap for water ice.
Simulations support the idea that pure water ice deposits are remnants of the planet’s
orbit precession cycle and formed when the perihelion was synchronised with the
northern summer, perhaps more than 10 000 years ago. The deposits of pure water
ice migrated back and forth as water vapour (which then condenses and freezes on
the surface) between the northern and southern polar caps in a cycle spanning 51 000
years, corresponding to the time when the planet’s precession was inverted.

Another important contribution of OMEGA is in complementing the ‘ground truth’
provided by NASA’s rovers investigating the surface composition. OMEGA has given
new insights into the surface composition across all terrains of Mars. All other current
and future imaging spectrometers are basing their targets and detailed observations
on OMEGA’s results. Most very high-resolution imaging spectrometers cover only
very limited areas in one go, providing very detailed but largely discontinuous
coverage, unlike OMEGA. One benefit of the multidisciplinary Mars Express mission
is that the instruments can be used in synergy. HRSC and OMEGA provide highly
complementary information. This is very important for studies of the poles, given
the morphology and colour details from HRSC, the composition information from
OMEGA and the 3D slice through more than 3.5 km of ice by MARSIS. The structure
and evolution of the polar layered deposits are now known in much greater detail,
shedding new light on their composition, volume and dynamics.

For the first time, SPICAM has mapped the atmospheric ozone (O;), which absorbs
ultraviolet radiation. Ozone-rich areas are found at high latitudes in the northern late
winter—early spring period, in the southern autumn and at the end of the northern
summer. Water vapour is measured simultaneously with O; (another first), which is
essential for understanding their relationship. By observing starlight after it has passed
through the atmosphere, day and night, vertical profiles of the density and temperature
of CO, have been obtained for the first time from an orbiter. As CO, accounts for most
of the atmosphere, these profiles are important in planning for future entry probes.
Ozone vertical profiles have also been retrieved, and are used to study concentration
variations of this molecule with altitude. SPICAM has reported the highest clouds
ever observed on Mars: CO, ice clouds have been seen at about 100 km altitude in
the southern winter subtropical latitudes, giving new information on cloud formation
processes and on atmospheric dynamics.

Certainly, the most intriguing achievement of the PFS is the detection of methane
(CHy). It found a global average mixing ratio of 10 =5 parts per billion (ppb)
during the first year of observations, with a maximum of 30 ppb, indicating that the
concentration of this molecule varies with location. These values can be compared
with the atmospheric methane concentrations on Earth and Titan, 1.75 ppb and
5%, respectively. This discovery has led to an intense debate among the scientific
community as to where the methane is coming from: life (highly hypothetical) or
volcanic activity (although the large volcanoes seem dormant) or some hydrothermal
source. Whatever the source, the presence of methane has been confirmed by ground-
based telescopic observations. The PFS is also measuring air temperatures from the
surface up to about 50 km altitude. Above 60°N, it is cold enough for CO, ice to
condense; the edge of the northern seasonal polar cap is seen at around 62°N. There
is also a clear connection between the surface topography and the thermal structure
of the atmosphere. The study of global dust storms is another major objective of the
PFS. In July 2007, when a dust storm covered most of the planet, the PFS saw the
temperature of the martian atmosphere rise by 20—40°C. As the atmosphere heats up,
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Fig. 6. Temperature variations observed by PFS in July 2007 at various

altitudes during a global dust storm over Valles Marineris (bottom),

compared with previous measurements without a dust storm (top).
‘auroral ovals’.

the atmosphere inflates around the planet. On that occasion (Fig. 6), PFS measured
temperatures in the martian atmosphere ranging between —103°C and —63°C at 45 km
altitude. However, the temperature increased from —63°C to —23°C at 10 km altitude.
Other achievements of the PFS include the identification of minor atmospheric
components such as hydrogen fluoride and hydrogen bromide, the detection of water
ice clouds, and measurements of the dust content in the atmosphere.

MaRS routinely provides measurements of pressure, temperature and density of the
atmosphere, from the surface up to 50 km altitude, for a wide range of latitudes. This
broad collection of data is useful for comparison with atmospheric models currently
being developed. OMEGA is also providing information on the atmosphere, and new
insights into the water cycle of Mars. OMEGA recently detected the presence of CO,
ice clouds based on a spectral feature around 4.26 um, which is produced by resonant
scattering of solar photons by CO, ice particles within a spectral interval dominated
by saturated gaseous absorption. Observed clouds exhibit a strong seasonal and
geographical dependence, concentrating in the near-equatorial regions during two
periods, before and after the northern summer solstice (L, between 45° and 135°). The
simultaneous detection of clouds and their shadows has led to the conclusion that the
size of the particles is about 1 pm and that the cloud altitude is above 80 km.

SPICAM has detected two new ultraviolet emissions in the upper atmosphere of Mars.
The first comes from nitric oxide (NO) on the nightside, which is an important result
to constrain models of atmospheric dynamics, since this emission is produced by NO
molecules formed from the recombination of N and O atoms produced on the dayside
and transported by the atmospheric circulation to the nightside. The second emission
is from molecular nitrogen (N,), predicted long ago but never observed. SPICAM has
also discovered a new kind of aurora, most likely caused by the collision of electrons,
diverted by the crustal magnetic field anomalies in the southern hemisphere, with
atmospheric molecules (Fig. 7).

As well as studying the subsurface, the MARSIS radar is also probing the
ionosphere. Its active sounding mode gives the electron density as a function of
altitude. Very interesting shapes of the ionosphere in the areas of the crustal magnetic

Fig. 7. Auroral emissions observed by SPICAM over mid-latitude crustal
magnetic anomalies located in the old cratered highlands of the southern
hemisphere of Mars. On Earth, auroras occur at high latitudes, at the

5. Ionosphere
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Fig. 8. Atmospheric escape fluxes for the three
ions: O*, O} and COj. Mars and the magnetic
pile-up boundary (dashed line) are indicated
in red.
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field have been discovered. In the subsurface sounding mode, the waves reach the
surface and the echoes are analysed. The signal is altered by the double pass through
the ionosphere, which for the first time gives the total electron content in a planetary
atmosphere other than Earth’s. In this subsurface mode, the radar signal can be
completely absorbed if there are enough free electrons at about 80 km altitude, which
tells us about the state of the ionosphere and its variability. The external factors
responsible for this variability are in particular the penetration into the atmosphere of
energetic solar particles, and possibly solar flares and meteor showers.

The MaRS team routinely derives electron density profiles in the 80-500 km
altitude range. How the ionosphere behaves is known from previous NASA missions:
a peak in the electron density appears at around 140 km altitude, due to the ionisation
of the atmosphere by the solar radiation. The location of the ionopause (the upper
boundary of the ionosphere), which is still a matter of debate, has been detected in
some profiles at about 350 km altitude. The major result of this experiment is the
clear detection of a lower layer, peaking at about 80-90 km. This layer is formed by
metallic ions from meteors, exchange reactions between magnesium and iron and
molecular oxygen ions, as well as the ionisation of metals by photons.

ASPERA has revealed many new interesting details of the solar wind interaction
with Mars. The measurements have shown that the interaction between the solar
wind and the atmosphere can be observed all the way down to the lowest point of the
spacecraft’s orbit (about 250 km altitude) above the dayside. This is quite deep in the
ionosphere and the atmosphere. As a consequence, over a period of 3.5 billion years,
some 0.2—4 mbar of CO, has been lost (Fig. 8). This is not much, indicating that this
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is not an efficient way for the atmosphere to escape. With its novel technique for
measuring energetic neutral atoms (ENAs), ASPERA is exploring a new dimension
of the interaction of the solar wind with planets that have no intrinsic magnetic field.
Mars is ‘shining’ in ENAs. Part of this is caused by reflections of inflowing hydrogen
ENAs from the solar wind, but a large fraction is emitted when hot plasma, from the
solar and planetary winds, interacts with the upper atmosphere to create ENAs.

Mars Express has entirely revolutionised our understanding of the planet’s geological 6. Concluding Remarks
and climate history. The mission has allowed major discoveries to be made, including
the very recent (in geological timescales) occurrence of volcanic and glacial processes,
the presence of water ice below the surface and the fine structure of the polar caps.
The various types of ice in the polar regions have been mapped, and the past water
abundance on the surface has been determined in view of the alteration minerals
formed at different epochs. The mission has revealed the unequivocal presence of
methane in the atmosphere, the existence of nightglow, mid-latitude auroras above
remnant magnetic fields in the southern highlands and very high-altitude CO, clouds,
as well as the solar wind scavenging of the upper atmosphere down to 270 km
altitude and the current rate of atmospheric escape. Detailed studies have been made
of the crustal gravity anomalies (and thus the properties of the interior), the surface
roughness and the fine structure of the ionosphere.

New techniques used by state-of-the-art instruments have provided the first
subsurface radar sounding of another planet, complete atmospheric density and
temperature profiles up to 100 km altitude, stellar occultations, total electron content
in the ionosphere and surface coverage at high resolution, in both stereo and colour.
The coverage will eventually be global provided that the mission is sufficiently
extended. The superb images have provided ESA with a significant tool for public
outreach, and will also undoubtedly be the legacy of the mission for future generations
of planetary scientists as well as the general public.

So far, the various Mars Express experiment teams have published over 250
refereed papers in scientific journals. The scientific data from the nominal mission
is now available in the mission archive for further study by the public and scientists
alike. The Principal Investigators and their large teams of co-investigators, together
with the various ESA teams throughout almost all its establishments, have contributed
to the tremendous success of this mission.

The nominal mission lifetime of the orbiter of one martian year (January 2004 to
November 2005) has already been extended twice, up to May 2009. The extensions
give priority to achieving the remaining goals of the nominal mission (including gravity
measurements and seasonal coverage), to catch up with delayed MARSIS observations,
and to complete global coverage of high-resolution imaging and spectroscopy. Other
goals include subsurface sounding with the radar, observing atmospheric and variable
phenomena, and revisiting areas of past discoveries. The scope of cooperation has
been broadened, in particular with NASA’s Mars rovers Mars Odyssey and Mars
Reconnaissance Orbiter, and with Venus Express, which is carrying the same
instruments and provides a unique opportunity for comparing our nearest neighbours.

Finally, Mars Express is providing valuable data for preparing two planned missions
of ESA’s Exploration Programme: ExoMars, which includes a rover for biological,
geophysical and climatological investigations, and Mars-NEXT, which includes a
network of three or four surface stations complemented by an orbiter for determining the
internal structure, the global atmospheric circulation and the geology and geochemistry
of the landing sites. In particular, the data from Mars Express are being used to establish
a surface/subsurface geosciences database and to refine the existing atmospheric
models, in order to identify potential landing sites of high scientific value, and to assess
risks during atmospheric entry, descent and landing for the future exploration of Mars.

More detailed information about the Mars Express mission and its wealth of
scientific results can be found at http://sci.esa.int/marsexpress
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The High Resolution Stereo Camera (HRSC) on Mars Express has delivered a
wealth of image data, amounting to over 2.5 TB from the start of the mapping
phase in January 2004 to September 2008. In that time, more than a third of
Mars was covered at a resolution of 10-20 m/pixel in stereo and colour. After five
years in orbit, HRSC is still in excellent shape, and it could continue to operate
for many more years. HRSC has proven its ability to close the gap between the
low-resolution Viking image data and the high-resolution Mars Orbiter Camera
images, leading to a global picture of the geological evolution of Mars that is now
much clearer than ever before. Derived highest-resolution terrain model data
have closed major gaps and provided an unprecedented insight into the shape
of the surface, which is paramount not only for surface analysis and geological
interpretation, but also for combination with and analysis of data from other
instruments, as well as in planning for future missions.

This chapter presents the scientific output from data analysis and high-
level data processing, complemented by a summary of how the experiment is
conducted by the HRSC team members working in geoscience, atmospheric
science, photogrammetry and spectrophotometry. Many of these contributions
have been or will be published in peer-reviewed journals and special issues.
They form a cross-section of the scientific output, either by summarising the
new geoscientific picture of Mars provided by HRSC or by detailing some of the
topics of data analysis concerning photogrammetry, cartography and spectral
data analysis.
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1. Introduction

Fig. 1. The HRSC team.
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The HRSC experiment on Mars Express has delivered a wealth of data since the
start of its orbital mapping phase in January 2004. At the time of writing, the goal
of global coverage had been partially achieved, with 35% coverage at a resolution
of 10-20 m/pixel in stereo and colour, and it is expected that ~60% coverage will
have been achieved by the end of the present mission extension period (May 2009).
Unfortunately, we will then still be some way from the primary goal of the HRSC to
achieve 100% coverage at 10-20 m/pixel, but this is due to the much more limited
operational performance of the spacecraft in terms of data acquisition and downlink
capabilities than was envisaged in the original plans before launch. Nevertheless, the
original coverage goal could be achieved with an appropriate further extension of the
mission and the full operation of the HRSC.

Technically, there does not appear to be a problem with the HRSC; the instrument
is in very good shape, and it could continue to operate for many more years. The
scientific output from the analysis of the imagery over 3.5 years of operation is
remarkable. The HRSC team has been slightly modified to include new scientists
working in areas where it was realised that sufficient experience in data analysis was
lacking in the original team, and it consists of 44 individual co-investigators from 26
institutions and 10 countries (Fig. 1). By 2009 several co-investigators will join or will
have left the team (see Table 7). The team’s outputs so far include 60 refereed papers
published in professional journals, as well as 120 extended abstracts (citable short
papers) and 350 conference abstracts and related talks or posters. Also, seven young
scientists associated with the team members have completed doctoral and diploma/
master theses. Among the publications are landmark papers in prestigious journals
such as Nature (Neukum et al., 2004a; Hauber et al., 2005a; Head et al., 2005a;
Murray et al., 2005).

This chapter represents the first attempt to provide a comprehensive summary
of the most important results of the HRSC Col team as a ‘team effort’ covering all
scientific areas relevant in the data analysis directly related and close in time to the
data flow from the mission. These include results from the geosciences, atmospheric,
photogrammetry and cartography, and spectrophotometry working groups. It should
be noted that the HRSC dataset has to undergo a complicated data processing effort
by a number of groups of the team, in particular the DLR group in Berlin and the
other groups that handle the production of Digital Terrain Models (DTMs). At
present, a new effort is under way to produce high-resolution archive-quality DTMs,
financed by the DLR agency and concentrated at DLR Berlin and FU Berlin. This will
significantly enhance the usability of the stereo data, and will probably have a very
positive effect in the area of data analysis offline.
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Fig. 2. Operating principle and viewing
geometry of the individual CCD sensors:
ND, nadir channel; S1, S2, stereo 1 and
stereo 2 (+18.9°); P1 and P2, photometry 1
and photometry 2 (+12.8°); IR, near-infrared
channel (+15.9°); GR, green channel (+3.3°);
BL, blue channel (-3.3°); RE, red channel
(—15.9°). All nine lines sensors have a cross
track field of view of £6°. SRC, Super-
Resolution Channel (panchromatic).

For readers who are familiar with the history of the exploration of Mars, the
previously (before HRSC) available large-area coverage imagery and the previous
interpretation of the geological evolution and history of Mars, this chapter will
demonstrate that the HRSC experiment has opened up new domains of in-depth
scientific interpretation, and is already is beginning to change our view of Mars
considerably. To give just a few examples: the idea that Mars was wet and warm, with
a thick atmosphere, early on, possibly lasting long into mid-martian history, is now
questioned. Whether there was a global ocean for a long period of time early on seems
rather unlikely on the basis of the analysis of the HRSC data (and OMEGA data). It is
now becoming clear that the evolution of the martian surface was probably not steady
over time but episodic. All of these questions will be addressed further in the course of
the mission with additional HRSC data, and there may be many surprises in the future.

The HRSC (Fig. 2) represents a multi-sensor push-broom instrument comprising 2. HRSC Experiment and
nine CCD line sensors mounted in parallel for simultaneous high-resolution stereo, A chievements
multicolour and multi-phase imaging by delivering nine superimposed image swaths

(Jaumann et al., 2007). The HRSC is designed to perform stereo imaging with triple

to quintuple panchromatic along-track stereo, including a nadir-directed, forward and

aft-looking (£18.9°), and two inner (£12.8°) stereo line sensors. Their spectral range

covers 675 = 90 nm (width at half-maximum). Multispectral imaging is realised by four

line sensors in the blue, green, red and near-infrared colour ranges (440 = 45, 530 + 45,

750 + 20 and 970 + 45 nm). All nine line sensors have a cross-track field of view of

+6°. They are mounted behind one single transmission optics with a focal length of

175 mm and an aperture of /= 5.6. Each of the nine Thomson THX 7808B linear CCD

arrays has 5184 active pixels 7 X 7 pm in size. An additional Super-Resolution Channel

(SRC) provides frame images embedded in the basic HRSC swath at five times higher
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Table 1. Baseline performance of the High Resolution Stereo Camera (HRSC) with the Super-Resolution Channel (SRC).

Parameter

HRSC SRC

Comments

Mechanical and electrical parameters

Camera unit envelope
Digital unit envelope
Mass

Power consumption

510 x 289 x 273 mm
232 x 282 x 212 mm
20.4 kg
43.4 W during imaging

5.8 W during imaging

length x width x height
DU used for HRSC and SRC

Joint ops: 48.7 W

Electro-optical performance

Detector type

Sensor pixel size

Pixel size on ground
Field of view per pixel
Active pixels per sensor
Image size on ground
Radiometric resolution
Sensor full well capacity

Signal chain noise

Gain attenuation range
Spectral filters

Nadir, 2 stereo, 2 photo.

Blue, green,
red, near-infrared

Centre pixel MTF*
20° off nadir MTF
SNR for panchromatic Lines

SNR for colour lines

THX 7808B Kodak KAI 1001
7 x 7 pum 9 x 9 pum
10 x 10 m 23x23m
8.25 arcsec 2 arcsec
9 sensors of 5184 1008 x 1018
52.2 km swath x [time] 2.35 x 2.35 km

8 bit before compress.
420,000 e~ 48,000 e~

<42 e (rms)
3.5-2528 -

5 panchromatic, 4 colour panchromatic

675 + 90 nm -

440 + 40 nm, 540 + 45 nm

750 = 25 nm, 955 + 40 nm

0.40 at 50 Ip/mm

0.33 at 50 Ip/mm

>>100 (no macro pixel) >70
>80, blue >40 —

-0.28 at 56 Ip/mm

14 bit or 8 bit, selectable

< 52 e (rms) readout noise

at 250 km altitude

at 250 km altitude

corresp. to 10.5-62 dB
(SRC gain 5.34e/DN)

nadir 0°, stereo +18.9°,
photometry +12.8°

blue -3.3°, green +3.3°,
red -15.9°, near infrared +15.9°

30° solar elevation, dark region

for 2 x 2 macro pixel

Digital features

Online compression
Compression rate

Max. Output data rate

yes
2-20; bypass possible

25 Mbit/s after compression (only at pericentre)

DCT: table controlled JPEG

decreases at higher altitudes

Operations

Pixel exposure time

Pixel summation formats
Compression rates

Typical image size

Typical data volume per image
Duty cycle

Internal data buffer

Typical operation duration
Expected coverage

Moving parts

Operational lifetime

* MTF modulation transfer function

18

2.24-54.5 ms
1x1,2x2,4%x4,8x8 =

0.5 ms to 50 sec

nominal: 6 ... 10

53 x 330 km 2.4 x 2.4 km
230 Mbit 8 or 14 Mbit
every orbit; several times/orbit
No 4 images at 14 bit resolution
3-40 min

>50% at about 15 m/pixel
none none

>4 years

>1% at about 2-3 m/pixel

at 250 km altitude

depends on memory budget

command dependent
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Fig. 3. Mapping coverage of HRSC (in grey)
up to orbit 3358, draped over a colour-coded
MOLA DTM.

resolution. The SRC comprises a 1024 x 1024 CCD array and lightweight mirror optics

with its optical axis parallel to that of the HRSC camera head. The total mass of the

HRSC, including the SRC, is 20.4 kg. During imaging the total power consumption is

48.7 W. The focal plane temperature is kept within the range +7 to +17°C by camera

internal heaters. The characteristic parameters of the instrument are given in Table 1.

HRSC maps the martian surface in stereo and colour with a resolution better than

20 m (Fig. 3). These data have been the basis for a series of scientific investigations to

determine the age of Mars and to provide quantitative estimates of surface processes. In

addition, the instrument provides the topographic reference for larger areas of Mars such
as Tharsis, Valles Marineris, Xanthe Terra, Chryse Planitia and the polar regions. The
generation of high-resolution local grids of topography, slopes and surface roughness
will also assist in identifying and assessing potential future landing sites and roving areas.

The observation conditions for HRSC are determined mainly by the Mars Express
orbit:

— The orbit is highly elliptical, nearly polar orbit with an average pericentre altitude
of 287 km and an orbital period of 6.72 h. The HRSC image acquisition with nadir
pointing of the Mars Express spacecraft is driven by the target position with respect
to this elliptical orbit. HRSC can achieve its best resolution of better than 20 m
per line sensor pixel within a window of about 15 min around pericentre when
the spacecraft is below 500 km altitude. The average imaging duration is 6 min
due to data volume and illumination constraints. Not all pericentre windows in a
certain period are available for HRSC observations because, on average, one out of
four pericentres cannot be used for scientific observation while the fixed-mounted
spacecraft antenna is pointed towards Earth. The sub-pericentre points for such a
period are grouped into 11 clusters with a 3:11 resonant pattern: for each construction
site a new adjacent track is added after 11 orbits or three days. This Mars Express
orbit feature was particularly designed for HRSC in order to enable the acquisition
of image mosaics with little time variations between adjacent image strips.

— The illumination conditions for the pericentre window vary over the mission. During
the nominal mission three dayside periods of 45 months each were separated by
two nightside periods of four months each. The latitude of the sub-spacecraft point
at pericentre covered all latitudes twice during the nominal mission and will cover
it twice during the extended mission. Thus targets at the same latitude can be
observed during different seasons. The orbit position of the spacecraft is measured
with an average accuracy of better than 200 m. The average difference between the
position predicted one week in advance and the real position is 2 km, where the
main component of the error is along the orbit trajectory, and corresponds to about
0.5-1 s. The accuracy of the spacecraft attitude information is 0.01°.
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Fig. 4. HRSC surface mapping coverage up to
orbit 3358 at spatial resolutions of <20, <40 and
<60 m/pixel.
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Table 2. HRSC mapping coverage of the martian surface until orbit 3358.

Spatial resolution Mapping coverage Mapped area
(m/pixel) (% of martian surface) (million km?)
<20 31.0% 44.9

<30 44.6% 64.7

<40 53.9% 78.1

<50 59.9% 86.9

<60 63.9% 92.7

<100 68.0% 98.5

The numbers do not take into account the image quality, which varies due to the variable atmospheric
seeing conditions.
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2.1 Mapping and Statistics

After orbit insertion on 25 December 2003, HRSC made its first image in orbit 8, on
9 January 2004. Since then, HRSC acquired data during 1198 orbits and performed
1489 image observations until the Mars Express science operations had to stop for
more than two months after orbit 3358, in mid-August 2006, due to the long duration
of solar eclipses and the subsequent solar conjunction. HRSC collected a total of
817 GB of uncompressed data, which contributed to meeting the prime objective of
HRSC to image and map the martian surface (Fig. 3).

With a total of 1258 surface observations, HRSC has so far covered about 64% of the
martian surface at spatial resolutions <60 m/pixel, and 31% at <20 m/pixel (Table 2).
These numbers refer to the mapping coverage, taking into account any overlap
between adjacent image strips. A standard HRSC image comprises imaging with all
nine channels, thus providing high-resolution, stereo and colour imagery at the same
time. Along one orbit, the image length is restricted only by the available data storage
and downlink capacities. Thus, HRSC images are several hundred to several thousand
kilometres long. To obtain contiguous image coverage also in a cross-track direction
at similar spatial resolution and observation conditions (i.e. atmospheric seeing and
illumination), HRSC is aiming to operate in consecutive orbits for mosaicking image
strips with an overlap of about 10%. The Mars Express orbit was optimised for this
purpose in its longitudinal periapsis walk, which reaches the same area on Mars after
11 orbit revolutions and three days with a slight westward shift. Owing to technical
constraints, however, such as Earth contact or spacecraft resources, as well as the
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necessary sharing of resources among the different experiments on Mars Express with
their specific needs for pointing at periapsis, only three to five orbits out of nine can
be used for short-term mosaicking within a planning cycle of 100 orbits.

The development of the HRSC mapping coverage over the mission until August
2006 reflects the effect of the Mars Express data transfer capacity, which is determined
by the distance between Mars and Earth and the availability of ground stations (Fig. 4).
Major breaks in surface mapping are related to night-time periods, solar conjunction,
and long solar eclipses. The periapsis went three times into the dark. At the beginning
and end of such a period, however, HRSC still encounters acceptable observation
conditions at higher altitudes, and the mapping coverage at lower spatial resolutions
increases considerably compared with the high-resolution coverage of <20 m/pixel.

The secondary objectives of HRSC comprise observations for atmospheric sciences
and of the martian moons. For studying atmospheric phenomena, HRSC has performed
70 limb soundings and 72 observations of the terminator and from high altitudes. Phobos
has been imaged successfully 44 times and Deimos 18 times. HRSC has also succeeded
in capturing the shadow of Phobos on the martian surface seven times. Finally, 28 data
takes were conducted for in-flight calibration and testing, and during spot pointing.

2.2 HRSC in the Context of other Camera Experiments

Imaging is a major source of information for increasing our understanding of the
evolution of the martian geology and climate. Consequently, since the beginning of
exploration of the Red Planet, all Mars missions have been equipped with a camera
instrument and have sent back a wealth of information. The basis for the ongoing Mars
exploration effort was laid in the late 1970s by the Viking missions, which achieved
a near-global coverage of the martian surface (95%) at 200 m/pixel, 28% coverage at
<100 m/pixel, and 0.3% at <20 m/pixel (e.g. Neukum & Hoffmann, 2000). At present
there are four missions operating in orbit around Mars, each of which carries a camera
instrument and delivers imaging data back to Earth. The value of HRSC can only be
assessed by putting it in context with the other imaging devices.

The Mars Observer Camera (MOC) on the Mars Global Surveyor (MGS)
comprises two instruments. The wide-angle camera has covered the entire martian
surface at 240 m/pixel and in two colours. It also monitors the martian weather at
resolutions of a few kilometres. The narrow-angle camera has a spatial resolution
of up to 1.4 m/pixel (Malin & Edgett, 2001) and has so far covered about 3% of the
martian surface. By applying a slew manoeuvre of the spacecraft during imaging, the
along-track pixel resolution could be improved to <1 m for selected observations. The
small image size of a few kilometres causes problems in analysing the data in their
broader geological context. Stereo observations are obtained for specific targets by
pointing the spacecraft towards the same area in different orbits.

The Thermal Emission Imaging System (THEMIS) instrument on Mars Odyssey
(MO) provides a spatial resolution of up to 18 m/pixel in the VIS (Christensen et al.,
2004) and has covered 20% of the martian surface at <20 m/pixel and 35% at <50 m/
pixel. The pointing capability of the spacecraft is limited and does not allow stereo
observations. The camera has five colours but only very limited colour coverage. The
typical image size is about 20 x 100 km.

The Mars Reconnaissance Orbiter (MRO) has just started its science operations
and carries three camera experiments. Daily weather monitoring in the kilometre
range is the task of the Mars Color Imager (MARCI), which has five colour filters in
the VIS and two filters in the UV (www.msss.com/mro/marci/index.html). The High
Resolution Imaging Science Experiment (HiRISE) has a maximum spatial resolution
of 0.3 m/pixel and is equipped with three colours (McEwen et al., 2007). During
normal operations, the highest resolution will be achieved for the central part of
the image swath, while a 4 x 4 pixel binning on the sides yields a spatial resolution
of 1.2 m/pixel. It is planned to cover ~1% of the martian surface at <1.2 m/pixel,
~0.1% at 0.3 m/pixel, and ~0.1% in all three colours during the nominal mission.
Each HiRISE image will be accompanied by an image of the Context Imager (CTX),
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Fig. 5. Screenshots from the HRSCview web
interface showing (top) a nadir elevation
composite from orbit 37, Lycus Sulci region,
and (bottom) a nadir colour composite
perspective view of the layered deposits in
Juventae Chasma.
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which obtains black-and-white images at a spatial resolution of 6 m/pixel (Wwww.msss.
com/mro/ctx/index.html). CTX is aiming to cover 15% of the martian surface. Stereo
observations are envisaged by HiRISE for ~0.1% of the surface.

In comparison with the other camera instruments, the HRSC experiment has a
number of unique features, including:

— Its unprecedented capability to provide wide-area contiguous coverage in colour at
relatively high spatial resolution fills the gap between Viking, Mars Global Surveyor
MOC and HiRISE on MRO, as well as relatively high-resolution global coverage.

— Its capability to produce stereo images in colour for geological interpretation
in 3D, and for the derivation of high-resolution digital terrain models (DTMs).
HRSC is the only dedicated stereo camera recording stereo information routinely
for each observation nearly simultaneously and under the same observation
conditions (atmospheric seeing, illumination).

— Its multiple-line concept with different viewing angles yields intrinsic geometric
stability compared with the single-line imaging concept of the other cameras.

— The peculiar orbit of Mars Express and its pointing capabilities enable imaging
at all times of day, whereas MGS, MO and MRO have Sun-synchronous, circular
orbits, allowing imaging at fixed local times in the afternoon (15:00 and 14:00 h,
respectively). HRSC is also the only instrument that can observe Phobos at high
resolution due to the elliptical orbit.

In conclusion, the different camera experiments operating in orbit around Mars are
highly complementary.

2.3 Data Distribution and Availability

2.3.1 Data distribution via the ESA PSA and NASA PDS

The data acquired by the HRSC instrument have been released every six months to
the ESA Planetary Science Archive. All the science data from the first 4479 orbits are
available for public access.

Initially, the data were provided as radiometrically calibrated products (Level-2).
Since 4 April 2006, they have also been made available as Level-3 (map-projected,
ortho-rectified using the MOLA DTM). The data are validated, mainly by visual
inspection, by the Co-I team, led by G. Neukum (FUB), H. Hoffmann (DLR), R.
Greeley (ASU) and G. Ori (IRSPS). To date, a total of 1.4 Terabytes of radiometrically
calibrated data have been released. The map-projected data volume is approximately
the same. All products are formatted in accordance with PDS standards. Software for
both the visualisation and the generation of map-projected data are provided together
with the data release (xvd and hrortho/frameortho).

Detailed specifications of the archived HRSC data products are given in the
instrument’s Experiment to Archive Interface Control Document (EAICD) (Roatsch,
2005), which is also available in the archive.

2.3.2 HRSCview: a web-based data exploration system
To increase the usability and accessibility of the very large HRSC dataset to the
science community we have implemented a system for exploring the data online, with
a capability for providing linked access to archived full science data products (e.g.
Michael, 2006). The system can be accessed using a normal browser from a joint
website of the Free University of Berlin and the German Aerospace Centre (DLR).
HRSCview (Fig. 5) permits exploration within the images by carrying out on-the-
fly data-subsetting, sub-sampling, stretching and compositing and, in the case of
perspective views, projection. This means that regions of interest can be explored at
full resolution without the need to download the full data product sets. It is possible to
view colour and elevation composites with nadir images (via HSV transformation) and
select different colour stretches or infrared channel substitution. It offers perspective
views with a choice of viewpoint and exaggeration. The data are explored using Mars
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surface coordinates, making it a simple matter to move between multiple images of
the same location, and also to move from a global image footprint map directly into
an HRSC image at a position of interest. The map scale of the view can be selected
using the distance and elevation scale bars provided. Images can be accessed by orbit/
image number as well as via the footprint map. In either case, a link is provided to
a data product page, where header items describing the full map-projected science
data product are displayed, and a link to the archived data products can be provided.
HRSCyview is currently being tested by the Co-I team, and will shortly be opened
for public access. At present, the elevation composites are derived from the HRSC
preliminary 200 m DTMs generated at DLR, which will not be available as separately
downloadable data products. These DTMs will be progressively superseded by higher-
resolution archival DTMs, also from DLR, which will be made available for download.

The service is distinct from that provided by the ESA PSA in that it provides a
means to explore inside the individual (but very large) images, and to carry out a
preliminary on-the-fly processing of the data. A more powerful version of the software,
including tools for quantitative DTM analysis and intended for working with locally
hosted HRSC data products, will be made available for work with the archived DTMs.

3.1 Photogrammetry

3.1.1 Stereophotogrammetric Processing of HRSC data

The multi-stereo and multi-spectral capabilities of HRSC enable high-resolution
photogrammetric stereo analysis as well as orthoimage generation to derive valuable
base products for a variety of geoscientific investigations. The methods employed are
similar to those developed and applied within various airborne DLR projects in recent
years (Neukum, 1999; Wewel et al., 2000; Gwinner et al., 2000).

DLR’s photogrammetric processing system, comprising digital terrain model
(DTM) generation based multi-image matching, ortho-rectification and image
mosaicking, represents the major aspect of the photogrammetric and cartographic
activities and makes it possible to provide photogrammetric data products to the team.
The operational and standardised generation of products is intended to improve the
availability of higher-level data products (orthoimages and 3D surface descriptions
are available within days; Scholten et al., 2005), to ensure the full exploitation of the
entire HRSC potential (multi-stereo capability for reliable 3D modelling, as well as
precise high-resolution and multi-spectral orthoimage generation), and comprises a
high degree of automation. The preliminary products currently include HRSC DTMs
on 200 m grids and orthoimages at resolutions of 12.5, 25.0 or 50.0 m/pixel of all
sensors, derived using the corresponding HRSC DTM. Based on predicted pointing
and reconstructed orbit data, the accuracies of these products are a few hundred metres
for planimetry, and better than 100 m for height measurements.

Figure 6 indicates the quality of HRSC preliminary products compared with the
topography described by the Mars Orbiter Laser Altimeter (MOLA). Besides the
production of additional, more elaborate high-level data (Gwinner et al., 2005),
adapting processing parameters to specific data characteristics), the described
standardised processing also provides inputs to other photogrammetric investigations
(Albertz et al., 2005). Finally, this system is designed to integrate the results of these
investigations for the derivation of enhanced data products, such as high-quality
regional or global image and DTM mosaics.

3.1.1.1 An Alternative Approach to Stereo Photogrammetric Processing of HRSC
Data Based on ISIS and SOCET SET

Although the primary role of the US Geological Survey, Flagstaff, USA, in the
HRSC experiment is advisory rather than operational, this group has developed and
demonstrated its own capability for stereo processing. The approach chosen was to
integrate Level-2 (radiometrically calibrated, geometrically raw) HRSC and SRC
images into the USGS planetary cartography software system ISIS (Torson & Becker,

3. Scientific Achievements
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Fig. 6. Subset of the Mars Express orbit 1070
(~7°S, 298°E). From left to right: standardised
HRSC orthoimage 12.5 m/pixel, gridded MOLA
DTM (Smith et al., 2003); preliminary HRSC
200 m DTM (Scholten et al., 2005); and high-
resolution HRSC DTM, 50 m grid (Gwinner

et al., 2005).

24

1997, Eliason, 1997; Eliason et al., 1997; Gaddis et al., 1997) and from there into the
commercial photogrammetric software SOCET SET (www.baesystems.com; Miller
& Walker, 1993). In addition, it was necessary to develop sensor models for the two
cameras in the ISIS system; in SOCET SET, available ‘generic’ models could be used.
The benefits of this work include preparing the USGS to undertake systematic
mapping if directed by NASA, providing capabilities for cartographic processing of
HRSC data to the many researchers who use ISIS rather than VICAR, and bringing
to bear on the images the largely unique ISIS capabilities for photometric function
modelling, photometric correction of images and mosaics (Kirk et al., 2001), and
topographic modelling by photoclinometry/shape-from-shading (Kirk et al., 2003).
Initial work (Kirk et al., 2004) has demonstrated the production of high-resolution
DTMs from stereo pairs made up of HRSC-SRC and MGS MOC-NA images, by
exploiting the multi-sensor capabilities of SOCET SET. Subsequent work (Kirk
et al., 2006) undertaken as part of the HRSC DTM test (Heipke et al., 2006) has
shown that DTMs can be produced from HRSC scanner data and can be used to do
useful spectrophotometric processing. The quality of stereo DTMs is intermediate
compared with the results obtained by other processing approaches, but refinement
by photoclinometry can dramatically improve the geological detail at the limit of
resolution while preserving absolute accuracy, even in areas of highly variable albedo.

3.1.1.2 Improving Position and Attitude of the HRSC camera

The 3D orbit position and attitude of the HRSC are given by nominal values, which
in the case of the orbit position are refined by Doppler shift measurements. For highly
accurate photogrammetric applications, these values are often not accurate enough.
Therefore, a photogrammetric approach to compute orbit and attitude improvements
has been developed in close cooperation between the Leibniz University Hannover,
the Technical University of Munich and DLR.

The approach consists of two independent steps. First, a large number of tie points
between the multiple stereo strips is extracted by digital image matching (Heipke et
al., 2004). Subsequently, a least-squares bundle-block adjustment (BBA) is performed
to improve the exterior orientation (EO), using the generated tie points as direct
observations for the unknown EO parameters. By introducing only a bias and a drift
value for each orientation parameter per orbit, the BBA preserves the high relative
accuracy of the available information, corrects for camera/spacecraft misalignment
and improves the absolute accuracy significantly. In order to fit the matched HRSC
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points to the existing MOLA DTM (Smith et al., 2003; Neumann et al., 2003), which
can be considered as a reference for Mars, further constraints are added to the BBA
(Ebner et al., 2004).

For more than 68% of the images (903 orbits) a successful BBA was achieved, and
the remaining imagery was processed successfully to improve poor image quality. For
reasons of brevity, we report here only results for a selected block comprising the orbits
894, 905 and 927 with a ground pixel size of approximately 15 m in the nadir channel.
First, the EO was improved by BBA without taking into account the MOLA DTM. The
theoretical standard deviations of the object points after BBA were improved by factors
of 2 to 3, and lay in the range of about 5—7 m in the X (flight direction) and Y (across
track) directions. The Z (height) accuracies of all orbits were about 11-16 m.

Next, the HRSC object points were tied to the MOLA DTM, resulting in statistically
highly significant improvements for position and attitude. In addition, the root-mean-
square (rms) differences between HRSC and MOLA DTM could be reduced by a
factor of 3. Hence, we have reached a high consistency between HRSC points and the
MOLA reference. This is clearly visible in Fig. 7, which compares the Z-differences
before and after the BBA. With the resulting adjusted EO, high-quality products such
as DTMs, orthoimages and shaded reliefs can be derived from the imagery.

3.1.1.3 Quality Assessment of HRSC Object Points and Improved DTM Generation

The point cloud resulting from the standardised stereo-photogrammetric VICAR
processing is dependent on albedo features. Generally, in rugged areas (e.g. craters,
valleys, chaotic terrains) many high-quality points can be determined, whereas smooth
areas are poorly described, with a high measurement noise and data gaps.

A point classification method developed by the group at the Vienna University of
Technology has been applied iteratively to reduce the measurement noise (Attwenger
& Neukum, 2005). The basic idea is to start from a coarse DTM and improve it from
one iteration step to the next. HRSC points are either accepted or rejected depending
on their distance from the intermediate DTM until a stable condition is reached. The
initial DTM may be derived from a reduced HRSC data set or from MOLA data. The
latter can also bridge large gaps in regions without points.

The results show the elimination of gross errors and a reduction of the mean
measurement noise. Thus, features are better discernible in DTMs derived from the
accepted points, and smaller grid widths can be used for DTM generation (Fig. 8).
It should be noted that all employed points are original measurements. Thus, any

Fig. 7. Differences between HRSC and MOLA

points before (left) and after (right) BBA (in
metres).

Fig 8. Test area (orbit 18). Left: shading based

on the original point cloud; centre: shading

based on the accepted point cloud; right: HRSC

ortho-image.
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Fig. 9. A 495 x 565 subsection from HRSC
orbit 927 with 50 m ground pixel size (scene
size 25 x 28 km). (a) Photometrically corrected
irradiance of the original orthoimage derived
from the corresponding HRSC nadir image
and a standard Level-4 DTM. (b) The modelled
scene radiance of this obviously relatively crude
DTM. (c) The modelled scene radiance of the
SFS-refined DTM. The fact that (c) is almost
indistinguishable from (a) demonstrates the
potential of SFS.
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interpolation algorithm (e.g. linear prediction with the capability for further noise
filtering) can be applied to derive a regular, grid-based DTM from these points.

3.1.2 Improvement of Spatial Data by Shape from Shading

Besides the USGS (see above) the Munich UniBw group has also refined the standard
Level-4 digital elevation models (DEM) by means of shape-from-shading (SFS).
Surface inclinations and elevations are derived from illumination-induced shading
information in the HRSC images. SFS, although dependent on spatial and physical
factors such as reflectance, surface albedo, shadows, light source distribution, image
resolution, etc., is in principle not only capable of realistic interpolation into a coarse
elevation grid but also guarantees conformity with photometric image information.
This is prerequisite for subsequent modifications of image shades towards rigorous
homogenisation and optimisation of relief shading in the final orthoimage maps
(Dorrer et al., 2005; Albertz et al., 2005) (Fig. 9).

3.1.3 DTM Test Using HRSC Imagery

As described, automatic DTM generation from HRSC images by means of image
matching has reached a very high level over the years. In addition to the systematic
processing, several groups have been able to produce DTMs using different
approaches, or have developed alternative modules for parts of the DTM generation
process. It was therefore considered desirable to compare the individual approaches
for deriving DTMs from HRSC images in order to assess their advantages and
disadvantages (Heipke et al., 2006).

The key goals of the test were to reconstruct the fine details and the geometric
accuracy of the DTMs. Fine detail was studied using a variety of qualitative
assessments in small but representative areas, while geometric accuracy was
analysed with respect to the MOLA DTM. All quality parameters were also related
to operational aspects such as the computing effort of the applied method, and thus
its applicability to generating DTMs of large areas (multiple orbits, potentially
the whole HRSC dataset). The test was organised by the Photogrammetry and
Cartography Working Group (PCWG) within the HRSC Col team under the
auspices of the ISPRS Working Group IV/7 on Extraterrestrial Mapping. IPI,
Leibniz University of Hannover, and DLR Berlin—Adlershof acted as pilot centres
for the test. Based on commonly agreed test datasets, including image orientations
refined by bundle adjustment, a total of seven groups have derived DTMs. The pilot
centres then analysed the data produced. To our knowledge this is the first multi-site
test for DTM generation from planetary imagery.

The test was very successful and demonstrated that a number of methods can
be used to generate high-quality DTMs from HRSC imagery. Nevertheless, there
were notable differences between the participants’ results. Some approaches, not
surprisingly those that were developed with planetary imagery in mind, yielded
superior results, and have been extensively applied to planetary and in particular
to HRSC image data in the past. Most operational methods, in terms of processing
time, needed only a few hours. The best approaches yielded a DTM resolution of two
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to three times that of the nadir image, and a geometric accuracy with respect to the
MOLA DTM of one to two pixels in object space depending on the terrain difficulties,
still provided operational production times of only a few days processing per orbit.
Shape from shading is able to refine the matching DTM to a remarkable degree of
detail. Furthermore, the test confirms previous findings that the DTMs generated from
HRSC data, at least at lower latitudes, are clearly superior to the MOLA DTM in terms
of resolution and visible fine detail.

On the basis of these results, some inferences can be made for further development
of the matching algorithms:

— the use of multiple images instead of only the nadir and the two stereo channels
often improves the results;

— the reduction of radiometric noise prior to image matching appears to carry a lot
of promise (see also Gwinner et al., 2005; Schmidt et al., 2006);

— rectifying the images at least to a plane prior to matching is mandatory. More
advantageous seems to be a rectification to a DTM such as the MOLA DTM or,

Fig. 10. Example of a sheet from ‘Topographic
Image Map Mars 1:200 000’ showing the Hellas

and Centauri Montes region.
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even better, one generated within the matching process, in particular in areas with
steep slopes;

detecting and eliminating blunders must be seen as an essential sub-task at every
step in the processing chain; and

general purpose algorithms should be carefully adapted to the peculiarities of the
HRSC sensor, e.g. the geometric sensor model, macro pixel formats and varying
integration times. We were also able to demonstrate within the test that in order
to generate consistent results a photogrammetric bundle adjustment using a
sufficient number of tie points is necessary.

3.1.4 Mapping of the Martian Surface with HRSC Data

The cartographic standard product of the Mars Express mission is the ‘Topographic
Image Map Mars 1:200 000 (Albertz et al., 2004, 2005). This large-scale map series
is compiled in equal-area map projections, i.e. the Sinusoidal projection between
latitudes 85° north and south and the Lambert Azimuthal projection in the polar
regions. Mars is covered by a total of 10 372 individual map sheets.

In order to automate the map generation process, the cartographic software
package Planetary Image Mapper (PIMap; Gehrke et al., 2005) has been developed
at Technische Universitdt Berlin. The software generates and/or compiles the
topographic map content, i.e. the ortho-image basis, contour lines derived from HRSC
DTM, topographic names and gridlines, as well as map titles and further marginal
information. The resulting digital map sheets contain all raster and vector data in
pdf format, and can be printed out on demand. Using PIMap, various sheets of the
‘Topographic Image Map Mars 1:200 000’ series, special target maps at larger scales,
and thematic maps of different types have also been generated. An example is given
in Fig. 10.

3.1.5 3D Visualisation

Following the concept ‘from 3D camera to 3D image’ and based on the stereo-
capability of HRSC, the 3D Visualisation Group of the Institute for Cartography of
the Dresden University of Technology have developed an optimised cartographic
true-3D display method by merging the well known principles of transparent
prismatic microlens foils, which have been used for so-called ‘flip images’ and the
lenticular foil technology, and so far have been used for displays with only a few
discrete levels of depth. This approach allows the production of hardcopy displays
that permit spontaneous, glasses-free viewing without artificial illumination by
several individuals simultaneously. For the Mars surface, bitemporal ‘three-in-one’
scenes showing dynamic geological processes have been generated (see the cover
page of the special issue of Photogrammetric Engineering & Remote Sensing on
planetary mapping, October 2005). For background information about this method,
see Buchroithner et al. (2005a, 2005b).

3.1.6 Automated Cartographic Feature Extraction from HRSC imagery

The production of global-scale DTMs with associated ortho-rectified high-resolution
images opens up the potential to mine the resultant datasets for significant
geomorphometric features such as craters, sand dunes, lava flows and hydrological
remnants. Automated crater detection using image data-mining techniques has
been described by Kim et al. (2005) and its reliability has been demonstrated with
Viking orbiter, MOC and HRSC data to be over 85% (Kim et al., 2005). We show
here some examples of the extension of this approach to the use of stereo fusion for
both crater detection from multiple HRSC looks (Fig. 12), as well as the detailed
geomorphometry of the crater shape (Fig. 11). It is planned to continue development
of these data-mining techniques so that a much wider range of geologically important
features can be automatically detected, leading in the very long term to the production
of geological feature maps. These crater databases can also be employed for surface
date aging (Kim et al., 2005) using size—frequency distribution (SFD).
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3.2 Spectrophotometry

3.2.1 Introduction

The HRSC on Mars Express has four basic capabilities — imaging, stereo, photometry
and colour — that reveal landforms and clouds as well as topography, surface physical
characteristics and compositional units. We summarise here some of the results of an
initial analysis of the HRSC colour data. The colour data can be used to identify and
map spectral (often compositional) units present on Mars, with some implications for
our understanding of the martian geology.

The HRSC camera has been described by Neukum et al. (2004b) and the HRSC
investigation by Jaumann et al. (2007). The HRSC focal plane consists of nine linear-
array Si-CCD detectors, each consisting of 5184 pixels that view the scene, oriented
perpendicular to the orbit track. An image is built up by repeatedly reading out
each array as the spacecraft orbits over the surface and the scene sweeps across the
camera’s focal plane. Each detector array views the scene at a different angle spread
out from forward to aft of nadir so that each detector views a different line in the
scene at any instant in time. Four of the detectors (panchromatic channels) plus the
nadir channel are used to produce DTMs and another is the nadir-viewing channel. All
five of these detectors have the same filter over them, constraining the viewing to a
specific spectral channel centred at 675 nm. The other four detectors (colour channels)
each have a different filter over them, providing four different spectral channels (445,
540, 750 and 955 nm). The field of view at the surface for one pixel in the line array at
nadir and 250-km orbit altitude is nominally 10 m (40 prad or 8.25 arcsec). The colour
channels are normally operated in a macro-pixel mode of 2 x 2, 4 x 4 or 8 x 8 pixels
summed on the spacecraft into one pixel to reduce the data volume (see section 2).

Fig. 11. Stereo HRSC-derived DTMs of an
impact crater (Claritas Fossae, orbit 68).
Detailed view of the large crater a little left of
the centre in Fig.12. The crater has a radius of
approximately 3.6 km. Left: 3D view, rendered
with nadir image showing the detected crater
rim (red) and fitted conic section (green).
Centre: colour-coded and hill-shaded DTM.
Right: height profile.

Fig. 12. Stereo detection of large craters

(>S5 pixels) showing locations from nadir (red)
and forward view (green) of a small area near
Claritas Fossae (orbit 68).

29



SP-1291

30

3.2.2 Colour Data Characteristics

The colour data characteristics have been investigated extensively in order to
understand how the data may be used for studying spectral units and Mars’ geology
and atmosphere, and a lengthy report on this study is given in McCord et al. (2006).
In summary, these characteristics include the effects of data compression and of
the different angles of viewing among the colour channels. The degree of data
compression is different in each colour channel and from place to place on Mars, and
this can affect the appearance of colour units. However, it is found that this effect is
usually at the few-DN level and is worst where the surface has least albedo and colour
features. The differing angles of observation for each colour channel have a more
serious effect because the atmosphere can be highly scattering with directionality,
and it can contribute considerably differently to each channel, depending on the solar
illumination. The surface roughness also can cause different amounts of shadow to
appear in each colour image with different viewing angles. Finally, differences in
surface photometric functions can create false colour differences.

In addition, the HRSC observes such large swaths of latitude across Mars in each
orbit that the solar illumination angle varies greatly within a swath and among swaths,
including from equator to pole. McCord et al. (2006) report that applying a simple
cosine brightness correction works surprisingly well for removing the first-order effects
from the data, but a more complex correction should be attempted for some studies.
Since the colour channels each observe the surface at different angles and times, the
colour images must be spatially registered in order to construct colour unit maps. This
registration process is difficult and resource consuming, so that misregistration and
the associated colour artifacts are problematic, especially for topographically complex
terrains, unless special efforts are made to register to a few tenths of a pixel dimension.

3.2.3 Comparison with OMEGA and Telescopic Observations

An extensive analysis was conducted (McCord et al., 2006) to compare HRSC
spectrophotometric measurements with those of the same regions by other instruments.
In summary, this study revealed that the HRSC blue, green and infrared channel I/F
values agree with measurements by OMEGA visual channel and telescopic observations,
but that the HRSC red channel I/F values are offset from these other measurements,
with HRSC being higher in I/F. A search for the reasons for this offset has been
inconclusive so far. Possible reasons include a basic error in the HRSC calibration or
a change in its performance since ground calibration, an error in the OMEGA visual
channel calibration, or an atmospheric or surface scattering effect due to the HRSC red
and infrared channels being offset from each other in viewing angles by nearly 30°.
Interestingly, a comparison of HRSC and OMEGA measurements for the small Mars
satellite Phobos shows this effect but at an even greater size. Phobos has no atmosphere
and is relatively dark, so this suggests a calibration error in one or both instruments.
An analysis of the potential atmospheric effects on the HRSC spectrophotometric data,
due to the differing viewing angles of the four colour channels, was conducted using
radiation transfer calculations. This revealed that extra scattering contributions to the red
channel could be expected under dusty atmospheric conditions. Further, examples were
found where water clouds high in the atmosphere created just such an effect. However,
an investigation searching for variations of this effect with solar phase angle revealed
no conclusive dependence, in apparent contradiction with this explanation (McCord et
al., 2006; Coombs & McCord, 2006).

In spite of these complications, the HRSC colour dataset is a powerful resource for
studying Mars. The colour data have been demonstrated to be very good for defining the
basic spectral components of Mars and showing their spatial distribution. Thus, HRSC
spectral images are an important asset for photo interpretation and mapping. They also are
the best link between OMEGA spectroscopy and photo interpretation. By showing that
HRSC I/F spectra are consistent with, but slightly offset from, the same wavelengths of
OMEGA, telescopic and laboratory spectra, we have validated that familiar compositional
information is contained in the HRSC images. The HRSC spectral data, however, were
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never intended for identifying composition. There are neither enough spectral bands nor
broad enough spectral coverage. OMEGA data are intended for this purpose. The power of
the HRSC colour data lies in having both high spatial resolution and broad spatial coverage
in the four main colour bands. Combined with OMEGA, it is a unique dataset.

3.2.4 Reflectance Spectra

In spite of the complications described above, and the effects of the atmosphere,
I/F values for the surface units can be calculated if one assumes knowledge of the
spectrum of at least one unit in a scene. This approach was used by assuming the
darkest units in each scene are composed of basalt and correcting the HRSC dark
unit spectrum to match a laboratory spectrum of unweathered basalt and applying this
correction to all other pixels in the scene. The example I/F spectra produced following
this procedure, presented in Fig. 13(c), are for specific pixels and locations on Mars
that were carefully selected to illustrate three different spectral units and probably
classes of material (McCord et al., 2006).

Fig. 13. HRSC four-colour spectra plotted for
selected areas in several orbit image stripes, as
designated in the legend by orbit number and
spot name. (a) Spectra as delivered by HRSC
after radiometric calibration. (b) Spectra
after correcting for solar illumination angle
according to a cosine function. (c) Spectra
after also applying the corrections to force the
HRSC spectra for dark material to agree with
a laboratory basalt spectrum. (d) The basalt
correction factors for each of the orbit scenes.
(e) The basalt correction factors scaled to unity
for the 750 nm channel (McCord et al., 2006).
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Figure 13 shows HRSC I/F values for six Mars spots with only the HRSC standard
calibration applied. Fig. 13(b) shows these //F values corrected for solar illumination
angle using the simple cosine function. Then, the ‘basalt correction’ is applied and the
results shown in Fig. 13(c), where first there is a spectrum for the dark, slightly red
material that is the basalt we chose for the reference material.

For the scene we analysed in orbit 1154 data it is called 1154 dk stuff. Different
dark material deposits were used in each scene analysed. The correction spectra shown
in Fig. 13(d) and (e) are similar in overall shape and suggest that this material has
similar spectra in all the scenes analysed here. Then, there are spectra for the brighter
and much redder material that is the classic oxidised iron-rich red plains material,
characterised here by areas named 334 PPO1 b, 334 PPO1 e, and 1154 red. Again, this
class of material appears to have similar spectra in most places where morphology,
terrain, albedo and colour suggest its presence. Finally, there are nearly flat spectra
for the very bright, white or slightly red material. This spectrum type is found in the
brightest areas in the polar regions and appears to represent the least-contaminated
water ice. The fact that we find nearly white material (flat spectra) in these brightest,
apparently snowy, polar regions suggests that this method of correcting for the
atmosphere using the basalt assumption is working fairly well. This is also suggested
by the similarity of the basalt correction factor from scene to scene and orbit to orbit.
Since these orbits span considerable periods of time and conditions on Mars, this
finding is heartening and a little surprising. One might expect the atmosphere effect
to be more variable with time and location, and this should be further investigated as
it suggests a possible additional effect.

3.2.5 Basic Spectral Components

The most familiar representation of HRSC spectral information is a colour-composite
image employing blue = 445 nm, green = 540 nm and red = 750 nm. In such colour
composites, most of the martian surface has reddish tones, and the darker areas typically
are blue when strongly contrast stretched (Figs. 14 and 15). Combinations of red and
blue are common (associated with the colour magenta in these colour composites),
and red areas vary considerably in albedo and may appear white in strongly stretched
images. Colour composites by themselves, however, often are ambiguous. For example,
high-albedo red rock may appear similar to ice in polar images, and dark rock may be
difficult to distinguish from shadows and shading. Thus, to define spectral extremes,
we (McCord et al., 2006) prepared principal-component images, ratio images, spectral
angle images and fraction images. Each of these analytical techniques has advantages
and disadvantages (Adams and Gillespie, 2006), but in combination, and using the
image context, it became clear that there are three basic spectral components in the
north-polar images (ice, red rock and dark rock), and in the Valles Marineris area there
are only two spectrally dominant components (red rock and dark rock). It is significant
that the same red and dark rock components occur in both polar and equatorial areas.
In addition, there are a few areas in some of the equatorial images that stand out in the
residual image because they are not fully explained by the basic spectral components.
These additional components can be detected as residuals after first defining the
dominant components as the spectral background. In some cases when an additional
spectral unit seems to be present in many pixels, its spectrum might be guessed at,
perhaps guided by OMEGA or laboratory inputs, and an iterative linear mixture
modelling approach used that allows more end members than the dimensionality of the
multispectral data set (e.g. Pinet et al., 2000).

Relatively uncontaminated volatile condensate (‘ice’) on the north polar cap is
distinguished in HRSC spectral images by its high reflectance in all channels, as seen
in the spectra plotted in Fig. 13, the colour composite images in Fig. 14, where blue
is assigned to the 440 nm channel, the colour-composite images are contrast-stretched
to show areas of pure ice as white or lightest blue. In the same images where red is
assigned to the 750-nm channel, high-albedo areas that appear light red are interpreted
to represent ice that is contaminated with red-rock material, presumably in the form
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of fine dust. The relatively few spectral units found and their suggested identities
(McCord et al., 2006) are consistent with past studies of the spectral nature of the Mars
surface, including from Viking Orbiter (McCord et al., 1982). This characteristic of
Mars, when studied with a few relatively broad spectral bands at visible wavelengths
to the spatial resolution used so far, seems to be due to the nature of Mars and not to
a fault in HRSC or other instruments.

3.2.6 Geological Interpretation of HRSC Spectral Images

In the Valles Marineris region, we find two of the same dominant spectral types as
in the north polar area: red rock and dark rock. Because the materials implied tend
to dominate spectral mixtures, the absence of unequivocal evidence for other spectral
types in the HRSC images, such as salts (Montgomery & Gillespie, 2005) or ice (e.g.
Gillespie et al., 2005), does not mean that other materials are not present, possibly
in large amounts. Thus, we consider it important to keep in mind that the observed
spectral components (iron oxide and basalt) can act as strong pigments that may
have only minor importance volumetrically. Geological context and other spectral
information (e.g. OMEGA) may help to determine whether the HRSC spectra imply
volumetrically large amounts of the materials that are represented by the spectral
units, or whether we are measuring the proportions of lesser components that happen
to be spectrally dominant.

Fig. 14. RGB colour images made from the red,
green and blue HRSC image datasets for orbits
1169, 1154, 1167 and 1087 (left to right). The
location of these image strips on Mars is in the
north polar region. Note that some of the image
areas overlap, although they are separated here.
No correction for the solar illumination angle
has been made (McCord et al., 2006).

Fig. 15. Nadir and normalised-fraction images
of an enlarged part of orbit 334. View is toward
the north wall of Ophir Chasma. (a) Nadir
image combined with a digital elevation model.
(b) Colour-ranked 10% fraction intervals of the
red rock spectral unit combined with a digital
elevation model (McCord et al., 2006).
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In the context of the HRSC images, the red and dark spectral types define two
main geological units in the Valles Marineris region. In Fig. 15 we show an example
map of the proportions of these two units. The red unit dominates the plains that
surround the canyons, the upper parts of the canyon walls, and some of the islands
within the larger chasmata. Local outcrops of the red unit occur within the dark
unit on the valley floors. In HRSC nadir images and MOC images, some of these
outcrops exhibit fine layering. The dark unit makes up most of the floors of the
larger chasmata, where it occurs as extensive smooth plains, occasional dunes
and uncommon layered deposits. It also occurs in conical depressions within the
red unit, as talus slopes, and in a wide variety of irregular patches. The dark unit
is locally present on the high plains near the rims of the chasmata. Although the
red unit is topographically above the dark unit on a regional scale, the contact
between the two is nearly everywhere broadly gradational, and, locally, dark
material appears to have intruded and altered the red unit. Our spectral definitions
of the red and dark units have potentially important implications for interpreting
the geology of Valles Marineris. The high-albedo deposits within the chasmata are
spectrally indistinguishable from the materials that comprise canyon walls, rims
and the surrounding plains. If the high-albedo materials all have approximately
the same composition, the interior deposits may be part of the Hesperian/Noachian
‘basement’ that comprises the canyon walls and plains, rather than younger deposits
that lie unconformably on the basement, as proposed for example by Witbeck et
al. (1991). Many workers have lumped the low-albedo materials in the chasmata
together with the high-albedo materials as part of the younger, interior deposits.

Based on our spectral definition of units, however, the dark-material unit is
compositionally distinct from the red, high-albedo material. Layers of the dark
unit are present in the deepest parts of Mellas Chasma and may be stratigraphically
below the red unit. We find no evidence that the red unit occurs stratigraphically
below the dark unit, as would be implied if the Hesperian/Noachian basement
materials had been down-faulted to form the floor on which younger, dark materials
were deposited. Excluding dunes and dust deposits, the main interface between the
red and the dark units in the chasmata is morphologically complex and extends
over an altitude range of several kilometres. Furthermore, the contact is everywhere
gradational. If the dark material is basaltic in composition, it is difficult to explain
the observed complex and gradational zone as a depositional contact between dark
flows/tephra and overlying lighter deposits. On the other hand, it does not appear
that the dark unit is simply intrusive into the red one, although in places there is
evidence that the dark material has followed fracture zones into the high-albedo
material. We suggest that understanding the interface between the red and dark units
is essential for understanding the origin of the Valles Marineris region, and HRSC
colour data are well suited for this purpose.

3.2.7 Summary

We have demonstrated that the HRSC colour data can contribute a better
understanding of the geology of Mars. We find that only a few basic spectral and
probably compositional units (red, iron-oxide-rich material; dark basalt; polar
water ice) contribute to most pixels to the degree HRSC can sense them. There
is evidence of several other units that are brighter and less blue than the other
units, probably salts and possibly other materials, may also be detectable with
HRSC. Reflectance spectra from HRSC can be calibrated to a level comparable
with laboratory spectra and in agreement with OMEGA visual spectra, allowing
compositional interpretations of HRSC spectra and extension and mapping of
OMEGA compositional identifications to higher spatial resolution and extent than
possible with OMEGA (or HRSC) alone. Our exploration of the bright red and
dark apparently basalt units reveals that the unit distributions seem to disagree in
important cases with existing geological interpretations exhibited in the published
Mars geological maps. Thus, there is much geological exploration that can be
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carried out, now that the basic characteristics of the HRSC colour data are better
understood and their intrinsic science value is demonstrated.

3.3 Geology and Surface Processes

3.3.1 Stratigraphy and Surface Processes

The locally and regionally good coverage of Mars at high resolution by the HRSC has
allowed the team to perform detailed analyses of the stratigraphic relationships and
of surface ages through crater-counting methods. A multitude of areas of interest for
volcanic activity and corresponding surface evolution, and fluvial as well as glacial
activity have been investigated.

Most of the areas marked in Figs. 16(a) and (b) are still under investigation.
For some of them, however, hard age data have been acquired and an intermediate
assessment of their evolutionary history and of the processes that acted on the surface
structures can be given. The relevant measurements in the form of crater size—
frequency data have been made by applying the techniques described by Neukum &
Hiller (1981), Neukum (1983) and Werner (2005).

3.3.1.1 Cratering Chronology and Absolute Ages
All crater size—frequency data for obtaining absolute ages are related to the Hartmann
& Neukum (2001) chronology (cf. Fig. 17) through the expression

Nip- 1 kmy= 544 x 107 [exp(6.93T) — 1] + 8.38 x 10T

making use of the polynomial expression of the production crater size—frequency
distribution for Mars first published by Neukum (1983) and the revised form given by

Fig.16. (a) Current working fields on
fluvial/glacial and volcanic processes.
(b) Volcanic constructs and
chrono-stratigraphic relationships.

Fig. 17. The Hartmann and Neukum (2001)
cratering chronology.
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Ivanov (2001). This production function has been confirmed by new measurements
carried out by Werner (2005) (cf. Fig. 18).

The Hartmann—Neukum chronology model for recent times, and from that the
impact rate ratio Mars/Moon, has been confirmed to be correct at least within a factor
of 2 to 3 of crater frequency measurements of the present-day cratering rate on MOC
imagery by Malin (2006).

Figures 19 and 20 show our capability to extract resurfacing ages from crater
size—frequency distributions and in this way to follow the geological evolution of a
surface structure over time. This capability has been greatly improved by applying
new analytical techniques to segments of a crater size—frequency distribution where
the effects of multiple erosional and/or sedimentary effects with size-dependent
destruction of craters can be identified in kinks with related flattening and steepening of
the distributions. One of these techniques is described in Werner (2005), and a further
refinement of the methodology in Michael et al. (2007). Examples of measurements that
show such multistage histories with characteristic resurfacing are presented in Fig. 21.
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Fig. 22. Ages of volcanic constructs and
related landforms. Highland volcanoes formed
more than 4.0-3.7 Ga ago and latest activity
ended ~1.5 Ga ago. Hadriaca and Tyrrhena
Paterae show effusive later phases ~1.5 Ga
ago, correlated with fluvial activity. Elysium
volcanoes formed more than 3.6 Ga ago,
Elysium Mons activity ended 1.5 Ga ago;
subsequent activity over the past 2 Ga, Hecates
Tholus even past 1 Ga until ~100 Ma ago.
Tharsis Paterae and Tholi formed more than
4 Ga ago in major parts, activity ended 3.7 Ga
ago. Tharsis Montes, Alba Patera and Olympus
Mons formed more than 3.5 Ga ago, and have
been episodically active until very recently

(2 Ma, Olympus Mons). Possible correlation
with SNC ages (Nyquist et al., 2001), SSR:
~1.5 Ga and 150-200 Ma ages in volcanic
activity. Medusae Fossae deposits formed

~1.6 Ga ago, when most highland volcanoes
were last active (~1.5 Ga ago). Modified after
‘Werner (2005).
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3.3.1.2 The Secondary-cratering Problem

Small secondary craters are produced by large primary impacts and can contaminate
the crater size—frequency measurements and thus affect the precision of the age
determination. For the Moon and Mars, several papers in recent decades (Neukum &
Wise, 1976; Neukum & Hiller, 1981; Neukum & Ivanov, 1994; Neukum et al., 2001)
have shown that in most cases the effect is minor (<10%) and the majority of small
craters found on the martian (and lunar) surface outside immediate secondary strewn
fields of large craters are primaries. In particular, the steep part of the distribution
at size D < 1 km is due not to ‘background secondaries’ (cf. McEwen, 2006), but
mainly to the distribution behaviour of primaries. This has been substantiated
by measuring the production distribution of small craters directly in the source
region, the asteroid belt, on the objects Gaspra and Ida (Chapman et al., 1996a,
1996b). Recently, however, McEwen et al. (2003; 2005) have maintained that the
majority of small craters on Mars are not primaries but secondaries produced by
large primary craters. They have also proposed the Hartmann & Neukum (2001)
chronology to be in error by a factor of more than a thousand in crater frequency,
and that in particular all young ages derived through this method based on small
craters to be wrong. Obviously, the results of Malin et al. (2006) (cf. Figs. 9 and 10)
prove that Hartmann & Neukum (2001) are correct and that McEwen et al. (2003,
2005) themselves must be wrong by a factor of a thousand.

3.3.1.3 Ages of Volcanic Activity on Mars
The ages of a large number of volcanic constructs have been determined from HRSC
imagery, often in combination with MOC imagery, and are summarised in Fig. 22.
Volcanic activity has obviously occurred throughout martian history, from more
than 4 Ga ago until very recently. The volcanic and fluvial/glacial history of Olympus
Mons and direct surroundings, especially the western escarpment area, has been
investigated in detail (cf. Neukum et al., 2004a, 2006). The western escarpment of
Olympus Mons is shown in oblique view in Fig. 23. The investigated areas on the
shield and at the foot of the escarpment are shown in Fig. 24. Olympus Mons shows
volcanic resurfacing activity over much of the past ~400 Ma until about 2 Ma ago, and
glacial activity until very recently, at least until 4 Ma ago.
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Fig. 23. Oblique view of the western escarpment
of Olympus Mons.

Fig. 24. HRSC image base map with nested
MOC data and depiction of the counting

1 areas (left panel) and the resulting ages of
1‘ the western near-escarpment area of the
1

1

Rita

Olympus Mons volcanic shield, the 7 km-high
escarpment and the adjacent plains area to
the west with remnants of glacial features
(five right panels). The counts show different

! resurfacing episodes with erosion of craters and
1 11 subsequent re-cratering. These episodes and
.’rr'f"*".".'f FIEGRRS S | processes are reflected in the variable steepness

of the distributions on the log—log plots,

giving a kinked appearance. The flat parts
show erosional effects; the steep parts show
re-cratering after erosion episodes. The martian
impact crater size—frequency distribution
has been fitted to individual segments of the
distribution, giving individual crater frequency
values for the different episodes; individual
absolute ages can be extracted by applying the
Hartmann—-Neukum chronology. In this way it
is possible to extract the evolutionary history
of the area under investigation in detail. Here
the fits to the crater frequencies partly have the
character of average isochrons for a group of
counts yielding similar numbers. The errors of
the ages are usually around 20-30% for ages
younger than 3 Ga (only 100-200 Ma for older
ages) owing to statistical limitations. The error
bars represent a 16 error. In the same way,
all ages of less than 2 Ga may be affected by a
possible systematic error of a factor of about
two in the cratering chronology model used.
North is at the top.
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Fig. 25. Ages of ancient fluvial and ice-related
processes on Mars. Outflow channel formation
ended ~3.5 Ga ago, subsequent volcanic and
water/ice-related processes lasted until recently
(hundreds of millions of years). Glacial scours
in Kasei, for example, formed more than

~1.3 Ga ago. Lowland deposits formed between
3.8 and 3.4 Ga ago. The highland-lowland
boundary formed more than 3.8 Ga ago, and
subsequent (regressive) erosion is possibly still
ongoing. Phases of subsurface ice melt or water
release from aquifers triggered by volcanic
activity (Mangala Valles) might have occurred
400-700 Ma ago. Sedimentation through fluvial
or glacial activity in the northern lowlands
ended more than 3 Ga ago at least, probably
even more than 3.5 Ga ago. Modified after
‘Werner (2005).

Fig. 26. Ages of ice-related processes on Mars.
Landforms in the investigated areas suggest the
presence of ice on the surface (under a

dust cover) even now. Recent glacial (fluvial)
activity is observed in the last 500 Ma, and
often seems to have been related to
volcanic/magmatic (hydrothermal) activity.
This activity may be related to either obliquity
changes and/or to changes in the solar flux.
Modified after Werner (2005).
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Fig. 27. Histogram of ages extracted from measurements on HRSC
(green) and MOC (red) imagery in the Echus Chasma/Kasei Valles

and Mangala Valles. HRSC-related values normalised to the size of the
counting area.
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Fig. 28. Histogram of ages extracted from measurements on HRSC and
MOC imagery in the Echus Chasma/Kasei Valles and Mangala Valles,
combined with cratering age measurements on additional features, in
comparison with known radiometric ages of martian meteorites (from
Borg & Drake, 2005).
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3.3.1.4 Ages of Fluvial and Glacial Activity on Mars

Most of the measurements performed to date on the activity of water and/or glacial
processes are compiled in Figs. 25 and 26. It is obvious that water was on the surface
in liquid form or as ice throughout much of martian history, starting more than 4 Ga
ago and continuing, at least episodically, until a few million years ago.

3.3.1.5 Episodicity of Martian Fluvial, Glacial and Volcanic Activity

The age data in Figs. 22, 25 and 26 show that activity was probably not equally
distributed over time but occurred at certain times or time intervals, such as around
3.5 Ga ago. No attempt had been made in those measurements, however, to sharpen
the time resolution in terms of specific choice of counting areas or weighting of
results. For a better understanding of the geological evolution of Mars, and possibly
to verify an episodicity of activity that we suspect but which cannot convincingly be
concluded from the general datasets discussed so far, a number of large geological
units, in particular the outflow channels Kasei Valles and Mangala Valles, have been
carefully mapped and their ages measured (Chapman et al., 2007; Basilevsky et al.,
2007). Although this work has not yet been finalised, it is clear from the histograms in
Fig. 27 (cf. Neukum et al., 2007) that the evolution of these outflow channels shows
relatively strong episodicity.

The dating results for Echus/Kasei and Mangala, together with a number of
additional cratering age measurements on geological features all over the martian
surface, are compiled in Fig. 28. All the ages from cratering measurements (cf.
Neukum et al., 2007; Chapman et al., 2007; Basilevsky et al., 2007) are compared
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with the radiometric ages of the martian meteorites (Borg & Drake, 2005). There is a
striking appearance of peaking of the geological activity or episodicity of resurfacing
at certain times: ~3.5 Ga, 1-1.5 Ga, 300-600 Ma and ~200 Ma ago, respectively. It
is even more striking that within relatively narrow limits, the cratering ages of the
different age groups coincide with those of martian meteorites. The martian meteorite
ages reflect both igneous events and aqueous alteration events, and so do the cratering
ages. There is a remarkable paucity of age occurrences in the 2-3 Ga age range in
the cratering data. This corresponds to a paucity of meteorite ages in the same, even
somewhat more extended age range. This appears to hint at either lower geological
activity in this time frame, or, more likely, the covering up of more ancient activity by
subsequent events <2 Ga ago, with the exception of the residues from the time >3 Ga
ago (the peak at ~3.5 Ga) when the martian surface was thoroughly shaped at a very
high level of activity by gigantic volcanic, fluvial, and glacial events that could not
be completely erased by later events but most always show up in the cratering data in
terms of the large-crater survivors of the tail end of the distributions.

3.3.2 Glacial Processes and Cold-climate Landforms

The current position of ice deposits on the surface of Mars is an indication of the
presence of water and its stability in the present environment. For example, the thick
polar layered terrain is testimony to the latitude dependence of ice stability, and recent
Mars Odyssey GRS/NRS data show the presence of near-surface ice in the regolith
down to about 60° latitude.

HRSC image and stereo data of the polar layered deposits (PLD) have been
essential in the determination of the three-dimensional configuration of layers in
the PLD and in deconvolving the complex layers and unconformities to test various
hypotheses for polar history (e.g. Milkovich et al., 2006).

The position of deposits and structures involving water in solid and liquid form
in non-polar areas is critical to the understanding of past climates and to unravelling
the history of climate change on Mars. For example, the work of Laskar et al. (2004)
has shown that variations in spin-axis and orbital parameters were quite large in
the history of Mars and thus, polar ice should have been mobilised and transported
equator-ward to produce water- and ice-related deposits. HRSC data have provided
abundant and clear evidence for such deposits and have helped unravel the history
of climate change. Along the dichotomy boundary in the northern mid-latitudes, for
example, abundant evidence has been cited in the past of lineated valley fill (LVF)
and lobate debris aprons (LDA), but the origins of these deposits have been uncertain.
Some felt that movement of material in the LDA and LVF was rather minimal,
resulting largely from water vapour diffusion, ice emplacement, and mobilisation of
talus aprons. Others have suggested that glacier-like debris-covered ice may have
been more important. High-resolution HRSC data have shown that many LDA contain
substantial amounts of ice (Head et al., 2005a, 2005b), sufficient to suggest that
many LDA are actually the remnants of debris-covered glaciers (Fig. 29a). In other
places, LVF deposits have been shown to be integrated systems of flow over many
hundreds of kilometres, rather than local talus aprons meeting in the middle of the
valley. Analysis of HRSC and Mars Odyssey data have documented the location of
ice accumulation zones in alcoves and breached craters, the collection and flow of ice
and debris cover, its merging and folding into chevron folds, which are then further
compressed and deformed into lines representing the lineated valley fill (e.g. Head et
al., 2006a, 2006b).

These analyses strongly suggest that climate change in the last several hundred
million years resulted in transport of significant water from the poles to the northern
mid-latitudes to produce valley glacial land systems there.

HRSC data were instrumental in the acquisition of the high-resolution imaging,
stereo and crater counting necessary to document fundamental changes in climate.
HRSC data on mid-latitude volcanoes also provided evidence of climate change.
Unusual deposits in a crater at the base of Hecates Tholus (Fig. 29b) have been
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shown by HRSC data to be of glacial origin and to date from the relatively recent
geological past (Hauber et al., 2005a). Furthermore, the origin of Hesperian-aged
valley networks arrayed radially around the flanks of Hecates and Ceraunius Tholus
has always been enigmatic, as most valley networks are of Late Noachian age. New
HRSC data and modelling of magmatic intrusions within the edifices, however, have
led to development of the hypothesis that snowpack developed on the summit of the
volcanoes during periods of climate change was then melted by the heat of periodic
volcanic intrusions, causing radial drainage to form the valley networks (Fassett
and Head, 2006a, 2006b). This explanation helps to account for why some volcanic
edifices in this latitude range have no radial channels: these volcanoes may not have
been active during the episodic emplacement of summit snowpack.

Striking evidence for even more extreme climate change has been documented by
HRSC in the form of important details and ages of tropical mountain glacier deposits.
Fan-shaped deposits on the northwestern flanks of the Tharsis Montes and Olympus
Mons have long been known, but their interpretation has been varied and controversial.
HRSC data, together with MOC and THEMIS data, have shown unequivocally that
these deposits represent the remnants of huge tropical mountain glaciers. Images
revealed details of the outer ridged facies, interpreted to be cold-based glacial drop
moraines; the knobby facies, interpreted to be sublimation till representing the collapse
of the huge piedmont glaciers; and the smooth facies, interpreted to be proximal and
late-stage debris-covered glaciers (e.g. Head & Marchant, 2003; Neukum et al., 2004a;
Head et al., 2005a, 2006¢; Milkovich et al., 2006; Shean et al., 2005, 2006). HRSC
data have also provided sufficient information for high-quality crater size—frequency
distribution analyses (Neukum et al., 2004a; Head et al., 2005a; Shean et al., 2006),
showing evidence for glaciation in the last several hundred million years, but also for
smaller-scale glacial advances in the last few tens of millions of years (e.g. Neukum
et al., 2004a; Head et al., 2005a).

What were the conditions that led to the tropical mountain glaciers? The
interpretations from the HRSC and related data provided atmospheric modellers
with sufficient constraints to determine that the tropical mountain glaciers formed
during periods of high obliquity when water-laden winds from the north rose along
the western Tharsis rise, and then rose again sharply at the northwestern margin of
the volcanic edifices, causing adiabatic cooling and significant snow precipitation to
result in ice accumulation and glaciation (e.g. Forget et al., 2006). Finally, recent dyke
emplacement events in the Elysium Planitia region (Cerberus Rupes) have cracked
and breached the cryosphere, causing combined volcanic and aqueous outpourings.
Evidence for aqueous outpourings comes from hydrodynamically shaped landforms
and scour marks, increasingly revealed by HRSC data. Also revealed in the HRSC
data are spectacular plate-like features that are separated from each other but fit
together like pieces of a puzzle. Previously interpreted as the segmented platy surface
of a large lava flow, Murray et al. (2005) used HRSC data to argue that these large
plates actually represent ‘icebergs’ formed on the surface of the floodwaters and
preserved below a layer of sublimation till (Fig. 29c).

In summary, HRSC high-resolution image data have revealed the fine-scale
geomorphology of water- and ice-related features, and stereo data have provided the
3D data necessary for determining flow directions, stratigraphic relationships, layer
orientations and deposit thicknesses. The broad coverage of image data has been
essential in determining crater size—frequency distribution ages for these events, all
of which have contributed significantly to the analysis of climate change and the past
history of climate on Mars.

3.3.3 Sedimentary Processes

Deltaic sedimentary bodies on Mars have been described using Viking data in a
few pioneer papers (Grin & Cabrol, 1997; Ori et al., 2000a, 2000b). However, the
idea of the presence of complex lacustrine environments (Cabrol et al., 1996; Ori &
Mosangini, 1998) has been widely accepted by the scientific community only recently,

Fig. 29. Ice-related landforms as imaged by
HRSC. (a) Debris-covered infill in impact crater
(Promethei Terra; Head et al., 2005a); (b) flank
caldera showing traces of glaciation (Hecates
Tholus; Hauber et al., 2005a); (c) ice floes in
Elysium Planitia (Murray et al., 2005).
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Fig. 30. The delta in the Eberswalde crater (ca.
50 x 70 km). (a) Perspective 3D false-colour
view of the Eberswalde delta and the delta
(arrow). To the left (=south), the rim of the
large Holden crater is visible. Both craters
have been proposed as future landing sites

due to their spectacular fluvial and lacustrine
landforms (HRSC image 511). (b) The delta

in Eberswalde crater seen in perspective view
from the south. The delta is located at 24.1°S
and 326.4°E and has a size of 12 x 12 km (detail
of HRSC image 2013).
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when data from the new mission have provided other data. The contribution of the
HRSC to our understanding the lacustrine sedimentary environments and associated
deltas has been remarkable. The high-quality data with stereo capability allow detailed
analysis of the sedimentary strata patterns, morphologies and even facies.

It is now clear that deltas exhibit a variety of facies associations, ranging from
Gilbert-type deltas to shallow-water fluvial-dominated deltas. Gilbert-type deltas are
simple bodies and form when short-headed fluvial systems debouch in a lacustrine
basin with a steep margin. Shallow-water deltas are controlled by long fluvial systems
and display a large number of distributary channels. The transition from the deltaic
plain and the prodelta area is subtle due to the low gradient. Mouth bars are poorly
developed. Between these end members there are a number of fan-shaped bodies that
in places show distinct evidence of interaction with a standing body of water, but can
often be ascribed to alluvial fans due the lack of evidence of a lacustrine environment.

HRSC images in combination with HRSC-based DTM and, at places, MOC
narrow-angle images allow us to observe the outcrops with an Earth-like approach
and in particular to describe the internal geometry of layered sequences. These
observations are particularly important with respect to sedimentary bodies, because
these systems display complex internal geometrical patterns. Delta-like deposits,
wave-cut terraces, and shorelines are fundamental features to support the hypothesis of
standing and long-lived water bodies on Mars. Intra-crater lakes, due to their relatively
limited size and their strong climatic coupling, might allow the reconstruction of local
hydrological cycles, which could help improve our understanding of the evolution of
the martian climate.

Figure 30 presents an example from the Eberswalde fan delta, centred at 24.1°S
and 326.4°E, located in one of the richest fluvial-related morphologies areas of
Mars (e.g. Malin & Edgett, 2001). The delta is made of bright and dark interlayered
deposits, which display a cyclic depositional pattern. The bright layers appear to be
more resistant to weathering and erosion. Some of the bright layers consist of very
poorly sorted material, with boulders up to 10 m in diameter floating in a finer matrix
suggesting an emplacement as mass flows. Other layers consist of finer and better-
sorted material. The sedimentary complex displays a low-dipping proximal area (1-2),
a distal relatively high-dipping area (6—10) and a more distal low-dipping area (1-2),
which gradually connects with the crater floor.

We interpret the low-dipping proximal part as delta plain facies consisting of
distributary areas, mostly built by coalescing point bars, and interdistributary area,
in which crevasse splays flood into the plain (Pondrelli et al., 2006). At places the
topset—foreset—bottomset architecture typical of fan deltas is present, even if the
foresets are just slightly inclined. We interpret the high-dipping part of the fan delta
as delta front deposits (Pondrelli et al., 2006).

Along an erosional cut, a transgressive-regressive cycle has been observed,
with layers at the base showing a retrogradational stacking pattern on top of which
clinoforms suggesting a progradational stacking pattern develop forming an offlap
surface. We interpret the retrogradational stacking pattern as formed during a
transgressive system tract followed by a high stand system tract corresponding to
the progradational stacking pattern. The transition among these systems is marked
by a maximum flooding surface. This geometry suggests an allogenic control on the
deposition.

A survey of the Xanthe Terra cratered terrains revealed several delta-like deposits
inside impact craters (Subur, Sabrina, Nanedi and Tyras Vallis) and downstream of
a widening of the valley floors (Hypanis Valles) (Di Achille et al., 2006a; Hauber
et al., 2005b). In particular, the Tyras palaeolacustrine system, formed by the Tyras
Vallis channel and an as yet unnamed Noachian complex crater (70 km in diameter)
(Scott & Tanaka, 1986), has been studied in detail using high-resolution topography
derived from HRSC stereo data (Di Achille et al., 2006a; Fig. 31a). This supports the
recognition of the Tyras fan deposit and its morphometric description, which allows
the reconstruction of the overall lacustrine depositional history from the parallel
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analysis of the Tyras fan and crater floor deposits. In fact, the delta has been used as
a sedimentary recorder of the crater lake history and has allowed the assessment of
the overall hydrological evolution. Two major stands of the water level have been
inferred at 700 and 550 m above the crater floor, based on the correlation between the
morphology and topography of the fan and the crater floor deposits (Di Achille et al.,
2006a). The hydrological reconstruction reveals a complex sedimentary evolution of
the fan, which underwent deltaic and alluvial sedimentation as a result of the different
lake water levels and Tyras Vallis supplies. A second fan-shaped deposit found in
the Coprates Catena region, has been also recently investigated using the HRSC data
(Di Achille et al., 2006b). Water flowing in a 45 km long sapping valley entered a
deep trough and formed a stepped fan with a height of 1100 m above the trough floor
and a mean slope of 7.4 (Fig. 31b). The Coprates fan radius ranges from 4900 m up to
8500 m in front of the valley mouth, where the fan slightly overlaps the northern trough
wall. The surface of the fan covers an area of about 45 km? with a total volume of
almost 25 km?. Detailed topography from HRSC allowed the detection of a longitudinal
slope break over the fan (Di Achille et al., 2006b). This characteristic, combined with
a sedimentological analysis of the host basin, led to the interpretation of the deposit
as an alluvial, sheet-flood dominated deposit. Regional morphotectonics and previous
geological mapping suggested that groundwater-related aqueous sedimentation could
have been active from Hesperian to Early Amazonian, implying favourable climatic
conditions for the flow and possible ponding of water during that period.

3.3.4 Water-related Activity

High-resolution stereo data of the Mars Express HRSC experiment has allowed for
the first time quantitative analyses of small-scale features such as interior channels in
martian valley networks and thus estimates of fluvial discharges, sediment transport
balances and fluvial erosion rates (Jaumann et al., 2005a).

In HRSC images a 130-km long inner channel has been identified within a 400-km
long valley in the Libya Montes. Figure 32 (left) shows a segment of the inner channel
incised in a narrow valley at 3°N, 82°E. Based on HRSC stereo information, we were
able to determine the depth of this inner structure and thus to estimate the discharge
in the inner channel.

With maximum bank-full discharge rates of 10* m3/s (Jaumann et al., 2005a),
this channel is comparable with terrestrial rivers like the Mississippi and Amazon.
Using the valley depth in connection with the ages of the floor, as derived from
crater statistics, an average erosion rate of <1 pm/a is deduced. The development of
the valley began 3.7 Ga ago and lasted for 350 Ma. However, it is unclear whether
the valley was formed continuously or through isolated flooding events. The eroded
valley volume amounts to 460 km3. Taking the maximum bank-full discharge it
would require 4 x 10* days to erode the valley, which would be consistent with a
flooding event every few thousand years. On the other hand, if we assume only 5%
bank-full discharge, it would take about a million years to erode the valley (Jaumann
et al., 2005a). Thus, even with shallow flow, the valley network would have been
eroded much faster than is indicated by the average erosion rate. Therefore it is
more reasonable to assume that episodic flooding events rather than sustained flow
conditions formed the valley network in Libya Montes.

Nanedi Valles in the Xanthe Terra region contains a series of features interpreted
to have formed by surface flow of water including meanders, slip-off and undercut
slopes (Fig. 33, arrows A, B), terraces and inner channels. The slip-off and undercut
slopes that developed in the meanders (Fig. 32) suggest changes that provide evidence
of fluvial erosion (Jaumann et al., 2005b). The topographic data of HRSC have
allowed us to determine the depth and width of Nanedi Valles and to create a cross-
sectional profile of the meander with slip-off and undercut slopes (Fig. 33). The valley
in this region is about 500 m deep and 4.5 km wide. The undercut slope can clearly
be identified in the profile due to a steeper slope. Several terraces that have developed
on the slip-off slope are exposed.

Fig. 31. Examples of sedimentary bodies on
Mars. (a) Fan at the termination of Tyras Vallis
(Di Achille et al., 2006a). Perspective 3D view
of HRSC false-colour image (orbit 927; fan
located at 8.5°N, 310.3°E; north is at the top,
image width about 25 km). (b) Alluvial deposit
at termination of a sapping valley in Coprates
Catena (Di Achille et al., 2006b). Perspective 3D
view of HRSC false-colour image (orbit 1929;
fan located at 15.15°S, 299.75°E; north is to the
bottom left; image width about 30 km).

45



SP-1291

Fig. 32. Left: Part of the inner channel in the
Libya Montes (orbit 47). Right: Part of the
Nanedi Valles in the Xanthe Terra region,
at 7°N, 312°E (orbit 905). Slip-off (B) and
undercut slopes (A) are marked.

Fig. 33. Cross section profile of Nanedi Valles.
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In contrast with these old valley networks, morphologically young gullies suggest
that water flowed in geologically recent timescales on Mars (Malin and Edgett, 2000).
The analysis of the orientation and distribution of gullies in HRSC imagery have
confirmed previous and recent studies using MOC data. They occur most commonly
in latitude bands between 30° and 50° in the southern hemisphere (Balme et al., 2006)
and between 30° and 60° in the northern hemisphere (Kneissl, 2006). In the southern
hemisphere the preferred orientation of gullies is on poleward facing slopes (Balme
et al., 2006). Gullies in the northern hemisphere between 30° and 40°N are mainly
located on poleward-facing slopes and between 40° and 60°N mainly on equator-
facing slopes (Kneissl, 2006). The studies of Balme et al. (2006) and Kneissl (2006),
based on HRSC imagery in the northern and southern hemispheres, found strong
indications that insolation and atmospheric conditions rather than groundwater are
involved in gully formation.

3.3.5 Volcanic Processes

The evolution of the surface of Mars has been strongly influenced by volcanic
processes and the emplacement of volcanic materials throughout its history, as first
determined from mapping based on Viking Orbiter data (Greeley & Spudis, 1981).
Further insight was gained from Thermal Emission Spectrometer (TES) data from
the Mars Global Surveyor, which showed the southern cratered highlands to be
predominantly basaltic, and the northern lowlands to be mostly basaltic andesite
(Bandfield et al., 2000) or weathered basalt (Wyatt & McSween, 2002). HRSC images
have been instrumental in determining the chronology of volcanic activity on Mars.
For the first time, the wide areal coverage afforded by HRSC taken at consistent high
resolutions and illumination conditions allowed the application of crater statistical
techniques (i.e. crater counts; e.g. Hartmann & Neukum, 2001) to determine the ages
of key volcanic units. The large shield volcanoes of the Tharsis region appear to have
formed early in martian history (>3.5 Ga; Werner, 2005) but, surprisingly, HRSC
data also showed geologically young (~100—-600 Ma old) surfaces on the floors of the
calderas and very young lava flows on Olympus Mons (~2 Ma old; Neukum et al.,
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2004a; and <25-40 Ma old; Basilevsky et al., 2006). These results suggest that the
Tharsis volcanoes have periodically erupted within their calderas throughout martian
history, and could have the potential for current or future activity.

HRSC images have also enabled regional mapping of the Tharsis shields to
determine the styles of flow emplacement and the general evolution of basaltic
volcanic systems. Bleacher et al. (2006) mapped a north—south transect across
Olympus Mons and found that lava channels rather than tubes dominate the flanks
of the volcano at a ratio of 5:1, and that younger channels embay older tubes. These
results suggest that late-stage (Amazonian) activity on Olympus Mons changed from
longer-lived, stable eruptions to shorter-lived, less stable eruptions, similar to the
evolution of Hawaiian volcanoes on Earth.

Hiesinger et al. (2005) mapped Ascreaus Mons to determine the lengths, widths and
depths of individual flows as inputs for analytical models to infer lava yield strength,
viscosity, and (broadly) magma composition. Their results suggest that the Ascreaus
lavas are basaltic to basaltic andesites, consistent with available global spectral
information but inconsistent with the compositions measured for the lavas in Gusev
crater (McSween et al., 2004). Complete mapping of the Tharsis shield using HRSC
data should further elucidate the variations in late-stage volcanism.

HRSC images have also provided insight into volcanism in the Elysium region
of Mars. Hauber et al. (2005b), for example, found that part of a large depression
on the northwestern base of Hecates Tholus is actually a 10 km diameter caldera
formed ~350 Ma ago, consistent with the hypothesis for explosive volcanism on
Hecates (Mouginis-Mark et al., 1982). Williams et al. (2005) investigated a sinuous
channel on the flank of Hecates Tholus and, using computer modelling constrained
by measurements from HRSC data and compositional information on martian basalts
from the Mars Exploration Rover Spirit (McSween et al., 2004), concluded that
erosion by flowing lava could have formed the initial lava channel. The channel
appears to have been subsequently enlarged by running water from volcanically
induced snowmelt, as suggested by HRSC data (Fassett & Head, 2006a).

3.3.6 Aeolian Processes

Aeolian processes involve the interaction of wind with the surface, resulting in the
development of surface features such as sand dunes, wind-eroded hills called yardangs
and albedo patterns (called variable features) that appear, disappear or change shape
with time as sand and dust are moved by the wind. Active aeolian processes include
the formation of dust storms on local, regional and global scales, and the development
of atmospheric vortexes called dust devils that inject dust into the atmosphere.

HRSC data have provided new insight into the nature of wind-related features and
processes. For example, more than 14 active dust devils were identified on HRSC
images, including those seen in Arcadia Planitia, Syrtis Major, Thaumasia Planum,
Amazonis Planitia (Stanzel et al., 2006) and most recently in Peneus Patera. Dust
devils as large as 654 + 63 m in diameter and 2956 + 94 m in height have been
found. All of the active dust devils occurred between noon and 15:00 local Mars
time, consistent with times of dust devil formation on Earth and as seen on Mars from
the rover, Spirit (Greeley et al., 2006). Dust devil tracks have also been found on
the caldera floor of Arsia Mons and the southern interior slope of the Pavonis Mons
caldera. In the case of the Arsia caldera floor, which is at an elevation of 16 km above
the reference Mars aeroid, the atmospheric density is very low, and the wind speeds
estimated to move dust under boundary layer shear exceed 80 m/s (Greeley & Iversen,
1987), which is far greater than have been measured or predicted for the surface of
Mars. Thus, the evidence for dust devils at this altitude shows that vortices are more
efficient in lifting fine particles than are boundary layer winds.

The multiple line-scan capability of the HRSC system results in the ability to track
rapid time-variable features from orbit for the first time. For example, some of the
dust devils described above were ‘captured’ on multiple lines in the same frame; by
knowing the scale of the features derived from the altitude of the orbiter and the timing
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between HRSC line array exposures, the speeds of the dust devils could be determined.
Speeds were found to range from a few to about 25 m/s (Stanzel et al., 2006).

HRSC images enable an assessment of the detection of variable features as a
function of imaging wavelength. Such features have been mapped on images from
previous missions (primarily the Viking Orbiter) for comparison with predictions
of near-surface winds as a function of season. Unfortunately, most of the previous
mapping was conducted without regard to the filter through which the images were
taken, potentially leading to erroneous correlations. Because HRSC data are taken
through four colour filters almost simultaneously, the detection of variable features
can be assessed consistently; the results show that most bright variable features (such
as wind streaks) are best seen through the red filter.

Future work will involve studies of variable features in selected regions of Mars
and analysis of dune fields for which HRSC and compositional data, as from the
Omega instrument, are available. This work will allow us to trace potential source
regions of the sands in the dune fields as part of the overall analysis of sediment
transport pathways on Mars.

3.3.7 Tectonism

The morphology of the martian surface displays clear and unambiguous evidence
of tectonic processes (e.g. Carr, 1981; Banerdt et al., 1992). A variety of structural
landforms suggests brittle failure of the crust and the lithosphere. The most frequent
examples are extensional features (e.g. long and narrow simple grabens, rifts) and
contractional features (wrinkle ridges, lobate scarps and fold belts; for a recent
review see Mueller & Golombek, 2004). A critical aspect of any study of martian
geodynamics based on the analysis of tectonic structures is the determination of the
chronology. The relative ages of the features and, therefore, the processes responsible
for their formation may be dated by structural mapping and crater counts, while
additional information on topography and gravity is required to model loads and to
derive stresses in the lithosphere (Golombek & Banerdt, 1999; Anderson et al., 2001).
HRSC data were used for the investigation of extensional as well as contractional
tectonic features.

On Earth, tectonic (continental) rifts are defined as ‘elongated tectonic depressions
associated with which the entire lithosphere has been modified in extension’ (Olsen
& Morgan, 1995: 4). Therefore, rifts provide information on significant crustal
deformation and associated stress fields. Earlier studies by members of the HRSC
team, but still without HRSC data, reported the identification of extensional structures
on Mars that can be directly compared in several aspects with their terrestrial
analogues, i.e. terrestrial continental rifts (Hauber & Kronberg, 2001, 2005c). The
use of HRSC images has improved the situation in that they provide relatively high-
resolution data (typically 10-20 m/pixel) over large areas. Such images are ideally
suited for crater counting and, therefore, for the age determination of key surface
units. Two martian rifts have been investigated with HRSC images so far: the Acheron
Fossae and the Coracis Fossae rift systems.

The Acheron Fossae region is an ancient crustal block exposed in the northwestern
Tharsis province on Mars. The extensional tectonics along the E—W-trending
topographic high of Acheron Fossae is interpreted as a surface expression of upwelling
asthenospheric material that initiated regional uplift, crustal extension and breakup,
and associated volcanism in the Noachian period (Kronberg et al., 2006). The tectonic
architecture and the dimensions of the extensional structures are comparable with
those of terrestrial continental rifts (Fig. 34). An area of elevated topography and
strong erosion in the eastern Acheron Fossae region is interpreted as a rift-related
centre of volcanism. The extension across the Acheron Fossae reaches 1.2—-8.7 km,
comparable to young continental rifts on Earth. Crater statistics indicate an absolute
cratering model age of between ~3.9 and 3.7 Ga for the rifting. The uplift observed on
the rift flanks of the Acheron Fossae indicates a fairly thin and thus hot lithosphere.
Using flexural analysis, Kronberg et al. (2006) have constrained the elastic lithosphere
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thickness at the time of rifting to 8.9—11.3 km, corresponding to thermal gradients of
between 28 and 41K/km. These heat flows are substantially larger than Noachian heat
flow values previously reported, but are consistent with the presence of rift-related
volcanism and a magmatically very active environment.

The Coracis Fossae are located in the southern Thaumasia region and cut the
Thaumasia highland belt in the NE-SW direction. Their structural architecture is also
similar to terrestrial continental rifts. Grott et al. (2005) have identified flexural uplift at
the flanks of the central Coracis Fossae rift valley. Modelling the topography, the elastic
thickness is constrained to 10.3-12.5 km; the corresponding mechanical thickness
and thermal gradient are 15-19 km and 27-33K/km, respectively. These values are
similar to those found for the Acheron Fossae region, which are similar in age. The
time of rifting of the Coracis Fossae is dated by evaluating the crater size—frequency
distribution of key surface units related to the rifting. Thus, the heat flux between 3.5
and 3.9 Ga ago is calculated to be 54-66 mW/m? . Furthermore, the stresses supported
by the rift bounding faults are estimated to be below 5 MPa. We speculate that this
weakness may be connected to the presence of water below the surface.

Contractional tectonic surface features on Mars include wrinkle ridges and lobate
scarps (Mueller & Golombek, 2004). It is possible to gain insight into the state of the
early martian lithosphere by modelling the topography above lobate scarps (surface
breaking thrust faults). HRSC data and MOLA topography were used to analyse two
thrust faults in the southern Thaumasia region (Grott et al., 2006). Crater counts of
key surface units associated with the faulting indicate a scarp emplacement in the
Late Noachian—Early Hesperian periods between 4.0 and 3.5 Ga. The seismogenic
layer thickness at the time of faulting is constrained to 27-35 km and 21-28 km
for the two scarps investigated, implying palaco-geothermal gradients of 12—18 and
15-23K/km, corresponding to heat flows of 24-36 and 3046 mW/m?. The heat flow
values obtained by Grott et al. (2006) are considerably lower than those derived from
rift flank uplift at the nearby Coracis Fossae for a similar time period, indicating that
surface heat flow is a strong function of regional setting. If viewed as representative
of magmatically active and inactive regions, the thermal gradients at rifts and scarps

Fig. 34. 3D perspective view of the eastern
Acheron Fossae region, based on HRSC colour
and stereo data. The area is heavily fractured
by extensional faults. The large elevated area

in the foreground is interpreted to be a pre- or
synrift volcanic region. Two small cones in the
middle left foreground may be volcanic edifices.
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Table 3. Phobos encounters

Orbit Encounter times (UTC) Mean anomaly (deg) Flyby distance (km)
413 2004-05-18T08:34 32.02 1881
649 2004-07-23T12:40 185.11 1834
682 2004-08-01T18:35 178.02 1465
715 2004-08-11T00:30 171.36 1207
748 2004-08-20T06:25 164.77 1239
756 2004-08-22T12:06 169.14 147

1064 2004-11-16T14:21 114.14 4676

1163 2004-12-14T08:05 94.43 3815

1212 2004-12-28T02:52 91.7 1966

1558 2005-04-03T23:50 40.54 3598

1574 2005-04-08T11:20 53.57 3801

1607 2005-04-17T17:15 47.54 3988

1769 2005-06-02T03:40 202.77 1440

1901 2005-07-09T03:25 181.73 3109

2151 2005-09-16T23:24 136.73 3825

2192 2005-09-28T11:02 131.8 2924

2233 2005-10-09T22:29 127.02 2111

2381 2005-11-20T09:06 94.23 3169

2397 2005-11-24T20:38 100.8 1672

2405 2005-11-27T02:15 106.72 1426

2446 2005-12-08T13:44 96.6 2026

2463 2005-12-13T08:03 75.12 4233

2479 2005-12-17T19:26 83.87 2913

2487 2005-12-20T01:15 89.69 2571

2501 2005-12-24T00:50 272.4 4745

2583 2006-01-15T23:49 262.03 4141

2601 2006-01-20T23:07 103.4 5264

2643 2006-02-01T17:26 63.74 4189

2673 2006-02-10T04:40 262.97 2027

2682 2006-02-12T17:32 241.91 5149

2706 2006-02-19T10:24 256.23 2179

2739 2006-02-28T16:24 250.2 1783

2747 2006-03-02T22:04 252.95 1050

2756 2006-03-05T11:05 236.23 4168

2780 2006-03-12T04:03 246.45 606

2805 2006-03-19T04:19 238.99 1955

2813 2006-03-21T09:58 239.68 832

2846 2006-03-30T15:54 233.92 1328

2854 2006-04-01T21:30 237.83 973

2912 2006-04-18T03:46 223.28 2394

2979 2006-05-06T23:15 211.97 5092

3005 2006-05-13T23:41 208.94 5305

3245 2006-07-20T06:16 150.96 4942

3310 2006-08-07T10:50 161.7 606
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span the range of admissible global mean values. This implies d7/dz = 17-32K/km,
with the true value probably being closer to the lower bound.

3.4 Phobos

3.4.1 Observation Opportunities

The Mars Express spacecraft is in a unique elliptic (apoapsis: 13 560 km) near-
polar (86.6°) orbit and occasionally approaches the small satellite Phobos in its
near-equatorial, near-circular (9515 km) path about Mars. By 1 November 2006,
44 individual flyby manoeuvres had been executed (see Table 3 for an overview), and
Phobos could be observed from ranges between 5000 km and as close as 150 km (see
Fig. 35 for a sample image). Images of the smaller satellite Deimos were also obtained
from large distances (>10 000 km), but they show little surface detail. Some of the
images reveal areas of Phobos at unmatched resolution levels. In addition, the shadow
of Phobos as it moved across the surface of Mars was captured on 11 HRSC images
in six different orbits (Fig. 35). The HRSC and SRC data from the satellite encounters
have been used for astrometric measurements of the satellite position, for topographic
modelling of Phobos, as well as for initial geological analyses.

3.4.2 Phobos Orbit

3.4.2.1 Direct observations

During a flyby, the camera is pointed at some fixed (inertial) position in the celestial
sphere, solely controlled by the on reaction wheels. Typically, a few stars are captured
in dedicated long-exposure (SRC) images, taken immediately before and after the
flyby sequences for pointing control. An SRC imaging sequence is executed as the
target crosses the field of view (Fig. 35). Among a typical set of seven images, only
two to four images would show Phobos or parts thereof. HRSC is operated through the
flyby, and Phobos is usually caught in all nine channels of HRSC. Using limb-fitting
techniques, Phobos position (centre of figure) data were obtained with an estimated
accuracy of 0.5-5 km (Oberst et al., 200§). Thes:e measurement 'results' d.iffer Fig. 35. Phobos (13.3 x 11.1 x 9.3 km), captured
substantially, by about 5—10 km, from the various available Phobos orbit predictions, by SRC during orbit 2151 (16 September

and have motivated work on new Phobos orbit models (Lainey et al., 2005), as orbit  2006), from a range of 3800 km (left) and its
models of this satellite deep in the gravity field of Mars have a strong bearing on tidal ~ shadow, captured by HRSC during orbit 2345
dissipation and the internal structure of Mars, possibly even on the higher-order terms (11 November 2005, right). The yellow ellipse

of the Phobos gravi tv field marks the best fit to the observations; the
y ’ position of the red ellipse has been computed on

the basis of the Phobos orbit model by (Lainey
3.4.2.2 Phobos shadow et al., 2005). The arrow shows the direction of
The shadow observations by HRSC are used as an independent check on the Phobos  motion of the shadow.

orbit models, as locations of the shadow with respect to Mars surface surroundings are
not affected by uncertainties in spacecraft trajectory and pointing data. The position of
the shadow of Phobos could be determined with an accuracy of £0.81 km and +0.4 km
in the east-west and north—south directions, respectively (Fig. 35). Image acquisition
times on the ground (noting the high speed of Phobos’ shadow of ~2 km/s) could
be estimated to within +250 ms. Comparisons of shadow observations with the new
model by Lainey et al. (2005) show a remaining discrepancy of 1.6-7 km (average
3.4 km), with Phobos being ahead of the predicted position. Across-track offsets
between 0.6 and 10.6 km (average 5.6 km) were also observed, with the shadow being
further south than predicted. These data attest to the improved orbit models, although
agreement between predictions and observations may still be improved.

3.4.3 Phobos Shape and Topography

The Viking orbiters have provided hundreds of images of Phobos with resolutions of
200 m per pixel on average, some better. Previous shape modelling efforts of Phobos
used a combination of data from limbs, terminators and control points (Simonelli et al.,
1993; Thomas, 1993). However, the effective spatial resolution of the model of ~4°,
or ~760 m at the Phobos equator, remained limited. During the flyby in orbit 756,
HRSC obtained images of Phobos at resolutions down to 7 m/pixel, showing an area
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Fig. 36. Left: Colour-coded elevation model
of Phobos derived from HRSC stereo images
taken during orbit 756. The reference surface
for elevations is a tri-axial ellipsoid. There has
been fivefold stereo coverage of most parts of
the modelled area, and a vertical resolution
of ~6 m has been achieved. Near Stickney,

the resolution is 12-24 m. Right: Orthoimage
mosaic derived from the image data and the
elevation model.

Fig. 37. Shaded relief maps of Phobos derived
from Mars Express images (/eft) and the
Viking-based numerical shape model (right)
(Giese et al., 2005). Numerical shape model data
copied from www.psi.edu/pds/archive/astdata/
SHAPE/mlIphobos.tab.
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north and west of Stickney, the largest crater (9 km) on Phobos. Using the stereo
capability of the camera these images allowed us to derive a digital elevation model
with effective resolutions of 100-200 m (Giese et al., 2005) (Fig. 36). Although the
HRSC model is limited in coverage, it has a higher resolution than the earlier Viking
model (Fig. 37). Surface morphological features, notably craters, can now be studied
in much greater detail.

3.4.4 Morphology

Based on the terrain model and taking into account the relative positions of Phobos,
the Sun and the spacecraft, a map of the solar elevation over the local horizon has
been computed. Analysis of images, DTM and the solar elevation map in combination
show that the geometry of relatively large (2-9 km in diameter) craters of Phobos
is rather similar to that of lunar craters of that size, including bowl-shaped craters
with elevated rims, inner slopes locally reaching 25-35°, and depth/diameter ratios
reaching 1/5 to 1/4 for the most prominent forms (Fig. 38). This suggests that the
impact cratering process on the Phobos surface with very small surface gravity
(0.3-0.6 cm/s?) is generally similar to that on the Moon and the larger planets. Studies
of the subpopulation of the smaller craters (100—1000 m in diameter) in comparison
with the larger craters show that the percentage of prominent forms is significantly
lower. This implies longer survival times against erosion for larger craters, an effect
that is also typical for sub-kilometre impact craters on the Moon (Basilevsky, 1976).
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3.4.5 Future Observations

More Phobos flybys and shadow observations are planned during the Mars Express
extended mission. These new observations will further improve the Phobos ephemeris
to accuracy levels of better than 5% of the size of Phobos. Furthermore, the added
observations by both cameras, HRSC and SRC, will allow us to update the current
shape and topography models of Phobos and will give us more insight for further
morphological studies.

3.5 Atmospheric Sciences

Although HRSC has been designed primarily to study the surface of Mars, it can also
be successfully used to collect data on atmospheric phenomena, including clouds,
fogs, hazes and dust storms. Also of interest are surface variable phenomena such as
dust devils and frosts. In this section we describe several examples of how HRSC has
been used so far to address this aspect of martian science.

3.5.1 Dust Devils
One advantage of the stereo channels of HRSC is the feasibility to detect the motion
of atmospheric features such as dust devils. A sample of HRSC images showing dust
devils in Thaumasia Planum, south of Valles Marineris (southern hemisphere) is
shown in Fig. 39. The solar longitude L, was 118°, corresponding to southern winter.
The five dust devils of different sizes are all oriented in a row. The vortices can be
identified for four dust devils (dust devils 1, 2, 4 and 5), two of which (2 and 4) are
quite large. One dust devil (3) looks like a large dust cloud where no vortex can be
seen. Four dust devils (2-5) were detected in all stereo images (forward-looking
channel, nadir and backward-looking channel), and one (1) only in the nadir and
backward-looking image because it is out of the field of view of the forward-looking
channel. The velocities of the dust devils were calculated between their positions
seen in the three images. The forward-looking image was taken nearly 44 s before
the nadir, and the backward-looking image nearly 53 s after the nadir. It is usually
assumed that dust devils move with the ambient wind (Sinclair, 1969). The fact that
the observed dust devils had the same direction of motion and moved approximately
the same distance in the same time seems to confirm this assumption. In another orbit
(37) three dust devils were found in the nadir channel. Three additional dust devils
were found only in the backward-looking stereo image. These additional vortices
must have developed in the two minutes between the imaging of the nadir and stereo
images, which may indicate that dust devils develop and decay extremely rapidly and
are very short, transient atmospheric features.

The forward velocities of the observed dust devils range from 9.4 to 24.3 m/s
(Table 4). They move much faster than was expected for dust devils on Mars (Ryan
& Lucich, 1983; Metzger et al., 1999; Renn et al., 2000; Ferri et al., 2003), in

Fig. 38. Profiles across craters of Phobos,
showing a characteristic bowl-shape, similar to
what is seen on the Moon and other planets.
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Fig. 39. (a) HRSC stereo 1 forward-looking
channel image (orbit 1081) showing five dust
devils in Thaumasia Planum. The different sizes
of the dust devils and the differences between
vortex (very bright spot) and plume (dust devil
4) can be seen. The illumination is from the
upper left. North is at the top of the image.

(b) HRSC nadir channel showing the changes in
position of the dust devils after 44 s. (c) HRSC
stereo 2 backward-looking channel showing the
changes in position of the dust devils after 53 s
after the nadir image (97 s after stereo 1 image).
The image extends from 22.6° to 23.3°S, and
from 296.6° to 298.2°E. The scale bar represents
8 km.
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comparison with measurements and observations on Earth (Sinclair, 1969; Snow &
McClelland, 1990). On Earth it is assumed that that dust devil activity is suppressed
by wind speeds above a certain value (Sinclair, 1969). The highest dust devil activity
on Earth has been observed at wind speeds of 0.5—4.5 m/s; only two dust devils have
been observed moving at speeds greater than 9 m/s. There is, however, much less data
taken for atmospheric conditions with higher ambient wind speeds. Data obtained by
Snow & McClelland (1990) show average dust devil speeds of around 4 m/s when the
maximum ambient wind speed was 10.5 m/s; they concluded that speed values greater
than 11 m/s are due to measurement errors.

We estimated the error in the recorded positions of dust devils to be 5 pixels
(62.5 m in nadir image). The effect of this error on forward velocity is shown in
Table 4. We believe that these errors are not of the same kind as the time and range
errors made in measurements on Earth, where dust devils are observed in almost
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Table 4. Dust devil forward velocities derived from images obtained in orbits 37
and 1081.

S1-ND (m/s) ND-S2 (m/s)
Orbit 37 Dust devil 1 23.1+1.0
Dust devil 2 243 +1.0
Dust devil 3 25.3+0.9
Orbit 1081 Dust devil 1 9424
Dust devil 2 13.0+2.9 172+24
Dust devil 3 216 +2.9 148 +2.4
Dust devil 4 152 +2.8 15.9+24
Dust devil 5 129 +2.8 1562 £2.3

horizontal view only (Snow & McClelland, 1990), and estimates of the size, height
and distance travelled have to be made in a relatively short time. Here, we have three
images and three clear positions of dust devils on Mars, so that the calculations of their
velocities across the surface should be more accurate than the determinations of dust
devil forward velocities on Earth.

Toigo et al. (2003) simulated the evolution and development of martian dust
devils taking into account the background horizontal wind speed. Two dust devils
developed in the highest and in the no-wind speed case. Although their study is based
on limited data, they suggest that dust devil development is not necessarily connected
to background wind speed, but to the convergence of environmental vertical vorticity.
The simulated dust devils can be considered as rotating, free-convective plumes.

We can interpret the relatively high forward velocities in two ways. First, assuming
that dust devils move with the ambient wind would suggest that this wind speed is
much faster than the usually assumed 5 m/s. The analyses of Sinclair (1969), Snow
& McClelland (1990) and Toigo et al. (2003) show that dust devil occurrence is also
possible at higher ambient wind speeds (>10 m/s) and thus a higher forward velocity
is possible. Second, if the ambient wind speed is indeed only a few m/s, then there
must be a component in dust devil motion that leads not only to a high rotational
and vertical velocity (within the dust devil), but also to a strong forward velocity.
Nevertheless dust devils seem to move in the direction of the ambient wind even if
they travel at lower velocity than the ambient wind speed (Sinclair, 1969). All dust
devils in orbit 1081 moved in approximately the same direction, but the prevailing
wind direction could not be determined because of the lack of crater streaks.

3.5.2 Limb Images

To date, HRSC has taken many limb images, several examples of which are shown
in Fig. 40. These three colour images, together with I/F profiles perpendicular to the
limb show a rich vertical structure in the martian atmosphere. The signal detected by
the camera is the light scattered by the martian aerosols.

The visible structure can hence be deconvolved for the vertical dependence of the
aerosols with respect to their size distribution, number density and optical properties.
This is not a trivial problem, however, and is subject of ongoing research. The synergy
with OMEGA and SPICAM is proving to be very important here. Figure 41 shows
an example of a SRC image of the limb. It is clear that the layers seen in the other
HRSC channels (Fig. 40) are further subdivided by finer shear layers. Shear layers of
this type are commonly observed in Earth’s atmosphere. The approximate width of
the HRSC images in Fig. 40 is about 200 km, while the width of the SRC frame in
Fig. 41 is about 7.5 km.
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Fig. 40. Limb images in three wavelengths and
I/F profiles through the limb. Limb position

is approximately at pixel number 2000. The
detached haze can be seen in the 750 nm image
and in the corresponding profile between pixels
2300 and 2500. The width of the images at the
limb is approximately 200 km. The black dots
in the 440 nm image are due to saturation.

Fig. 41. SRC image of section of the martian
limb. The width of the image is approximately
7.5 km.

56

3.5.3 Lee Wave Clouds

Lee wave clouds are a well known phenomenon in Earth’s atmosphere. Usually they
show up as large and dense clouds that hover near and over the tops of the mountains.
They can prevail for long periods of time, and, even if there are very strong winds,
they are usually almost stationary. Lee wave clouds are formed by vertical deflection
of winds on a topographic obstacle; the air is forced to oscillate in the lee of the
obstacle. In the crest of the wave air rises up to the cooler region where condensation
occurs due to adiabatic cooling. In this way a regular train of elongated clouds often
forms, aligned orthogonal to the prevailing wind.

Martian clouds have been the subject of scientific interest for a long time. The
understanding of their appearance, distribution and behaviour is closely related to the
understanding of the martian water, dust and CO, cycles. Since lee wave clouds in the
martian atmosphere are smaller than a few kilometres, and thus too small to be visible
with ground-based observatories, they were observed for the first time by Mariner 9
in 1971. The HRSC on Mars Express has the advantage of combining high enough
resolution to detect rather small-scale lee wave phenomena with a relatively wide field
of view. This usually allows observation of the lee wave cloud and the obstacle on
which it is formed within the same image. From the beginning of the Mars Express
mission the HRSC has detected different types of cloud in the martian atmosphere,
including many lee wave clouds in equatorial regions and also over the northern polar
cap. To date 23 lee wave clouds have been imaged with HRSC in different locations
and during different seasons. Lee waves are frequently observed in the northern
hemisphere during the local summer, and toward the polar region in autumn, where
they are often superimposed on haze and streak clouds. Of all the lee wave clouds
observed so far, only one has been in the southern hemisphere.

One of first works to describe the physics of the lee waves was that of Lyra (1940).
The advantage of Lyra’s formulation is that it gives a simple connection between the
wavelength of produced lee wave and the horizontal wind speed. This means that we
can estimate the wind speed directly from images of lee waves. An HRSC image taken
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Table 5. Coordinates and properties of the 23 lee wave clouds observed on Mars.

Latitude  Longitude L Wavelength Wind speed

No.  Orbit =y ) © (km) (ms)
1 18 50 324 333

2 68 43.00 256.5 342.2 17.59 25.2
3 533 -36.01 323.27 50.00 3.8 5.52
4 719 72.8 17.10 24.5
5 751 76.6 20 30.9
6 1096 79.98 256.5 119.7 15.2

7 1107 24.07 262.8 121.2 5.6 7.86
8 1158 39.5 290.7 128.24 5.5 7.72
9 1169 33.8 289.9 129.7 1.41 1.98
10 1210 15.6 221.5 135.28 na na
11 1235 26.74 283.99 138.71 na na
12 1262 26.39 148.66 142.47 na na
13 1266 64.16 114.51 143.03 20.58 28.9
14 1395 64.8 30.8 161.6 13.5 18.99
15 1483 59.44 22.46 175.07 28.22 39.64
16 1487 75.02 339.87 175.69

17 1500 50.1 150.8 177.73 na na
18 1521 76.0 238.0 181.03

19 1523 69 43 181.35

20 1533 66.4 144 182.94

21 1546 49.2 308.7 193.12

22 1603 54.77 103.95 194.27

23 1636 47.62 99.49 199.73

during orbit 68 (Fig. 42) shows a lee cloud smeared by the motion of the atmosphere.
The position of the image is 43°N, 256°E. Unfortunately, the mountain over which
this lee wave was formed is outside the image frame. The lee wave structure is distinct
enough however, to measure its wavelength. The red line in Fig. 42 marks the points
chosen for the //F plot shown in Fig. 43. This cut is made perpendicular to the regular
train of clouds that mark the crest of a lee wave cloud. The black curve represents
the raw data. One can see that periodical lee wave structure is most prominent in the
middle part as three pronounced crests. These raw data points were filtered with the
low-pass filter (Fig. 43) to remove the high-frequency part of the signal and to make
the wave structure more distinguishable. The results are plotted as the red curve. The
wavelength value for this lee wave cloud is 17.59 km, from which we can estimate
the speed of the wind producing it to be 25.2 m/s. Wind speeds were calculated with
this procedure for other lee wave clouds observed with HRSC. The positions of the
observed lee wave clouds, times of observation, wavelengths of the lee wave patterns
and corresponding wind speeds, are shown in Table 5.

HRSC stereo imaging is performed using nadir-directed, forward-looking
(+18.9°), and aft-looking (—18.9°) line sensors. They are used for the extraction of
3D data, which result finally in a digital terrain model. The same procedure could
theoretically be used to infer the heights of clouds. The heights of cloud formation,
i.e. the condensation level in the atmosphere, are of great interest in atmospheric

Fig. 42. HRSC image of a lee wave cloud taken
during orbit 68.
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Fig. 43. I/F profile along the red line in Fig. 42.
Raw data points are shown in black. Red curve:
data filtered with the low-pass filter.

Fig. 44. Image from orbit 1096 showing a lee
wave cloud formed over the edge of the north
polar cap.
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Fig. 45. I/F plot of the cut across lee wave cloud shown in HRSC image
1096 in Fig.44. Red and blue curves: data from the red and blue channel
images, respectively.

studies and are important for understanding atmospheric circulation. However,
measuring cloud altitudes with HRSC is complicated by the fact that clouds do not
have sharp boundaries, so that differences in their positions in the stereo channels can
not be defined with sufficient precision. In addition, in the time that passes between
forward- and backward-looking stereo channel images the cloud changes its absolute
position. Nevertheless, lee wave clouds have several physical properties that enable
us to measure their heights using the stereo facilities of HRSC. First, a lee wave cloud
is a steady phenomenon: the area where condensation occurs remains at the same
geographical position while the air moves over the obstacle. Thus the cloud stays
at the same absolute position when observed in the forward- and backward-looking
channels of HRSC despite the time delay between the channels. Second, lee wave
clouds form in the relatively thin atmospheric layer: warm, wet air is brought up from
the lower layer to the cold, dry area where condensation immediately begins. Third,
a train of lee wave clouds can be used to calculate statistically the shift between the
positions of the clouds on two images taken at different angles of incidence, thus
reducing the error that is caused by poorly defined cloud boundaries.

The HRSC red channel image from orbit 1096 (Fig. 44) shows a lee wave cloud
formed over the edge of the north polar cap. We have chosen this thick cloud for its
pronounced wave pattern that allows calculation of cloud altitude. The position of the
cloud is 79°N, 256°E. The lee wave in this image has a wavelength of 15.2 km, which
corresponds to the source wind speed of 21.4 m/s. The red line in Fig. 44 marks the
points chosen for the I/F plot, which is shown with the red curve in Fig. 45. The blue
curve is the I/F plot for the same geographical position, but from data taken by the
HRSC blue channel. From correlation of the two curves in Fig. 45, and using simple
geometry, we calculate the cloud altitude to be 4.5 km over the reference ellipsoid
used for calculating coordinates. The same procedure was repeated for two other
channel combinations: from a combination of two photometric channels we obtain
a cloud altitude of 4.4 km, and from two stereo channels, 4.1 km. In polar areas, the
real surface lies below the reference ellipsoid: in this particular location it is 15 km
lower. The cloud height calculated relative to the real surface is therefore about 20 km.
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3.5.3 Optical Depth of the Atmosphere

The remote sensing of the martian surface from HRSC images is complicated by strong
scattering of the solar radiation by aerosols in the atmosphere. Airborne dust and other
aerosols strongly change the observed colour and contrast of the martian surface.
Scientific analysis of HRSC images (and of OMEGA spectra) requires corrections for
these effects and such corrections require knowledge of the atmospheric optical depth.

The goals of our work are, first, to remove atmospheric effects from HRSC
images of Mars, and second, to study the aerosols. Good atmospheric correction is a
complicated task in which the Mars Odyssey and Mars Global Observer teams have
invested considerable effort. In general the results of these teams have been mixed.
The Mars Express team actually is in a better position since it is able to use HRSC’s
stereo information.

Since 2001 we have developed several algorithms to measure optical depths in
the martian atmosphere from HRSC (stereo) images, and algorithms that, once the
optical depth is known, can correct these images for the influence of airborne dust and
other aerosols. Images of good quality can now be individually corrected with good
accuracy. The programs for measuring optical depths exploit the stereo capabilities
of HRSC with the so-called ‘stereo method’ or sometimes, when the Sun is low in
the sky so that there are sufficient shadows on the surface, analyse shadows with the
so-called ‘shadow method’.

3.5.4 HRSC Stereo Method
During the early MEX mission, the stereo method has been validated on images of
Gusev crater, where the ground-truthing of the MER rover Spirit was available (see
Fig. 46). Since then, the method has been operational and, under optimal conditions,
it appears capable of reaching an accuracy of about +£0.05 in optical depth. However,
the method has several major drawbacks (see Hoekzema et al., 2009a). For example,
it can not be used for images that were observed while the Sun was high in the sky;
in such images the phase angles with which the stereo channels observe the surface
differ too much (see Fig. 47). As an input, the stereo method needs images in which
perspective effects are minimised: ‘ortho-images’. Nevertheless, it typically fails when
an analysed field contains rough terrain such as cliffs. The ortho projection that is
used to minimise perspective effects can not cope with topography that is too steep.
The stereo method only works for some of the bi-directional reflectance functions
that are common on the surface of Mars. So-called normalised cumulative intensity
distributions (NCIDs) are used to check manually the quality of retrievals (for further
explanation, see Fig. 47).

The column optical depth of the aerosols depends strongly on the elevation of the
surface. Thus, it is important to know how it changes with altitude since knowledge of

Fig. 46. Guseyv crater as observed during orbit
24. Regions 2-5 together cover most of the floor
of the crater. The smaller region 1 is centred
on the landing site of the Spirit rover. For each
region, the optical depth as retrieved with the
stereo method is given. Spirit measured an
optical depth of 0.88 + 0.01 near the moment
when HRSC imaged the crater. There is good
agreement between Spirit’s ‘ground-truth’ and
the stereo method retrievals.

Immllaw:' intansities

Fig. 47. Examples of normalised cumulative
intensity distributions (NCIDs). An (x, y) value
of e.g. (20, 1.01) tells that 20% of the analysed
pixels are at least 1.01 times brighter than the
average. The martian surface displays a wide
range of bi-directional reflection functions.
The stereo method can only work properly for
a limited subset of these functions. The NCIDs
offer a check on whether the bi-directional
reflection function of a region allows a proper
retrieval of the optical depth. The left-hand
plot shows an example for a usable region: the
NCIDs for s1 and s2 are quite similar, which
indicates that the stereo method will probably
yield a reliable result. The observations that
yielded the NCIDs in the right-hand plot are not
usable; this is evident from the large differences
between the curves for s1 and s2. For good
observations, typically between a quarter and
a half of the imaged surface can be used for
accurate stereo method retrievals.
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Fig. 48. Top: Regions around contour lines
(altitude £500 m) on scree slopes in Valles
Marineris. The optical depths retrieved from
these regions (bottom) reveal a scale height of
dust that is almost equal to that of gas. This
indicates that over the imaged regions the dust
is well mixed into the atmosphere. Other walls
of the Valles (not shown) offered examples of
the opposite. For details of this analysis of the
Valles and the implications for the scale height
of dust, see Hoekzema et al. (2009b).
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the altitude dependence makes it possible to extrapolate from a measured optical depth
to the optical depth of close-by regions at different elevations. The stereo method was
successfully used to study this correlation (see Fig. 48).

3.5.5 HRSC Digital Terrain Models and the shadow method

At first glance, many images of Mars show frequent shadows on its surface. However,
once HRSC’s digital terrain models (DTMs) became available, it became evident that
many images show only shades, and hardly any true shadows. The detailed DTMs of
HRSC show that on Mars, true shadows become common only when the Sun is quite
low in the sky since steep slopes are quite rare on the planet. As a result, the shadow
method is of limited use. In effect, it can only be used for images taken when the Sun
is less than about 25° from the horizon. As a result it proved impossible to use the
ground truth as measured by Spirit and Opportunity to validate the shadow method for
HRSC images. There simply do not (yet) exist HRSC image sequences of the MER
landing sites in Gusev and Meridiani that contain significant shadows. We expect such
observations to be made during the extended mission.

3.5.6 Aerosol Scattering Properties

The Pathfinder mission yielded accurate measurements of the local aerosol properties
around the landing site. Thus, before the MEX mission, we expected to have sufficient
knowledge about martian aerosols to do accurate atmospheric correction once an
optical depth was known. However, the results of the MEX mission made it clear that
the ‘Pathfinder’ aerosols are not the only common aerosols in the martian atmosphere.
Sometimes Pathfinder aerosols do yield accurate results in our atmospheric correction
software, but more often they do not. In some cases simulations with only Pathfinder
aerosols yielded errors in the estimated surface albedo of more than 20%. In this respect,
HRSC stereo imagery hints at the importance of high-altitude hazes. Such hazes are thin,
but apparently can be important since the small (probably often icy) particles that make
up such hazes show quite strong backscattering, whereas airborne dust does not.

3.5.7 Simultaneous Observations by OMEGA and HRSC

OMEGA and HRSC usually measure reflectance simultaneously. HRSC provides
very high spatial resolution images in nine channels from the VIS to the NIR, and
OMEGA provides spectra from 0.36 to 5.2 pm, so these instruments complement
each other. We are especially interested in these simultaneous measurements because
they can help us to choose and rule out different sets of optical properties. Also,
comparison of the datasets serves as a validation of the reflectance measurements. On
top of that, OMEGA can detect water ice in the atmosphere (and differentiate it from
that on the surface) from its measurements around 1.5 pm. All these analyses will be
used to better determine the surface albedos.

With this aim in mind, we have often combined simultaneous HRSC and OMEGA
measurements to determine, for instance, the composition of bright hazes detected in
Valles Marineris and around volcanoes.

Simultaneous observations of HRSC and OMEGA of the Valles Marineris during
the southern autumn show a dense haze inside the valley, which became thinner three
days later and disappeared after nine. OMEGA spectra showed that, contrary to what
one would guess from HRSC colour images, the haze contains only airborne dust and
no measurable amount of ice.

Often, HRSC images show bright regions around volcanoes on Mars, probably
clouds of water ice that evolve with time. Simultaneous OMEGA spectra indeed show
the presence of water ice in these clouds. Figure 49 shows an example, here near the
summit of Pavonis Mons, of such detection of water ice by OMEGA. The water ice is
present mainly on the flank of the volcano, where the relative band depth reaches in
some areas 10%. The analysis of the spectra around 3.5 um suggests particles of the
order of 2—-3 um, confirming that the absorption is due to water ice in the atmosphere.
This kind of analysis helps to differentiate between atmospheric and surface ice.



Scientific instruments

4.1 Joint Studies with the NASA Mars Exploration Rovers

The concurrent operation of Mars Express and the NASA Mars Exploration Rovers
(MERSs) has provided opportunities to obtain data from the surface and from orbit with
modern instruments. For example, HRSC data were taken over the floor of Gusev
crater in early 2004, shortly after the landing of the rover, Spiriz. HRSC and MOC
images showed that the landing occurred in a low-albedo surface streak inferred to be
the track left by the recent passage of a dust devil. The hypothesis (based on orbiter
images) was that such streaks result from the removal of a thin layer of bright dust to
expose a darker substrate. As the rover traversed away from the landing site, it passed
out of the streak. Microscopic imager (MI) data from the rover revealed that the soils
within the streak are relatively dust-free in comparison to the brighter soils outside the
streak, which were seen to be dustier, thus confirming the hypothesis for dark streak
formation (Greeley et al., 2005a).

Observations from orbit by HRSC and from the ground by Spirit also provide
complementary data. For example, prior to the landing of Spirit in Gusev crater,
the prevailing view was that the crater floor was surfaced with aqueous deposits
associated with Ma’adim Vallis. MER analyses showed the rock compositions to be
predominantly basaltic, causing re-evaluation of the hypothesis. Analysis of HRSC
and other orbiter data and new geological mapping of Gusev crater using higher-
resolution HRSC data (Zegers et al., 2005) suggested that the crater floor was covered
with lava flows similar to those seen in some craters on Earth’s Moon. The MER
compositional data were then used to estimate the viscosity of the basalts at the time
of their emplacement in Gusev, and were found to be rather fluid in comparison to
most basalts on Earth, and to have had viscosities more like those inferred for the lunar
basalts. This result led to the interpretation that the floor of Gusev was flooded with
basalts that were erupted from vents buried by their own products, as on the Moon,
and that any sedimentary deposits associated with Ma’adim Vallis likely were also
buried by the basalts (Greeley et al., 2005b).

Fig. 49. OMEGA relative transmittance in the
1.5 pm band over Pavonis Mons during orbit
902. The volcano appears to be surrounded by
water-ice clouds.

4. Further HRSC-related
Activities
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Fig. 50. Example of HRSC Digital Elevation
Model (DEM) and landing site selection
support. (a) Shaded relief representation of
MOLA DEM (horizontal resolution

~463 m/pixel) of a region in SW Melas Chasma,
Valles Marineris. The area on a topographic
bench at the southern border of Melas Chasma
(‘PL’) has been proposed as a potential landing
site for the MSL mission because the morphology
and mineralogy suggest the former presence of
liquid water, i.e. a palaeolake (Quantin et al.,
2005, 2006). (b) Shaded relief representation of
HRSC DEM (horizontal resolution 50 m/pixel).
Note the considerable improvement in resolution
compared with the slope map based on HRSC
DEM (c). (d) Slopes steeper than 15 are colour
coded. All slopes within the landing ellipse
(currently defined as a circle of radius 10 km)
have to be 15° or less over a 20—40 m length scale
in order to avoid altimetry errors in preparation
for the rover release. One area that complies
with this requirement is revealed by HRSC data
and is marked with a white circle. It is adjacent
to the possible palaeolake and could serve as a
landing site from where the rover could travel to
the study area.
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4.2 Landing Site Selection

The focus of Mars exploration is currently shifting from orbiter missions to lander
and rover missions. The Mars Exploration Rovers (Golombek et al., 2003) have
successfully demonstrated the high potential of rover missions to perform detailed
in situ investigations of rocks and soils (e.g. Squyres et al., 2006). Future lander and
rover missions are planned by NASA (Phoenix; a Scout Mission launched in August
2007, and the Mars Science Laboratory, a large rover that will be launched in fall
2009), ESA (the ExoMars rover of the Aurora programme) and Russia (the Phobos—
Grunt mission, a sample return mission to the martian moon, Phobos). The possible
landing site of the Phoenix mission is already constrained to a few regions in the high-
latitude northern lowlands (Arvidson et al., 2006; Seelos et al., 2006), but the landing
sites for the other missions are yet to be determined.

The Mars Science Laboratory (MSL), NASA’s next rover mission to Mars (Meyer
et al., 2004; Vasavada and the MSL Science Team, 2006), will launch in autumn
2011 and will begin science operations a year later. The scientific goal is to explore
and quantitatively assess a local region on the martian surface as a potential habitat
for extant or extinct life. The MSL rover is designed to carry ten Pl-led scientific
instruments and a sample acquisition, processing and distribution system. The
preliminary constraints on the landing site selection are described by Golombek et al.
(2006). At a 2006 workshop in Pasadena, more than 30 potential landing sites were
proposed (Kerr, 2006), and the possible contribution of HRSC to the landing site
selection was presented by Hauber et al. (2006).
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Table 6. Comparison of HRSC and other imaging instruments with high spatial
resolution (from Hauber et al., 2006).

Instrument Spatial resolution Swath width
HRSC ~11-20 m/pixel ~60 km (at periapsis)
~few metres/pixel .
MOC (cPROTO <1 m/pixel) typically 3 km
THEMIS 19 or 38 m/pixel 20 km
THEMIS ~100 m/pixel 32 km
. . >6 km (red)
HIRISE 25 cm/pixel >1.2 km (blue/green/near-IR)
Context Imager 6-8 m/pixel 40 km
CRISM 18 m/pixel ~20 km

ESA’s ExoMars mission will be launched in 2013. The goal is to establish whether
life has ever existed on Mars, or even exists today (Vago et al., 2006). Phobos—Grunt
might be launched as early as 2009 and should perform both in situ and remote
studies of Phobos, including laboratory analysis of soil samples (Marov et al., 2004).
The prerequisite for all these missions is a safe landing site. The biggest asset that
HRSC can provide to landing site selection is stereo capability (Scholten et al.,
2005; Gwinner et al., 2005). The resolution of the stereo channels is 1040 m/pixel,
and derived Digital Elevation Models (DEMs) have a grid spacing of 50-100 m
(Fig. 50). In comparison, the distance between single Mars Orbiter Laser Altimeter
(MOLA) shots, which have very high vertical accuracy, is 330 m along-track and up
to several kilometres across-track at lower latitudes. The combination of the global
MOLA geodetic reference frame with laterally higher-resolution HRSC images and
DEMs yields excellent results. HRSC DEMs provide very good information about
slopes over long (2-5 km) base lengths, and will also be useful to assess slopes over
intermediate (2040 m) base lengths. Since the swath width of HRSC is ~60 km,
the entire size of a landing site ellipse (20 km diameter) can be easily covered by
one HRSC image and DEM. This could be of enormous help, since no mosaicking
is required, which is usually affected by different illumination and atmospheric
conditions such as dust or clouds.

Another aspect that will be helpful in landing site selection is the combination
of HRSC with other geospatial datasets. Very high-resolution Mars Orbiter Camera
(MOC) (Malin et al., 1992) images (few metres/pixel) can easily be combined
with HRSC images and DEMs. It will also be possible to combine HRSC with the
upcoming HiRISE images (~30 cm/pixel) (McEwen et al., 2007), as well as with data
from the Context Imager, both on NASA’s MRO mission (Table 6). In contrast, the
very large difference in spatial resolution between the MOC and MOLA data makes
their combination much more problematic. It will be particularly useful to combine
HiRISE images and HRSC DEM (HiRISE will also produce DEM, but the spatial
coverage will be limited). Therefore, HRSC images and DEM can serve as bridges
between lower- and higher-resolution data and are therefore ideally suited for use as
base maps. Mineralogical information from spectrometers such as OMEGA (MEX)
and the Compact Reconnaissance Imaging Spectrometer for Mars (CRISM, MRO)
may be crucial for MSL landing site selection. In the close cooperation between the
HRSC and OMEGA teams, HRSC images are already used to provide morphological
context for geological interpretation. While other images (Viking, MOC and
THEMIS-VIS) can also be used, HRSC images are particularly useful as a bridge to
mineralogy due to their large areal extent and colour information. Therefore, HRSC
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Fig. 51. Left: Perspective view of Kasei Valles
on a 6.5 x 3.5 m panel, behind a model of

the ExoMars rover, at the International
Astronautical Congress (IAC) 2006 in Valencia,
Spain (image © ESA — M. Pedoussaut).

Right: One of the most successful press images
showing an unnamed crater with residual water
ice on its floor (perspective view released in
July 2005).
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data might be a very useful component among the various datasets that will be used
as the basis for landing site selection.

4.3 HRSC Public Relations Efforts

HRSC data-based visualisations can be used to image products that are very close
to what a human observer would perceive when travelling to Mars. The images do
not necessarily require scientific knowledge, and this, together with their undeniable
aesthetic quality, make them perfect instruments for igniting public interest in and
awareness of the Mars Express mission (Fig. 51).

The HRSC raw data are prepared by DLR Berlin and stored in four different
processing levels. They are then used by the PI team at Freie Universitdt Berlin to
create a variety of end products for various areas of interest, such as map-projected
grey-scale nadir images, RGB colour scenes, perspective views, anaglyphs and
movie sequences. Since the release of the first HRSC images on 17 July 2003 a total
of 314 image products and 10 movies have been produced. Combined with context
maps and accompanying descriptive texts, the products were released in 67 sets for
incorporation in local websites at ESA, DLR and FU Berlin.

The publication of each new set of HRSC images triggers a peak in visitor numbers
to the web pages of ESA, FU Berlin and DLR. Together, the three Mars web portals
attracted an estimated 1.6 million visitors in 2005. Once they are picked up by major
news agencies such as Deutsche Presse-Agentur (dpa), Reuters and Agence France-
Presse (AFP) and global news sources such as the British Broadcasting Corporation
(BBC) and Cable News Network (CNN), the HRSC images turn up worldwide on web
pages, in newspapers and magazines and on television. Regular releases of new images
and text content will ensure the continued presence of the HRSC experiment and the
Mars Express mission in mainstream media, and thus greater public awareness. The
image content is often also used to illustrate related almanacs and books. One book
has been produced with the support of the ESA Communications Department for the
commercial market in English (Space), German (Raumfahrt) and French (I’Espace).
The first copies were proudly presented to European Ministers at a meeting of the ESA
Council in Berlin in December 2005.

Owing to the large areas of the surface of Mars they cover, and the level of
ground detail, HRSC images are especially suitable for large print products. At
the International Astronautical Congress (IAC) 2006 in Valencia, Spain, single-
perspective views of Kasei Valles were scaled to cover panels of up to 6.5 x 3.5 m.
In addition, the camera’s 3D capabilities mean that it is possible to present the data in
various forms of 3D stereo visualisation. A promising approach of 3D stereo displays,
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which enable 3D perception without the need for additional devices such as glasses,
has been developed in cooperation with mbm-Systems. The display panels range from
postcard size to large displays 2.2 x 1 m. Exhibited in prominent places, these are
always eye-catching features at the facilities of ESA, DLR and FU Berlin.

The three institutions are also using the material and its potential by participating
in public events such as the ‘Night of Science’ in Berlin, and arranging open days at
their facilities. There is also frequent support and guest lectures at observatories and
cooperation with various science and space museums around the world. Most events
are covered by TV and newspapers. HRSC images are exhibited at major scientific
and industry events such as those of the European Geosciences Union (EGU), the
Earth and Space Week (ESA/European Commission), the Farnborough International
Airshow (UK), and the Berlin, Moscow and Paris air shows, to name but a few.

Probably the most successful direct contact with the public and policy makers can
be attributed to the touring exhibition ‘A New Perspective on Mars’, prepared by DLR
in cooperation with the HRSC team. Mounted at venues around the world, such as
during the Germany—Japan year in Tokyo, at the University Museum in Kyoto, Japan,
at the meeting of the Committee on the Peaceful Uses of Outer Space (COPUOS) in
2006 in Vienna, Austria, at the Deutsches Museum in Munich, Germany, and at the
United Nations headquarters in New York, USA, in 2007, the exhibition attracted
more than 500 000 visitors.

HRSC data have been used in many innovative ways, including to provide members
of the public with the interactive experience of flying across the martian surface. The
first opportunity was provided by DLR and the German company KUKA, who joined
forces to build an unprecedented robotic flight simulator called Mars ‘Robodome’.
It mimics the three-dimensional movements of a real spaceship in conjunction with
a visualisation of the martian surface from HRSC data. The second opportunity was
initiated by a cooperation of the Open University, University College London and
Imperial College London, at the Royal Society Summer Science Exhibition in London
in 2006. Visitors were able to interactively fly through martian landscapes generated
using HRSC data, which were projected onto a Geowall 3D Display, giving the user
a truly 3D experience.

Up to now, the HRSC data have provided extensive public relations materials, and
have given access to and worldwide recognition of the HRSC experiment and the ESA
Mars Express mission.
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M. Buchroithner**, Technische Universitat Dresden, Institute of Cartography, Dresden, Germany

M.H. Carr, U.S. Geological Survey, Menlo Park, CA, USA

M.G. Chapman*, U.S. Geological Survey, Astrogeology, Flagstaff, USA
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A. Inada, California Institute of Technology, Pasadena, CA, USA

W.-H. Ip, Institute of Astronomy, National Central University (NCU), Taiwan
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P. Kronberg, Technische Universitat Clausthal (TUC), Clausthal-Zellerfeld, Germany

R. Kuzmin, Vernadsky Institute of Geochemistry and Analytical Chemistry, Russian Academy of Science, Moscow, Russia
Y. Langevin, Centre National de la Recherche Scientifique (CNRS), Institut d’Astrophysique Spatiale (IAS), Orsay, France
K. Lumme**, University of Helsinki, Observatory and Astrophysics Laboratory, Helsinki, Finland

W. Markiewicz, Max Planck Institute for Solar System Research (MPS), Katlenburg-Lindau, Germany

P. Masson, Laboratoire Orsay Terre (FRE CNRS 2566), Université Paris-Sud Batiment 509, Orsay, France

H. Mayer**, Universitat der Bundeswehr Miinchen, Institut fir Photogrammetrie und Kartographie, Neubiberg, Germany
T.B. McCord, Bear Fight Center, Space Science Institute, Winthrop, WA, USA

J.-P. Muller, UCL Mullard Space Science Laboratory, MSSL, Space and Climate Physics, Dorking, Surrey, UK

J.B. Murray, The Open University, Department of Earth Sciences, Milton Keynes, UK

F.M. Neubauer**, Universitiit Koln, Institut fir Geophysik und Meteorologie, Cologne, Germany

J. Oberst, Technical University of Berlin, Geodesy and Geoinformation Science, Planetary Geodesy, Berlin, Germany
G.G. Ori, International Research School of Planetary Sciences (IRSPS), Universita’ d’Annunzio, Pescara, Italy

M. Pétzold, Universitat Koln, Institut fir Geophysik und Meteorologie, Cologne, Germany

P. Pinet, Laboratoire dynamique terrestre et planetaire de I’Observatoire de Midi-Pyrenees, Toulouse, France

R. Pischel, ESA Moscow, Moscow, Russia

F. Poulet, Centre National de la Recherche Scientifique (CNRS), Institut d’Astrophysique Spatiale (IAS), Orsay, France

J. Raitala, University of Oulu, Astronomy Space Institute, Oulu, Finland

G. Schwarz, German Aerospace Center (DLR) Oberpfaffenhofen, Institute of Remote Sensing Methods, Wessling, Germany
T. Spohn, German Aerospace Center (DLR) Berlin, Institute of Planetary Research, Berlin, Germany
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U. Stilla**, Technische Universitat Minchen (TUM), Photogrammetrie und Fernerkundung, Munich, Germany
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OMEGA is a VIS/NIR hyperspectral imager. It acquires images of the surface and
atmosphere of Mars with a footprint ranging from 300 m to 5 km depending on the
altitude of the spacecraft. On each pixel, it provides the spectrum in 352 spectral
channels covering the range 0.35-5.1 pm. In this domain, most surface (minerals,
frost, ice) and atmospheric (gas, aerosols, clouds) constituents have diagnostic
features that enable their identification. Consequently, OMEGA can monitor their
time and space dependence. As a major outcome, OMEGA can derive the evolution
of Mars over all timescales, from geological and climatic to seasonal variations.

This chapter presents the main results obtained after four years of operation.
The results are discussed in the framework of Mars history that they are likely
to modify profoundly, in particular with regard to the role of water. A very
early era of potential habitats has been identified, with the relevant terrains
located and the environmental conditions deciphered. It is suggested that this
era was followed by a period of global climatic change, towards a cold and dry
environment that has lasted to the present day.

The Observatoire pour la Minéralogie, I’Eau, les Glaces et 1I’Activit¢ (OMEGA)
instrument on Mars Express is a visible/near-infrared hyperspectral imager, built under
the responsibility of the Institut d’ Astrophysique Spatiale (IAS), Orsay, France (Principal
Investigator, PI, and Project Manager, PM), and the Laboratoire d’Etudes Spatiales et
d’Instrumentation en Astrophysique (LESIA), Meudon, France, in cooperation with the
Istituto di Fisica dello Spazio Interplanetario (IFSI-INAF), Rome, Italy, and the Institute
for Space Research (IKI), Moscow, Russia (Bibring et al., 2004a).

1. OMEGA Instrument
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2. Identification of
Atmospheric Constituents
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OMEGA couples an imaging capability, with an instantaneous field of view (IFOV)
of 1.2 mrad, and a spectral capability, in acquiring for each pixel the spectrum from 0.35
to 5.1 um, in 352 contiguous spectral channels (‘spectels’), with a spectral sampling of 7,
13 and 20 nm in the spectral ranges 0.35-1.0, 0.93-2.65 and 2.51-5.1 pm, respectively.
OMEGA includes three spectrometers, one for the visible and near-infrared (VNIR)
range 0.35-1.0 um, and two covering the near-infrared (NIR) range 0.93-5.1 pm.
Two dedicated and co-aligned telescopes are used to illuminate the VNIR and NIR
channels separately. VNIR operates in the push-broom mode; it images a given line
of Mars, perpendicular to the drift velocity of the spacecraft, along one direction of a
bi-dimensional CCD detector array, with the spectrum of each pixel spread over the
other direction of the array by a concave holographic grating. The infrared channel
operates in a whisk-broom mode: one pixel of Mars is imaged at a time, and its
spectrum is acquired on two IR linear arrays, from 0.93 to 2.65 pm (short-wavelength
IR, SWIR), and from 2.51 to 5.1 um (long-wavelength IR, LWIR), respectively. A
scanning mirror ahead of the NIR telescope enables contiguous pixel imaging in
the cross-track direction, perpendicular to the spacecraft drift velocity. For VNIR,
SWIR and LWIR, the second spatial dimension is provided by the movement of the
spacecraft. Over time, three-dimensional (two spatial and one spectral) image cubes
are built up, which constitute the OMEGA dataset.

The imaging performance can be summarised as follows. With an [IFOV of 1.2 mrad,
the spatial sampling (cross-track pixel size) is ~300 m when the observation is made
close to periapsis, up to 4.8 km from an altitude of 4000 km. OMEGA’s prime
goal is to perform a global coverage of Mars with a 1.5-4.8 km footprint, and to
map selected areas amounting to ~5% of the surface at high resolution (footprint
<400 m), although the initial goal of the mission design was to acquire global
high-resolution (100 m) coverage. The instrument design allows a total field of
view of 128 pixels cross-track, or 8.8°, for both the VNIR push-broom and the NIR
whisk-broom channels. However, building the images requires synchronising the
duration of a swath with the drift of the spacecraft in order to avoid both under- and
oversampling. With an infrared integration time of typically 5 ms, chosen to secure
a signal to noise ratio (SNR) >100, the swath varies from 16 pixels when acquired
at periapsis (high spacecraft orbital velocity, ~4 km/s), to 128 pixels when operating
above 1500 km (slower spacecraft drift, <2 km/s). Thus the high-resolution mode
consists of strips some 5-8 km wide, and hundreds of kilometres long, while the
global coverage is made of strips 300500 km wide and thousands of kilometres
long.

The nominal pointing mode is nadir. In order to target given units of interest, nadir
pointing with a constant cross-track offset angle must be implemented. In addition,
some observations have been made in inertial mode (3-axis stabilised), in particular
to acquire limb profiling, and in a ‘spot pointing’ or emission phase function (EPF)
mode, to enhance the detection of atmospheric constituents. Due to severe mission
resource constraints, mainly on energy and downlink capabilities, ESA imposed a
strict sharing with other investigations, and assigned OMEGA an average data volume
cap of 15%. This means that OMEGA operates during less than one out of four orbits
on average, and for <60 min per orbit. As a consequence, a large number of specific
targets were missed, with very little multiple coverage of the same area to monitor
seasonal changes in the first three (terrestrial) years of operation.

Because OMEGA analyses the solar radiation diffused by Mars, its spectral images
always include signatures of the atmospheric constituents, both gases and aerosols.
Their retrieval is mandatory for identifying surface features, and gives access to
unique atmospheric properties, with the highest spatial sampling on Mars Express
(300 m from periapsis altitude). However, given the limited spectral sampling
(7-20 nm), only the major (CO,) and a few minor species (CO, H,O and O,) are
unambiguously detected. Examples are given in the following.
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2.1CO,

An accurate radiative transfer model devoted to the retrieval of the three components
(surface, gas, aerosols) is essentially complex and iterative. At first order, it is possible
to calculate the atmospheric absorption independently. A dedicated model has been
built for this purpose (Melchiorri et al., 2006), which computes a multiplicative
component in the synthetic spectrum representative of the main atmospheric
contributions (CO,, H,O and CO) in the 1-2.7 pm range (corresponding to the
SWIR-C channel). This model performs a line-by-line spectroscopic calculation of
the atmospheric absorption, and a spectral atmospheric database is built up for each
OMEGA session, with a one-to-one correspondence. A priori knowledge of the
atmospheric pressure is taken from general circulation model (GCM) predictions
(Forget et al., 1999), as well as a humidity factor and CO profile. Several spectra are
calculated around the GCM-predicted position in parameter space, and a least-squares
fit adjustment is made to retrieve the observed atmospheric pressure. Each calculation
is performed at the exact illumination and elevation conditions corresponding to the
OMEGA observations.

The pressure measured in this way is not the actual martian pressure, as at this
stage no correction has been made for dust opacity. The ‘effective pressure’ measured
in the model is nevertheless correlated with the actual pressure, in a way that can
be constrained by a more sophisticated model, including the scattering which is
developed as ‘second-order’ modelling (Forget et al., 2007).

Since pressure variations on Mars are primarily correlated with the altitude of the
surface, CO, being the dominant atmospheric compound, a first output of the model
is an altimetry map along the OMEGA observations. These altimetry measurements
can be checked against the Mars Orbiter Laser Altimeter (MOLA) measurements;
effective pressure measurements are found to be accurate to 0.044 mbar (standard
deviation), corresponding to an altimetry accuracy of 100 m (lo). The instrumental
noise itself is estimated to about 200 m. Therefore, OMEGA atmospheric observation
gives an altimetry measurement that is spatially better resolved than the a priori
MOLA measurement, to an accuracy of a few hundred metres. This first step allows us
to study pressure fluctuations beyond the altimetry variations. This second-order study
enables us to search for global or local wave variations, at the 0.1 mbar pressure range,
corresponding to the martian meteorology. Similar searches have been tentatively
performed using Phobos imaging spectrometer (ISM) observations (Gendrin et al.,
2003).

2.2 H,0 and CO variations
A second step in the study of atmospheric features from OMEGA observations is the
H,0 and CO retrieval. Despite faint absorption at OMEGA resolution, the sensitivity
of the instrument gives access to a good accuracy of the column density of these
minor constituents. The spatial variations in the abundance ratio of H,O and CO can
therefore be studied, after a correction for the altitude of the surface is performed.
The 2.6 um band of H,O is used, and water vapour maps have been obtained, for
L, =94-112°, corresponding to the sublimation of the northern polar cap. A mixing
ratio of H,O in the range 2-3 x 10~* is obtained at 40°N, corresponding to 25 pr-pm,
and 5-10 x 10~ at 60-80°N, corresponding to 4060 pr-um. These results are consistent
with previous Mars Atmospheric Water Detector (MAWD/Viking) and Thermal
Emission Spectrometer (TES/MGS) observations below 60°N (Encrenaz et al., 2005).
The CO abundance is measured with only a low accuracy, due to the low intensity
of the (2-0) band at 2.3 pum. Nevertheless, spatial variations have been positively
observed over Hellas at L, = 130-150°, by a factor of 2 compared with L, = 330-350°
(Encrenaz et al., 2006). This result is consistent with GCM predictions (Forget et al.,
2006), which indicate an enrichment of non-condensable species over Hellas during
the southern winter, due to the effects of local topography on the global circulation.
Similar variations in argon abundance have been observed on Hellas at similar L
(Sprague et al., 2004).
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Fig. 1. (a) Average of OMEGA spectra taken at
the limb over altitudes in the range 50-90 km,
exhibiting the fluorescence of CO, and CO

in the martian atmosphere. (b) Integrated
emission on the spectral bands for CO,, CO and
the continuum, showing the maximum emission
along the line of sight.
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2.3 CO, fluorescence

Strong non-LTE emissions of the martian atmosphere are observed above the limb in
the OMEGA observations in 3-axis stabilised mode. These emissions are identified
as CO, at 4.3 pm, with a maximum at ~90 km altitude, and CO at 4.7 um, with a
peak emission at ~50 km. The CO, emission is observed at altitudes well above any
dust contamination, since dust opacity reflections typically occur well below 60 km.
Although no direct observations of the CO, emission in imaging mode had been made
before Mars Express, its interpretation was well understood in advance from non-
LTE modelling of the martian atmosphere, with models developed in particular for
atmospheric profile accuracy measurements (Lopez-Valverde et al., 1998). An example
of a spectrum of the fluorescence is given in Fig. 1(a), and the vertical variation in the
integrated emissions in the CO, and CO bands are plotted in Fig. 1(b). The main value
of OMEGA observations is that they provide simultaneously the spectral information
on CO, and accurate imaging of the emissions. For the first time, the altitudes of these
emissions can be directly evaluated from the spectral images, and compared with the
model. The model has been improved to fit the data (Drossart et al., 2004).

2.4 Clouds and aerosols

OMEGA has clearly identified both H,O and CO, clouds, through specific spectral
features. In particular, high-altitude CO, clouds show up via resonant absorption at
3.24 pum, within the otherwise saturated band; they also appear through enhanced
reflection in the visible in both the OMEGA VNIR data, and HRSC coordinated
observations. Their occurrence has been mapped over the entire planet and all seasons:
these clouds are highly localised in both space and time, emphasising the coupled
role of thermodynamics and nucleation processes to account for their formation
(Montmessin, 2008). In parallel, Monte Carlo based modelling has been conducted to
derive aerosol properties from the near-infrared spectra in a variety of areas observed
under different dust opacities (Vincendon et al., 2007).

2.5 The O, Dayglow

The O, emission at 1.27 um was observed on the dayside by OMEGA in both nadir
and inertial modes of observation. In spite of the limited spectral sampling, it is
possible to monitor the O, emission, as it does not overlap with emission or absorption
features at a percent level. The O, dayglow at 1.27 um is excited by the photolysis
of ozone. About 90% of O, molecules are produced on the excited level a'A,, which
decays either by emitting 1.27 um photons or by colliding with CO, molecules. From
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nadir observations, the distributions of the ozone abundances at different latitudes,
local times and seasons are obtained. For the first time the signature of gravity waves
in the O, emission, as well as CO, ice and H,O ice clouds, have been observed
simultaneously in the northern polar region at the end of winter. The OMEGA limb
observations have been used to determine the vertical distribution of the O, emission
and the derived apparent ozone abundance, and to retrieve the vertical profile of the
ozone number density. The O, emission profiles vary significantly with latitude,
season and local time, but are usually observed below 40-60 km. To estimate the
vertical profile of the O; number density, the quenching effect was taken into account.
From the limb profile of the O, emission, the quenching parameter was found to be
k=(0.7-1) e cm? s™', which is about 2-3 times lower than the existing upper limit.
In order to take into consideration the collisions between O, and CO, molecules, we
used the vertical CO, profiles simultaneously obtained from the Mars Express/PFS
LWC data. Below 10 km the aerosol absorption becomes significant even at low dust
loading in the atmosphere, which obscures the O, emission. An example of a vertical
profile of ozone is shown in Fig. 2.

In order to retrieve the diagnostic signatures of surface constituents, several steps are
followed, and a variety of data reduction techniques are used. The first steps involve
removing the instrumental effects and the atmospheric contribution, dominated by
the CO, bands (see section 2.1). Then, the spectrum is divided by a synthetic solar
reference spectrum. The resulting radiance factor or I/F spectral values (where 7 is
the measured radiance and nF is the incident solar radiance at the top of the martian
atmosphere at the time of observation) include all potential surface features.

Most features of interest can be enhanced by spectral band ratios, dividing the I/F
at a wavelength position corresponding to the supposed maximum absorption (band
centre) to that of the nearby continuum. More sophisticated techniques are available,
which for example search for coupled absorptions of a single component. The
modified Gaussian model (MGM) is well suited for identifying constituents exhibiting
features that can be reproduced by a small number of Gaussians, such as pyroxene
(see section 5).

The OMEGA spectral characteristics and performance are very favourable for
identifying H,O and CO, ice and frost features in the SWIR channel, by the absorptions
centred at (1.25, 1.5, 2 um) and (1.435, 2 pm) for H,O and CO,, respectively. Moreover,
the band shapes (width and depth) are direct indicators of the texture and mean size
of the icy grains, which enable their qualitative assessment (Fig. 3). Consequently,
OMEGA has been able to monitor the seasonal evolution of both polar caps over one
martian year (Bibring et al., 2005; Langevin et al., 2005a; Douté et al., 2006).

Figure 4 illustrates the seasonal evolution of the northern polar cap. Condensation
of both H,0O and CO, are roughly symmetrical in longitude, with H,O frost observed
down to 4°S of the CO, frost. When the sublimation is completed, all CO, disappears,
leaving a pure H,O-rich perennial ice cap.

Previous observations in the visible (e.g. Benson & James, 2005) and in the
thermal IR (Kieffer et al., 2000) provided detailed information on the retreat of the
southern seasonal ice cap. In mid-spring, a cold and dark region (the ‘cryptic region’)
develops over part of the cap (Kieffer et al., 2000). The OMEGA observations have
demonstrated that the southern seasonal cap is almost free of water ice during most
of the spring and summer, unlike the northern seasonal cap. Furthermore, contrary
to expectations, most of the cryptic region has been shown to be dominated by dust
contamination of the surface (Langevin et al., 2006) with a possible link with a
complex atmospheric circulation driven by the presence of the Hellas basin.

The bright southern perennial ice cap consists of a thin veneer of annealed CO, ice,
containing trace amounts (~0.03 wt%) of dust and H,O ice, which is probably trapped
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Fig. 2. Vertical profile of ozone above Argire
(44°S, 318°E) at L =16°, Lt=10.8h.
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and Ice

= T
e e
ad- L s, -~ 1
& i \ F iy 1
E "J-'_,.a'l I Il ".“""“—"_"-'
I AT
Fia i P! L P 1
2 TR AR AR e
5 I AR |l A 1
EI‘.' #hi -‘\'I i u' Y 1 y
] i/ 1§ § 3
I A 0 ||
aat i \ P P
H .J 1
I |’ L]
W, }
.1 I S I S - S

LF 18 15

!
WivEIENGEN (um)

Fig. 3. Model spectra of CO, ice with grain sizes
of 1 mm (orange) and S ¢cm (red), and H,O ice
with grain sizes of 10 pm (green) and 1000 pm
(blue). The three dashed lines correspond to

the OMEGA spectels at 1.385, 1.5 and 1.77 pm,
which are used to determine the strength of the
H,O0 ice absorption at 1.5 pm, as this is the only
weak CO, absorption at these wavelengths.
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Fig. 5. OMEGA global mapping of low-Ca
pyroxene (LCP), for latitudes between
—50° and +50°.

Fig. 6. OMEGA global mapping of high-Ca
pyroxene (HCP), for latitudes between
—50° and +50°.
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Fig. 4. Seasonal evolution of the northern polar cap: spatial distribution of spectral signatures of H,O
ice and CO, ice observed by OMEGA in early northern spring (L, 22°, March 2006). (a) Band depth
of the H,O ice absorption feature at 1.5 pm. The rainbow scale covers the range from 60% (black)

to 0% (red). (b) Band depth of the CO, ice absorption feature at 1.43 pm, also from 60% (black) to
0% (red). The annulus observed by TES between the boundary of bright regions (black line in b) and
that of regions at the equilibrium temperature of CO, ice (crocus line, white dashes, from Titus &
Kieffer, 2003) is confirmed as consisting of H,O frost. At this season, the strongest CO, ice signatures,
corresponding to large mean grain sizes, are observed over regions corresponding to the central parts
of the permanent northern ice cap.
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during the southern winter (Douté et al., 2006). It covers an extended H,O-rich glacier
(Bibring et al., 2004b) where the water ice, unambiguously identified by OMEGA, is
mixed with dust and does not show up in visible images.

As a consequence, the two perennial caps constitute a major reservoir of the
presently known inventory of H,O on Mars. Perennial CO, ice is apparently only a
very minor constituent of the southern cap, and does not account for more than a small
fraction of the present atmospheric mass of CO,.

The visible and near-infrared spectral range has long been recognised as very 5. Observations of Mafic
favourable for identifying diagnostic features of rock-forming minerals, such as Fe  \[inerals
electronic crystal field transitions in olivines and pyroxenes (e.g. Adams & Filice,
1967; Soderblom, 1992, and references therein). Consequently, most olivine and
pyroxene minerals can be identified from VNIR observations. Low-Fe silicates such
as plagioclase feldspar, however, are nearly featureless in the VNIR and are thus not
readily identifiable with an instrument like OMEGA.

Pyroxenes [(Ca,Fe,Mg),Si,04] are identified by the presence of two broad but
distinct absorptions centred near 1 and 2 pum, with the band positions varying in a
systematic pattern as a function of the pyroxene chemistry (Fe, Mg and Ca abundance)
and crystal structure: the band centres shift towards longer wavelengths with increasing
calcium content. Low-calcium pyroxenes (LCPs, e.g. orthopyroxene) have short-
wavelength band centres (~0.9 and ~1.85 um), while high-calcium pyroxenes (HCPs,
e.g. clinopyroxene) have their band centres at longer wavelengths (1.05 and 2.3 pm).
Because silicate rocks typical of terrestrial planet surfaces are mixtures of different
minerals, the region around 1 pm can also exhibit absorption features that may originate
from the presence of other minerals such as olivine (with a broad absorption centred
at ~1.05 pm) and ferric oxides (with typical absorptions near ~0.9 pm). Most other
minerals do not exhibit broad features near 2 pm, however. Therefore, it can be more
definitive to detect pyroxenes through their ~2 um features rather than those at ~1 um.

We have defined a spectral index based on band ratios that enables the detection
of pyroxenes independent of their Ca content (Poulet et al., 2007). The resulting
maps of this mineral at a global scale reveal the contrast between the units where
their pristine mafic composition has been preserved (the heavily cratered highlands
crust and volcanic outflows), and large areas such as the northern plains that have
apparently been altered to or covered by pyroxene-free materials. In parallel, we
have developed an algorithm based on the MGM, which is well suited to identifying
the pyroxene features, to discriminate between HCPs and LCPs and to weight their
relative abundance (Figs. 5 and 6) (Sunshine & Pieters, 1993).

Generally, LCP is enriched in the older Noachian crust, while HCP is enriched in
more recent lava flows (Mustard et al., 2005). Figure 7 illustrates this pattern in the
Syrtis major region (Nili Fossae/Nili Patera areas), where the volcanic shield exhibits
the highest HCP/LCP abundance ratio found on Mars. HCP-rich areas are darker
and generally more sandy (Fig. 8). The HCP enrichment of the lava outflows might
indicate partial melting or a low level of mixing within the magma chamber, since
HCPs (e.g. diopside) melt first, while LCPs (e.g. enstatite) require higher temperatures
to melt. By contrast, the Noachian crust appears to have crystallised out of a fully
melted magma, mixing LCP and HCP.

Olivine [(Mg,Fe),SiO,] has a broad complex absorption centred near 1 um, which
extends from 0.8 to 1.5 um; it broadens and deepens with increasing Fe content in
olivine, from forsterite Mg,SiO, (Fol100) to fayalite Fe,SiO, (Fo0) (King & Ridley,
1987). For example, in USGS samples (Clark et al., 1993), the absorption extends
to about 1.55 pm for Fo89 and to 1.8 pm for Foll. In addition, there are systematic
variations in the shape of the 1 pm absorption with grain size. Increasing the grain size
broadens the bottom of the band and shifts the right wing towards longer wavelengths,
so that forsterite with very large grains (>100 um) and fayalite with smaller grains have
similar spectra. Therefore, a precise olivine composition in terms of Mg/Fe ratio is
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Fig. 7. OMEGA mineralogical mapping of the
Syrtis Major area (square in Fig. 6), exhibiting
the HCP-rich lava outflows surrounded by the

LCP-rich Noachian crust and olivine-rich spots.

Fig. 8. Mineralogical (OMEGA) and optical
(MOC, HRSC) mapping of Hebes Chasma. The
HCP band depth (top left) is higher in the dark
areas (top right), which appear as sand dunes
(bottom right).
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difficult to assess from NIR spectral data only. Olivine is primarily found in a variety of
localised areas, including Nili Fossae and Terra Meridiani; in low-albedo regions such
as Aonia terra, Nereidum Montes, Terra Tyrrhena and Oenotria Scopulus; in several
unnamed and named craters, including Gale, Herschel, Huyghens, Schroeter, Pollack,
Schiaparelli, Herschel and Moreux (Fig. 9); and in Valles Marineris (Ius, Hebes, Capri,
Melas and Ganges). A large number of isolated olivine-rich spots have been detected
around the rims of Isidis, Hellas and Argyre (Fig. 10). In addition to these olivine-rich
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areas, detailed radiative transfer modelling (Poulet et al., 2007) indicates that olivine is
likely present together with pyroxene in the large mafic areas, mainly as forsterite of
small grain sizes (<10 pm), possibly with concentrations of up to 20%.

Ferric-rich minerals can be detected through features in the visible and in the near-
infrared (e.g. Burns, 1993): the electronic transitions of ferrous iron, which lead to
absorption band centres from 0.95 to 1.05 depending on composition, shift towards
smaller wavelengths (at ~0.85-0.9 pm) when the oxidation state varies from ferrous
to ferric. In addition, the spectrum of ferric-rich phases exhibits some specific features
in the visible, with in particular a shallow absorption at ~0.6 um with an edge at
~0.53 pm. Several indices have therefore been defined to identify ferric minerals.
However, they do not lead to identical maps, which indicates that the surface of Mars
contains a variety of ferric minerals that differ in composition, structure, crystallinity,
and/or mean grain size, and therefore may possibly record distinct formation processes.

The index based on the 0.53 pm absorption edge integrates all ferric-rich phases
(Bell et al., 1990; Morris et al., 2000). The corresponding ferric mineral map
(Fig. 11b) shows a positive detection all over the martian surface, with a high variation
in intensity, well correlated with the near-infrared albedo (measured at 1.1 pm)
(Fig. 11a). Smaller concentrations are detected in the low-albedo mafic units, which
could correspond to the presence of ferric minerals in the bulk of the crust.

Higher concentrations of ferric minerals are found in the vast areas that do not
exhibit mafic signatures: they may result from the alteration of these mafic regions,
and appear as a bright reddish soil (‘dust”). These areas correspond also to a positive
detection when another spectral index, a ratio of the reflectance at 0.98 and 0.8 pum,
is used. This index is sensitive to the presence of so-called nanophase hematite
(nanometre-sized particles of a-Fe,03), as shown by Morris et al. (2000) (Fig. 11c¢).
The dust is subjected to atmospheric transport, resulting in the coverage of wide areas
such as the Olympus Mons and Tharsis volcanoes. However, this mobility does not
affect the entire Mars surface, as demonstrated by the high mineralogical diversity still

Fig. 9 Olivine-rich dunes within Moreux crater,
located at 41.5°N and 44.5°E, as identified by
OMEGA (blue = olivine, right), in the MOLA
(left) and THEMIS (middle) context.

Fig. 10. Olivine-rich spots surrounding the
Argyre impact basin, centred at 50°S, 320°E),
as identified by OMEGA (turquoise = olivine).

6. Observations of Ferric
Oxides
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Fig. 12. Typical OMEGA spectra of oxide-rich
areas: Aram Chaos (red), Candor Chasma
(green), Capri Chasma (blue), compared to that
of dust (black).
Fig. 11. Global maps of (a) the NIR albedo, (b) ferric oxides and (c) nanophase ferric oxides.
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Fig. 13. Spatial coupling of sulphates and oxides ~ observed at all resolutions. An important observation made by OMEGA is that these

in Candor Chasma. Lefi: 1.9 pm band depth ferric oxides, as shown in section 7, are strictly anhydrous. On this basis, the OMEGA
identified as polyhydrated sulphates (blue = team has proposed that they result from alteration by atmospheric peroxides rather
2%, red =>5%). Centre: 2.1 pm band depth, L o

than by liquid water (Bibring et al., 2006).

identified as kieserite (green = 2%, red = >5%). . o . .
Right: oxide band depth, as modelled using the A third and distinct class of ferric phases is detected by the occurrence of a deep

MGM of Sunshine and Pieters (1993) (orange= 0.9 pm band and a strong reflectance increase to 1.3 um (Fig. 12). Such features are

10%, red =>30%). located in a few areas only, and appear coupled to the presence of hydrated minerals,
mostly sulphates. This class of ferric phases has been found in Terra Meridiani, Aram
Chaos, and in association with layered deposits in Valles Marineris (Fig. 13) (Bibring
et al., 2007).
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Fig. 14. Distribution of hydrated minerals
detected so far by OMEGA at the surface of
Mars, for latitudes from —50° to +50°. Blue:
kieserite; green: polyhydrated sulphates;
red: phyllosilicates; yellow: other hydrated
minerals.

Minerals with water molecules either adsorbed or in their crystal structure exhibit 7. Detection of Hydrated
relatively well defined absorptions near 1.4, 1.9 and 3.0 um, and are thus readily  ©Minerals
accessible to OMEGA detection. O—H stretching, either symmetric (v;) or asymmetric
(v3), has its fundamental absorption band at 2.9 um, with overtones and combinations
at 1.4 pm (v; + v;3). The H-O-H bending fundamental at ~6 pm (v,) has its first
overtone at 3.1 um, and a combined resulting feature (v, +v;) at ~1.9 um. These near-
IR features have been studied previously in lower spatial and spectral resolution Mars
datasets (e.g. Houck et al., 1973; Pimentel et al., 1974; Calvin, 1997).

All hydrated phases do exhibit a broad 3 um band, which is thus not diagnostic of
specific minerals. However, it can be used to evaluate the amount of water stored in
the mineral structure (Jouglet et al., 2007; Milliken et al., 2007). Hydrated minerals
are thus identified by features resulting from O—H and/or H,O related vibrations, at
~1.4 and ~1.9 pm, together with those resulting from the coupling between OH and/or
H,O0 to metal (e.g. Al, Mg, Fe or Ca) or to anionic complexes such as SO, CO3~ (e.g.
Clark et al., 1990a, 1990b; Swayze & Clark, 1990). Minerals containing hydroxyls
exhibit the 1.4 um band, as well as narrow absorptions between 2.0 and 2.4 um, which
are typically combination overtones of an OH stretch and a metal-OH bend, and can
be very diagnostic of mineralogy (e.g. Bishop et al. 1993, 1994; Roush et al., 1993;
Bell et al., 1994). Hydrated sulphates have specific features resulting from the SO
stretches (fundamentals at ~10 pm), with overtones in the 2.2-2.5 pm region when in
presence of water (e.g. Crowley 1991; Cloutis et al., 2006). Their precise position and
shape of the sulphate near-IR bands vary with composition, and for hydrated sulphates
result in features at 2.2 and 2.4 pm. An important exception is that of monohydrated
sulphate (e.g. kieserite MgSO,, H,0), for which the 1.4 and 1.9 pm bands are shifted
towards longer wavelengths, at 1.6 and 2.1 pm, respectively.

OMEGA has identified and mapped two classes of hydrated minerals: sulphates
(section 7.1) and phyllosilicates (section 7.2). In contrast, carbonates (section 7.3),
which have two strong absorption features at ~3.5 and ~3.9 pum, have not been
detected so far, above the detection limit of ~1-2% in volume, demonstrated by
ground calibration.

One key outcome of OMEGA detection of hydrated species is that they are found
only in very localised areas (Fig. 14). In particular, the ferric oxides that constitute the
bright dust covering most of the northern plains and Tharsis, are strictly anhydrous
(see section 6).

7.1 Hydrated Sulphates

OMEGA has detected hydrated sulphates at the surface of Mars at three locations:
in the layered deposits of Valles Marineris (Gendrin et al., 2005), in Terra Meridiani
(Arvidson et al., 2005) up to Aram Chaos, and in dark dunes of the northern polar
cap (Langevin et al., 2005b). In most cases, mixtures of sulphates are present. In a
few cases however, due to their diagnostic signatures, specific sulphates have been
identified with a high level of confidence: kieserite (MgSO,, H,O) and gypsum
(CaSOy,, 2 H,0).

85



SP-1291

0.8

FEEFEEE B

£
'ﬁ 0.6 .
L ]
E > \,),“' H\\-
0.2 1
b _ 1
O.I:]. PEEPEEPEN TSP P PRI S R T R I: FUMEEPI LI P ]

1,2 1.4 1.6 1.8 2.0 2.2 2.4 2.6

Fig. 15. Red curve: OMEGA spectrum from 1.2 to 2.6 pm of a sulphate-

rich region within the dark dunes of Olympia Planitia, within the Fig. 16. Area interpreted to be gypsum rich within Olympia Planitia,
northern polar cap, ratioed to a reference spectrum of a nearby dark illustrated by a false-colour composite showing the distribution of the
area, normalised to 1 at 1.25 pm. Blue curve: normalised ratio of two absorption at 1.93 pm relative to a continuum defined from 1.86 and
spectra obtained during ground calibration: that of a pure gypsum 2.14 pm. The colour code is a rainbow scale from black (<4% band
powder (<40 nm grain size) and that of an aluminium oxide powder, depth) through blue, green and yellow to red (>25% band depth).
which is spectrally featureless in this wavelength range. Features are A strong absorption at 1.93 pm is observed on an extended dark area
observed in both spectral ratios at 1.445, 1.535, 1.745, 1.94, 2.22, 2.26, 2.42 centred at 240°E, 80°N. White areas correspond to the regions with
and 2.48 pm (dashed lines). permanent water ice at the surface.

Fig. 17. Hydrated sulphate spectra identified in the OMEGA Fig. 18. Spatial distribution of the kieserite, identified in OMEGA spectra,
observations. Green: library spectrum. Black: OMEGA spectrum. Blue: plotted over the HRSC 3D perspective model of Candor Chasma.
reference spectrum. Red: spectral ratio. Lefi: kieserite (MgSO,, H,0).

Middle: gypsum (CaSO,, 2H,0). Right: polyhydrated sulphate; the

library spectrum corresponds to epsomite (MgSO,, 7H,0) but other

polyhydrated sulphates are good spectral analogues.
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In its 1.2-2.6 pm spectrum, gypsum exhibits six unique spectral features, at 1.45,
1.75, 1.94, 2.22, 2.26 and 2.48 pm, which makes its potential for identification
quite robust (Fig. 15). OMEGA could at the same time (Langevin et al., 2005a):
(i) identify H,O as the dominant constituent of the permanent (residual) northern cap,
excluding CO, ice; (ii) map its spatial distribution; and (iii) identify gypsum as the
major constituent of the dark terrains of Olympia Planitia intermixed with the bright
ice (Fig. 16).

Kieserite also has specific features in terms of position and shapes, at 1.6, 2.1
and 2.4 pm (Fig. 17). Its presence in a few locations on the surface of Mars is
important as this monohydrated mineral is known to be easily hydrated into epsomite
(MgSO0,, 7H,0), which can eventually dehydrate to hexahydrite (MgSO,, 6H,0) and
amorphous Mg sulphate (MgSO,, 1.2H,0). Kieserite has been identified in several
layered deposits within Valles Marineris (Fig. 18), as well as in a small spot northeast
of the Mars Exploration Rover (MER) Opportunity landing site, in Terra Meridiani
(Fig. 19).

Most of hydrated sulphates detected by OMEGA appear to be polyhydrated,
possibly including the amorphous Mg sulphate phase. Poulet et al. (2007)
have shown that some of the sulphates detected in Terra Meridiani could be
Fe-rich sulphates, such as amarantite (Fe**)(SO,)(OH)-3(H,0) or schwertmannite
(Fe?$0,4(OH),,(SO4),-nH,0). However, jarosite ((K,Na,H;0)Fe;(SO4),(OH)e),
detected by Opportunity, has a specific NIR spectrum that is not observed in the
OMEGA data.

7.2 Hydrated Phyllosilicates
As shown in Fig. 14, OMEGA has detected a variety of phyllosilicates in localised
areas, with the two largest ones located in the Nili Fossae and Mawrth Vallis areas
(Poulet et al., 2005). These detections constitute the best evidence that Mars once
hosted liquid water over long periods, enabling the formation of these hydrated
alteration phases.

The composition of the phyllosilicates is not identical at all locations (Fig. 20).
Mg/Fe smectites are always present, in particular as nontronite, and dominate in the

Fig. 19. Distribution of kieserite (red),
polyhydrated sulphates (green) and other

hydrated minerals (pink) in Terra Meridiani.

The Opportunity site is indicated.
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Nili Fossae/Syrtis Major complex. Al-rich phyllosilicates, such as montmorillonite or
chlorite, are also found, in particular in the Mawrth Vallis area. However, kaolinite
appears to be rare. This is an indication that the process responsible for the formation
of the phyllosilicates, although it implies liquid water likely over long periods, was
characterised by a rather low level of leaching (Chevrier et al., 2007). With reference
to conditions prevailing in terrestrial environments, or during laboratory simulations
when similar minerals are formed, the martian fluids in which these smectites formed
were neutral to alkaline rather than acidic at the time the aqueous alteration took place
(Chevrier et al., 2007).

The sites where the phyllosilicates have been mapped are all very ancient, and
have been exposed to the surface either by impact or erosion. In the Nili Fossae area
(Mustard et al., 2007; Mangold et al., 2007), the phyllosilicate-rich terrains all appear
to predate the first lava flows from Nili Patera and Syrtis Major Planum, dated early
Hesperian by crater counting. Phyllosilicate-rich sites include both ancient heavily
cratered terrains that have not been buried by the lava flows, and recently excavated
ones (Fig. 21). Apparently the impact process did not destroy or dehydrate these
minerals, but might rather have triggered their formation. It is important to note that
by contrast, the lobate ejecta craters within the Nili Patera lava floor do not exhibit
hydrated minerals, which strongly indicates that this lava material was essentially dry.
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In Mawrth Vallis (Poulet et al., 2005, Loizeau et al., 2007), as in all similar outflow
channels, no hydrated minerals are found within the bed or the mouth of the channel
(Fig. 22). In contrast, hydrated minerals are found on the highly etched terrains along
the flanks of the channel. One interpretation of this observation is that the phyllosilicates
were formed prior to the outflow. The outflows themselves do not appear to have lasted
long enough, nor constituted a sufficiently sustained degree of fluvial activity, to form
hydrated minerals such as clays. Rather, the outflow channels may result from transient
episodes (e.g. Baker et al., 1974) that were violent enough to erode their flanks and
expose ancient materials that happen to have been processed by liquid water in earlier
times. Those earlier phyllosilicates have remained preserved as such until the present day.

7.3 Hydrated carbonates, and other CO, sinks

We have searched the OMEGA data for carbonates in a wide variety of potential sites
all over the planet. In particular, we have performed a systematic characterisation of
the material related to impact craters within the northern plains, with the following
rationale. If Mars once hosted a large ocean at a time when the atmosphere was dense
enough for CO, to dissolve, ionise and precipitate (as on Earth) sedimentary layers
of hydrated carbonates might have accumulated on the hypothetical ocean floor prior
to these low-altitude terrains filling with lava. Large enough impact craters could
have reached down into these older layers and exposed in their ejecta some of their
constituent materials. In fact, in their OMEGA spectra, most craters with diameters
larger than ~20 km exhibit a clear signature of the crustal (mafic) bedrock (Bibring
et al., 2005). However, none of the ejecta, nor the central peaks, show the spectral
signature of carbonates, nor even of any hydrated minerals. This is a strong indication
that these terrains probably never hosted long-standing water bodies in the presence
of a dense CO,-rich atmosphere.

As described in section 4, OMEGA has shown that the two perennial polar caps are
massive water ice glaciers, but do not constitute significant CO, traps. With the lack
of detection of abundant carbonates, it seems very likely that the atmosphere, although
extremely tenuous, is the dominant CO, reservoir at present. This constitutes a major
constraint on the long-term evolution of the climate of Mars.

Fig. 21. Hydrated phyllosilicates in Nili Fossae.
The intensity of the 1.93 pm feature (right)
indicates the location of the hydrated clays,
found in the ancient terrains not buried by
lava flows.

Fig. 22. Hydrated phylloslicates in Mawrth
Vallis. Distribution, over an HRSC mosaic
(three contiguous maps), of the minerals
identified by OMEGA through their 1.93 pm
(hydration, blue), 2.20 pm (montmorillonite,
green) and 2.30 pm (Mg/Fe-rich smectites, red)
features.
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8. A Derived Mars
Mineralogical History:
Identification and
Characterisation of an
Early Global Change

The identification and mapping of both primary igneous and secondary altered
minerals, put into their geomorphological context, reveals some major features
relevant to the history of Mars (Bibring et al., 2006). Well preserved mafic minerals
are still observed on a wide scale, in the oldest crust and, in places, even in impact
craters. By contrast, the northern lowlands are dominated by an alteration product
(dust) characterised by anhydrous ferric oxide. Hydrated minerals have been detected,
in a restricted number of localised areas. They consist of two classes, phyllosilicates
and sulphates, which are found in distinct terrains, formed by distinct processes, at
distinct times. They trace distinct eras, ‘phyllosian’ and theiikian’ respectively to
reflect the names, in Greek, of their dominant minerals. Stratigraphic relationships
suggest that the phyllosilicates formed first, in a neutral to alkaline environment,
followed by the sulphates (theiikos in Greek), in an acidic environment. We are thus
led to propose that in between the two eras, Mars underwent global-scale climatic
change. We attribute this major environmental evolution to the volcanic activity that
led to the building of Tharsis and the filling of the northern plains (Fig. 23).

Since phyllosilicates usually require water over long duration to form, Mars likely
hosted conditions sustaining liquid water on geological timescales in its very early
history. This in turn requires that there were abundant greenhouse gases, given the
predicted low luminosity of the early Sun (e.g. Pollack et al., 1987). However, like
most young stars, the early Sun was likely an extreme ultraviolet emitter, with high
ionising efficiency, and with an intense solar wind. A planetary magnetic shield was
thus critical to protect against atmospheric loss. As demonstrated by the findings of
the Magnetometer and Electron Reflectometer (MAG/ER) investigation of remnant
crustal magnetism on Mars Global Surveyor, early Mars appears to have supported a
global dynamo, which could have efficiently protected its atmosphere. The absence
of magnetised minerals over Tharsis and in the northern plains is a strong indication
that this dynamo shut off before the onset of volcanism that raised Tharsis and filled
the plains.

A possible explanation is that mantle convection could not sustain a sufficient
temperature difference between the core and the mantle, required to maintain core
convection: the dynamo and its associated magnetic shield dropped. Cold plumes
could have started to form and to sink within the mantle and accumulate at the core/
mantle boundary. This, in turn, could have triggered thermal instabilities, leading to
the formation of degree 1 hot plumes, ascending to form Tharsis after some tens of
millions years. In such a scheme, the formation of Tharsis would have happened long
after the magnetic field had faded, and long after most of the atmosphere had been
lost by solar wind erosion or other processes. In the tenuous resulting atmosphere,
the massive outgassing coupled to the volcanic activity could have injected S-rich
compounds as dominant species, which then rapidly oxidised into sulphuric
compounds, leading the environment (including any groundwater) to become highly
acidic. These S-rich species precipitated widely over the planet, possibly in the form
of nanophase S-rich grains, accounting for the large concentration of S detected by
elemental Alpha Particle X-ray Spectrometer (APXS) analyses at all rover and lander
sites since Viking.

The present composition of the martian atmosphere has an N,/CO, value close to
those of both Venus and Earth (~3%), if one takes into account that most of the initial
terrestrial CO, is presently trapped as carbonates. The N,/CO, ratio is consistent
with such an early physical loss mechanism. If the initial volatile reservoirs of Mars,
Venus and Earth were similar, and given that CO, can be sequestered into carbonates
whereas N, hardly ever condenses into minerals, one would not expect a massive
depletion of both constituents (more than 99.9%) with identical efficiencies (Bibring
& Erard, 2001). OMEGA data support a model in which most of the atmosphere
escaped prior to the Theiikian; today’s atmosphere would result from an equilibrium
between the present (very limited) loss mechanisms, for example as measured by
Mars Express/ASPERA (Barabash et al., 2007), and the supply of volatiles by residual
internal activity.
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In such a model, the Phyllosian era would have ended when the surface water could
no longer remain stable as a liquid, and instead evaporated and/or percolated and froze
as subsurface permafrost. The large-scale tectonic effects that followed the building of
Tharsis, such as the opening of Valles Marineris and the tilt of Terra Meridiani, as well
as the localised rising of the geothermal water table, could have produced sequential
supplies of liquid water to a variety of regions within these areas, for example,
cementing the S-rich nanophase grains into large sulphate deposits. This process
would not necessarily require surface liquid water to be long-lasting, since sulphates
can sediment even while water is evaporating. During this period, sulphate layers
would have grown where surface water was supplied, in spatial and time relation
with the Tharsis rise. The Theiikian era would have ended rapidly, leading to a long
era (Siderikian), lasting until the present, dominated by anhydrous surface oxidation
and the creation of nanophase ferric oxides (siderikos in Greek) in a highly rarefied
atmosphere. This oxidation likely results from a very slow process (time scales of
Gyr) operating on the very superficial layers (sub-millimetre scale) of surface grains.

Although one could have expected that the global circulation of dust would preclude
the identification of distinct units on the surface of Mars, the OMEGA investigation
has demonstrated a high degree of mineralogical diversity down to a sub-kilometre
scale. Units of all ages, from the most ancient to the most recently processed ones,
have been identified by their composition. In particular, the oldest units, although
subjected to a longer period of potential weathering, still preserve their igneous
content. In parallel, the detection and mapping of alteration products provide key clues
for deciphering the evolution of the Mars environment.

Two classes of hydrated phases have been identified. Placed in their geological
context, and in relation to the in situ findings of the two NASA Mars Exploration
Rovers, they enable a profoundly new model of the past martian climate to be
envisioned. Thirty years after the pioneering measurements of the Viking landers, the
OMEGA orbital near-infrared survey indicates that Mars might indeed have hosted,
once in its earlier past, conditions that favoured liquid water to remain stable over
long periods of time. The sites where one might search for these potential habitats
are not necessarily located where the optical images would have led us to consider,
since phyllosilicates are not directly associated with fluvial or other water-related
landforms. OMEGA results so far suggest that the most favourable sites for preserving
evidence of this early epoch are those characterised by a mineralogical signature of
hydrated phyllosilicates. Most of the largest of these targets may have already been
identified. A refined analysis by the Compact Reconnaissance Imaging Spectrometer
for Mars (CRISM) instrument on the Mars Reconnaissance Orbiter mission, with

Fig. 23. OMEGA derived Mars mineralogical

history.

9. Summary
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We report the findings of MARSIS from the first several months of its science
operations phase. Subsurface soundings were used to probe the north polar
layered deposits to their base, up to 1.8 km deep. The base of the south polar
layered deposits was mapped, and the volume of the deposits was measured.
Radar penetration was observed in the equatorial Medusae Fossae formation,
indicating the presence of low-density material that may include water ice. In the
ionospheric sounding mode, several types of echo were observed, ranging from
vertical echoes caused by specular reflection from the horizontally stratified
ionosphere, to a wide variety of oblique and diffuse echoes. Echoes at the electron
plasma frequency and the cyclotron period provide measurements of the local
electron density and magnetic field strength.

The Mars Advanced Radar for Subsurface and lonospheric Sounding (MARSIS) is 1. Introduction
the first radar to collect data from Mars orbit. MARSIS is a multi-frequency synthetic
aperture orbital sounding radar (Picardi et al., 2004) that operates in two modes,
subsurface sounding and ionospheric sounding. In both modes, MARSIS acquires
data in the conventional fashion of a radar, in which pulses of electromagnetic radio
waves are transmitted, interact with a target, and the echoes are received and recorded
by the instrument. MARSIS differs from most orbital radars in the frequencies of
the radar signal. MARSIS operates in the range 0.1-5.5 MHz, which corresponds to
wavelengths of tens to hundreds of metres. These long wavelengths were chosen, in
the case of the subsurface sounder, to maximise the penetration of the signal into the
subsurface of Mars. In the case of the ionospheric sounder, the selected frequencies are
in the range where some waves reflect from the topside of the ionosphere, depending
on the electron plasma frequency, while others penetrate through to be reflected at the
surface or subsurface.

The primary goal of the MARSIS subsurface experiment is to detect material
discontinuities in the subsurface of Mars in order to understand the distribution of
water, both solid and liquid, in the upper crust. The experiment is also probing for
other discontinuities in the subsurface, related to geological units and structures.
Finally, the subsurface mode obtains information in its surface echoes on the
electromagnetic, topographic and roughness properties of the Mars surface. The goals
of the ionospheric sounding experiment are to characterise the upper portions of the
atmosphere (the ionosphere) and its interactions with solar radiation and particles.
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2. MARSIS Instrument
and Data

3. North Polar Layered
Deposits

MARSIS data are collected when the elliptical orbit of Mars Express brings the
spacecraft to an altitude of 250-1400 km above the surface; this condition is met
during about 45 min of each 6.7 h orbit. Subsurface sounding data may be collected
when the altitude is below 1000 km. In the subsurface modes, MARSIS operates
in four frequency bands between 1.3 and 5.5 MHz, with a 1 MHz instantaneous
bandwidth that provides free-space range resolution of approximately 150 m. Lateral
spatial resolution depends on surface roughness characteristics, but for most Mars
surfaces the cross-track footprint is 10—30 km and the along-track footprint, narrowed
by onboard synthetic aperture processing, is 5—10 km. Peak transmitted power out of
the 40 m dipole antenna is ~10 W. Coherent azimuth sums are performed onboard
on ~100 pulses taken at a pulse repetition frequency of 127 Hz, with a resulting
signal-to-noise ratio for a typical Mars surface of 30—50 dB. Ionospheric soundings
are carried out by transmitting a short pulse at a frequency, and then measuring
the time delay, for the echo to return. The time delay is measured as a function of
frequency by sequentially stepping the transmission frequency over the frequency
range of interest.

MARSIS’s sounding signals will not reach the surface when the ionospheric
plasma frequency is close to or above the sounding frequency. The frequency bands
were therefore chosen to minimise distortion by the ionosphere; typically bands
centred at 1.8 and 3.0 MHz were used on the nightside, and bands centred at 4.0 and
5.0 MHz were used on the dayside. Data were collected in a MARSIS subsurface
sounding mode which returns complex spectra of summed pulses from three synthetic
aperture channels for each of two frequency bands. Once received on the ground, the
spectra are transformed from frequency domain to time domain. Processing includes
a correction for phase distortion in the ionosphere (Safaeinili et al., 2003).

Surrounding the north pole of Mars are layered deposits (NPLD) that consist
mainly of an upper stratigraphic unit, thought to be dominated by water ice, which
is typically finely layered due to varying fractions of included dust (Thomas et al.,
1992). A second, lower unit that is absent at some longitudes contains a significant
sand component that is likely ice-cemented (Byrne & Murray, 2002). Previous
compositional and stratigraphic interpretations of these deposits have been based
on imaging, spectral, thermal and topographic measurements. In an early MARSIS
orbit, 1855, the NPLD were briefly observed in the longitude range 10°—40°E
from altitudes of 800900 km, on the nightside, in the frequency bands centred at
3.0 and 5.0 MHz. The radargrams show the surface reflection splitting into a pair
of strong reflectors as the ground track passes from the northern plains onto the
layered deposits (Fig. 1). The lower reflector extends to the end of the track, where
it occurs at a time delay of 21 ps relative to the surface reflection. Interpretation of
radar sounding data requires discriminating between signals arising from subsurface
interfaces and those coming from surface topographic features at the same time
delay (surface ‘clutter’). A high-fidelity model of the expected contribution of off-
nadir topographic clutter, based on gridded Mars Orbiter Laser Altimeter (MOLA)
data (Smith et al., 1999; Nouvel et al., 2004), shows no visible surface topographic
feature that explains this reflector pair. Hence we conclude that the second reflector
is a subsurface (‘basal’) reflector.

The time delay to and the relative echo strength of the basal reflector are consistent
with the overlying material (away from the boundary) having a dielectric constant and
loss tangent similar to that of fairly pure water ice. This is in accord with the absence
of the lower, sandy stratigraphic unit in this region of the NPLD, as inferred from its
lack of exposure in troughs in the longitude range 290°-90° E. The basal reflector time
delay increases, with respect to the surrounding plains, as it proceeds inward from
the NPLD boundary (Fig. 1). This is due to the slower velocity of the NPLD material
relative to the martian atmosphere (approximately free-space velocity). Converting
time to distance using a dielectric constant of pure ice (~3) brings the maximum
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basal reflector depth up to about the level of the plains; i.e. the depth to the reflector
is approximately the height of the NPLD above its surroundings (about 1.8 km at the
right edge in Fig. 1). Either this is a coincidence or the material in this region of the
NPLD is dominated by ice sitting directly on the underlying plains material.

The wave attenuation properties strengthen the case for nearly pure ice.
Among plausible geological materials, only pure or slightly dirty water ice has
a sufficiently low value of loss tangent to explain the strength of the subsurface
reflection observed. Simple two-layer modelling has been applied to estimate the
loss tangent of the ~1.8 km NPLD layer. The two interfaces considered are one at
the atmosphere/surface ice boundary and a second at the ice base at ~1.8 km depth.
The MARSIS-measured ratio of the reflected power from these two interfaces at
5 MHz is approximately —10 dB. This ratio is consistent with an ice layer dielectric
of 3, an underlying material dielectric of 4.5 (basaltic regolith) and an ice layer loss
tangent which must be low, below 0.001 (conductivity <10-° Siemens/m). The low
loss tangent of the 1.8 km thick ice layer gives rise to relatively low attenuation
of MARSIS radar signals, thereby allowing the base to be easily detectable. Ice
conductivity is temperature-dependent. The low loss and low conductivity of the ice
indicate that it can not contain more than a trace (2%) of impurities, and suggest a
bulk temperature below 240K. These observations are inconsistent with the presence
of a melt zone at the base of the NPLD.

The NPLD will act as a load on the underlying elastic lithosphere and should
cause a flexural/membrane downward deflection of the plains. In order to leave a
residual deflection after the velocity conversion, the dielectric constant of the NPLD
would have to be less than 3, which we deem unlikely. An elastic thickness in excess
of 150 km would produce a deflection of 500 m or less, which is well within the
resolution of our interface detection. Thus a very thick elastic lithosphere (and a low
crust/upper mantle temperature gradient) is implied for the north polar region.

In a typical MARSIS observation over the SPLD (Fig. 2), the echo from the surface
splits into two continuous traces as the spacecraft passes over the margin of the
deposits. The surface trace follows a profile expected from MOLA topography.
The bright lower trace occurs at a time delay consistent with a continuation of the
surrounding surface topography beneath the SPLD, assuming a nominal value of
refractive index of water ice. The lower interface is interpreted as the boundary
between the base of the ice-rich SPLD materials and the predominantly lithic
substrate. The interface is detected beneath most of the SPLD, although in places
it becomes discontinuous, indistinct or absent. It is generally lower in backscatter
intensity than the surface above it, but in places it appears equivalent to or brighter
than the surface echo. Propagation of the signal in the SPLD medium can be
described with a simple two-layer homogeneous model, using reflection and
absorption coefficients appropriate for materials expected on Mars. As in the case of
the NPLD, the strong return from the basal interface indicates very low attenuation
values within the SPLD. Assuming ‘dirty’ water ice overlying a basaltic substrate,
effective loss tangent values between 0.001 and 0.005 are obtained for the SPLD
material. This corresponds to water ice with a dust contamination of 0-10%. The
general behaviour of the surface and subsurface echoes over most of the SPLD
is consistent with a composition of water ice that is relatively free of impurities
overlying a typical martian regolith and crust.

An extended area of unexpectedly bright basal reflections occurs in an area
between the thickest part of the SPLD (~3.7 km; see discussion of SPLD thickness
below) and the nearby SPLD margin, from 310° to 0°E (Fig. 2). The returns are
often brighter than the surface return, which is not expected for propagation through
a lossy medium. While a strong contrast in dielectric constant at the base may be
responsible, we deem it highly unlikely that liquid water (basal melting) causes the
bright return, because it occurs below thin (as well as thick) sections of the SPLD that
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Fig. 1. (A) MARSIS data in radargram format
for orbit 1855 as it crosses the margin of the
north polar layered deposits. (B) Simulated
MARSIS data if echoes are only from the
surface (nadir and off-nadir clutter).

(C) MOLA topography along the ground track
(red line); elevation is relative to the mean
planetary radius. MARSIS data at S MHz
show a split of the strong return into two as the
ground track reaches the NPLD (higher terrain
to the right). Maximum time delay to the second
reflector is 21 ms, equivalent to 1.8 km depth in
water ice.

4. South Polar Layered
Deposits (SPLD)
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Fig. 2. (A) MARSIS data from orbit 2753
showing typical features of the SPLD.

(B) MOLA topography along the ground track.
The lower echo trace (arrows) is interpreted
as the SPLD basal interface with the substrate.
The basal reflector becomes indistinct right

of centre. The central area shows multiple
continuous bands internal to the SPLD, where
the estimated SPLD thickness is 1.6 km.

(C) MARSIS data from orbit 2682 showing

a bright basal reflector (arrow). (D) MOLA
topography along the ground track. The
reflector extends from the margin of the SPLD
(left of centre) to below a 3.5 km thick section
of the SPLD. The basal reflector abruptly
disappears for unknown reasons. (E) MOLA
surface elevations (black line) and MARSIS
measured basal elevations (blue symbols),
assuming a refractive index of ice. The basal
reflector is at a fairly constant elevation
between 1000 and 1500 m. The apparent
curvature of the reflector in (C) is an artefact
of the time representation of the data. Vertical
dimension in (A) and (C) is round-trip travel
time. See Fig. 3 for the location of ground tracks
and MOLA elevation scale.
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are among the coldest places on the surface of Mars. The low attenuation is consistent
with very low temperatures throughout the ice, further arguing against basal melting.
Nevertheless, we cannot completely rule out unusual geothermal conditions or an
exotic composition of the substrate in these anomalously bright areas.

A pattern of banding commonly occurs between the surface and basal interface
traces in MARSIS radargrams of the SPLD (Fig. 2). The banding consists of bright
continuous reflectors, sometimes hundreds of kilometres long, alternating with lower
backscatter bands. The banding is certainly related to the layered structure of the
SPLD, possibly due to contrasts in dust content or density, but the precise mechanism
that creates the bands is unknown. The position and brightness of the bands sometimes
varies with the frequency of the MARSIS observation, suggesting that the bands may
be due to interference effects that depend on the relative scales of the radar wavelength
and the internal layering of the SPLD.

Detection of the basal interface below most of the SPLD allows us to generate a
map of the topography of this interface, and to provide new estimates of the thickness
and volume of the SPLD. The methodology used is as follows. The time delay
was measured between the peak of the surface reflection and the peak of the last
bright continuous reflector, which is assumed to be the basal interface. Over 1800
points from 60 high-quality MARSIS orbits were used. The orbits were chosen to
provide coverage that was sufficiently dense to generate medium resolution maps of
basal topography and SPLD thickness. Data from two frequencies were evaluated
for most points. All points were verified to be actual subsurface reflectors and not
surface ‘clutter,” using simulations of surface echoes based on MOLA topography.
The vertical resolution of the data used was about 100 m in ice, with an estimated
uncertainty on a given measurement less than 200 m. To convert time delay to depth
we used the refractive index of pure ice with a real dielectric constant of 3. We could
reasonably expect this estimate to be off by £0.5, which translates into an additional
error in our depth estimate of somewhat less than 10%. Figure 3 shows a map of the
locations of the measured points.

To obtain a map of the basal interface, the MARSIS-measured elevations of the
interface were combined with MOLA elevations along the margin of the SPLD unit
as mapped by Tanaka & Kolb (2005), where the thickness of the unit is considered
to be zero. The results of a ‘natural neighbour’ interpolation of these data are shown
in Fig. 4. The map of the sub-SPLD topography is generally consistent with that
expected from simple interpolation of MOLA data from the margins of the unit. The
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Fig. 3. Topography of the south polar region of Mars from MGS MOLA Fig. 4. Same as Fig. 3, with topography at the SPLD basal interface

data, with locations of MARSIS measurements of the SPLD thickness shown, based on MARSIS measurements of SPLD thickness. A indicates a
shown as open circles. The SPLD unit mapped by Tanaka and Kolb depression below a distal SPLD lobe. B indicates relative highs within the

(2005) is outlined in black. Red lines indicate ground tracks of orbits in remnant Prometheus basin (basin rim indicated with arrows). C indicates

Fig. 2. Apparent gaps in coverage are due to the lack of a discernible basal depressions in the near-polar region.
interface, and not to gaps in observations. No MARSIS data are available
poleward of 87°S (dark circle in upper centre).

surface is typically low in relief, with broad areas of higher and lower topography. A
pronounced low area is seen near the SPLD margin around 72°-74°S, 130°-145°E,
and elevated regions within the remnant Prometheus impact basin are seen to continue
below the SPLD at 78°-82°S, 100°-130°E and from 70°-90°E poleward of about
83°S. An unexpected feature of the basal topography is a series of depressions at
the highest latitudes (84°—87°S). These occur discontinuously from longitudes 95°
to 295°E. The depressions range in width from 50 to 200 km, and reach a depth of
as much as 1 km below the surrounding sub-SPLD topography. The basal reflection
within the depressions is typically dimmer than under the rest of the SPLD. This, and
the position of the depressions in the near-polar areas suggest there may be processes
unique to this sub-SPLD area. The depressions may be the result of differential
compaction of mega-regolith in response to the SPLD load. Alternatively they may
be a group of buried impact craters or other pre-existing topography such as the
~km-deep pits (‘Cavi’) in the nearby plains. On a regional scale, the basal interface is
relatively flat. The lack of evidence of regional downwarping in response to the SPLD
load suggests the elastic lithosphere in the south polar region is very thick (>150 km),
as was inferred for the north polar region.

A thickness map of the SPLD was generated by subtracting the elevations of the
interpolated basal topography from the high-resolution MOLA surface topography
(Fig. 5). The distribution of SPLD thickness reflects the asymmetry of the south
polar geology, with the thickest portions offset from the pole near 0°E, and the much
more areally extensive but thinner portion centred near 180°E. The newly discovered

101



SP-1291

Fig. 5. Map of the SPLD thickness, based on
MARSIS measurements and MOLA surface
topography. An anomalous thick section
appears in lower right (see A in Fig. 4). The
thickest areas occur beneath the highest
elevations of the SPLD (red areas near top), and
in association with the near-polar depressions
(see C in Fig. 4).

5. Medusae Fossae
Formation

102

near-polar depressions show clearly as anomalously thick areas, as do several of the
distal lobes. The maximum measured thickness is 3.7 + 0.4 km, under the highest
elevations of the SPLD near 0°E. Our estimate of the integrated volume of the entire
SPLD is 1.6 + 0.2 x 10% km?®. This translates to an equivalent global water layer
thickness of 11 £+ 1.4 m (assuming an SPLD composition of nearly pure ice), and is
within the range estimated by previous workers using MOLA data alone (Smith et
al., 2001). Knowledge of the basal topography now allows us to estimate the volume
with a much smaller range of uncertainty.

MARSIS data do not allow us to distinguish a component of CO, ice in the SPLD
material, but there is no corroborative evidence for such a component. Spectral and
albedo observations of the surface of the SPLD indicate an optically thick lag of
dust or rocky material, but this layer is ‘optically’ thin at MARSIS wavelengths.
Similarly, MARSIS detects no difference in surface or subsurface echoes from
areas covered by the residual (‘perennial’) CO,-rich ice unit, consistent with recent
analyses indicating it is a deposit no more than a few tens of metres thick (Byrne &
Ingersoll, 2003).

Units of the Medusae Fossae formation (MFF) occur discontinuously at equatorial
latitudes along the boundary of the hemispheric dichotomy from Amazonis to Elysium
Planitiae (~130°-240°E) (Scott & Tanaka, 1986; Greeley & Guest, 1987). The MFF
may be among the youngest surficial deposits on Mars, unconformably overlying
ancient Noachian heavily cratered highlands and young Amazonian lowlands (Bradley
et al., 2002). The local topographic relief of the MFF units varies greatly, reaching a
maximum of more than 3.5 km (Zimbelman et al., 1999; Hynek et al., 2003; Head &
Kreslavsky, 2004). The morphology of the MFF units is complex and variable. Over
large horizontal scales (tens of kilometres), the undulating hills of the MFF are relatively
smooth (Fig. 6). At smaller scales, many of the MFF units are marked by systems of
parallel ridges and grooves interpreted as yardangs (Fig. 7). Remnant yardangs and
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outliers some distance from the thicker units suggest that MFF deposits once covered a
larger area of the northern lowlands (Bradley et al., 2002) (Fig. 7a).

Layering is observed in the MFF deposits that varies in scale from coarse, indurated
layers that cap weaker, more friable material to thin, pervasive layering. A variety
of origins have been proposed for the MFF deposits. These include ignimbrite or
volcanic ash deposits from now-buried vents (Scott & Tanaka, 1986; Greeley &
Guest, 1987), aeolian deposits from materials weathered early in martian history
(Scott and Tanaka, 1986), and deposits analogous to polar layered and circumpolar
deposits formed either as a consequence of polar wandering (Schultz & Lutz, 1988) or
during periods of high obliquity (Head and Kreslavsky, 2004). Units of the MFF are
associated with the ‘Stealth’ region on Mars, so named because no echo is detected in
Earth-based radar data (Muhleman et al., 1991). In MARSIS observations of the MFF
deposits, subsurface echoes are detected that correspond to the basal interface between
the MFF material and the underlying plains material.

We can characterise the thickness and electrical properties of the MFF deposits
as a guide to their bulk porosity and/or ice fraction. MARSIS data obtained between
March 2006 and April 2007 cover all the units of the MFF (Fig. 6). Radargrams show
subsurface echoes, offset in time delay from the surface return, where the tracks cross
the MFF (Fig. 8). The subsurface echoes generally parallel the surface return except near
the margins where, in some cases, the subsurface and surface echoes converge (Fig. 8).
The observed time delay in the radargrams is consistent with the expected depth to the
interface between the MFF deposits and the underlying terrain. The westernmost MFF
deposits form low-relief, undulating hills (Fig. 6) and overlie relatively young (Late
Amazonian-aged) lowlands volcanic plains associated with Cerberus Fossae (Fig. 7a).
The inferred elevation of the subsurface interface corresponds closely with the floor of
a valley separating two hills where MFF material has been almost completely stripped
away, nearly exposing the Cerberus plains (Fig. 7b and Fig. 8a). The MFF material that
forms Lucus Planum is deposited on older (Hesperian-aged), lowlands knobby terrain
(Fig. 6). The interface beneath the eastern flank of this unit is flat and largely continuous
(Fig. 8b). The MFF material exposed in the pronounced valley of Medusae Fossae itself
extends from the northern lowlands into the ancient heavily cratered (Noachian-aged)
southern highlands, locally burying the dichotomy boundary and the cratered highlands
(Fig. 6). A generally flat, continuous subsurface interface that extends for several
hundred kilometres is separated in time delay from a shallower, discontinuous interface
associated with a layer internal to the MFF deposits (Fig. 8c). The subsurface echo from
the eastern flank of Eumenides Dorsum is more spread out in time delay but appears to
delineate the north-downward slope of the buried dichotomy boundary (Fig. 8d).

Fig. 6. The Medusae Fossae formation in
Elysium and Amazonis Planitiae along the
dichotomy boundary. The locations of MARSIS
orbit tracks 2896, 4011, 3868, 3824, 4117 and
3996 are indicated by back lines (from left to
right) overlaid on MOLA colour-coded shaded
relief. The locations of Thermal Emission
Imaging System (THEMIS) images shown

in Fig. 7 are indicated by the small white
rectangles.

Fig. 7. High-resolution THEMIS images of the
MFF material in Elysium Planitia. (a) THEMIS
visible image (frame #V05275021) shows an
outlier of MFF material that is being stripped,
partially exposing the underlying lowlands
plains. (b) THEMIS visible image (frame
#V13163010) shows numerous yardangs and a
valley stripped of MFF material. The locations
of images (a) and (b) are to the left and right,
respectively, of orbit track 2896 shown in Fig. 6.
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Fig. 8. Radargrams showing MARSIS data

for orbit 2896 (a), 4011 (b), 3868 (c), 3824 (d),
4117 (e), and 3996 (f). Echoes are plotted in
time delay versus position along the orbit. The
subsurface echoes are offset in time delay from
the surface echo and are interpreted to be nadir
reflections from the interface between the MFF
deposits and the lowland plains material. The
peak surface return is corrected to agree with
the MOLA topography along the orbit track.
The radargrams are resampled to a uniform
along-track length of ~1000 km. All the orbits
are ascending except for orbit 2896.

Fig. 9. Radargram showing MARSIS data for
orbit 2896 converted to depth using a dielectric
constant ¢’ = 2.9 for the MFF material. The
dashed black line shows the projection of the
lowland plains beneath the MFF deposits. There
is good agreement between the basal reflector
and the projection of the exposed surrounding
plains (compare with Fig. 8a).
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MFF material overlying Amazonian-period volcanic plains forms the prominent
ridges of Amazonis Mensa and Gordii Dorsum (Fig. 6). There are two parallel
subsurface echoes from the valley between the ridges (Fig. 8e) that correspond to
the base of the MFF material and an internal dielectric horizon. The discontinuous
subsurface echoes associated with the northern tip of Gordii Dorsum correlate in time
delay with the basal echo from the valley floor (Fig. 8e, far right in radargram). The
easternmost MFF deposits overlie the dichotomy boundary and Amazonian volcanic
plains of Olympus Mons and the Tharsis Montes and narrow northwestward into a
ridge (Fig. 6). A discontinuous subsurface reflection from beneath the western part
of the ridge suggests a flat basal interface (Fig. 8f). Previous analyses suggested
that some MFF units are draped over pre-existing topographic rises in the lowlands
(Sakimoto et al., 1999).

The subsurface interfaces revealed by MARSIS suggest that MFF materials are
deposited on generally planar materials in the northern lowlands and the downward
slope of the dichotomy boundary (Fig. 8). MARSIS data support estimates of the
total volume of MFF material calculated using apparent base-level elevations in
the lowlands. These estimates range from 1.4 x 10° km3 (Lanagan et al., 2001) to
1.9 x 10% km® (Hynek et al., 2003). MARSIS observations provide an opportunity
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to evaluate the electrical properties of the MFF where the material is deposited on
lowlands plains that are exposed nearby (Fig. 7a). The observed time delays in the
MEFF deposits correspond to a bulk real dielectric constant €’ of ~2.9 = 0.4, based on the
projection of the surrounding plains beneath the material (Fig. 9). A variation in &’ of
2.5 to 3.3 does not result in a large range in the radar-predicted thickness because h is a
function of the square root of ¢'. The dielectric properties of a material are related to its
density and composition. The real part of the dielectric constant is modulated strongly
by density. The imaginary component of the dielectric constant ¢ and the loss tangent
are strongly influenced by target composition. Radar losses due to attenuation in the
deposits were estimated using the method outlined in Porcello et al. (1974). At 4 MHz
centre frequency (band 3), we obtain losses of ~0.0048 + 0.0024 dB/m. For €' of 2.9
and a centre frequency of 4 MHz, these losses correspond to a range in loss tangent of
~0.002 to 0.006. MARSIS studies of the PLD (Picardi et al., 2005; Plaut et al., 2007)
suggest a value for €' of about 3, consistent with pure water ice, based on the agreement
between the inferred depth of the basal interface and the projection of the surrounding
surface. The loss tangent of the PLD is estimated to range from <0.001 to 0.005. Our
analysis suggests a similar real dielectric constant (2.5-3.3) and a comparably low
range of loss tangent (0.002—0.006) for the MFF materials. The loss tangents derived
for the MFF deposits are below the range measured for terrestrial volcanic materials but
are comparable to some low-titanium lunar materials (Carrier et al., 1991).

Thus, our first-order estimates of the dielectric losses span a range that includes some
dry, unconsolidated geological materials and mixtures of pure water ice and sediment.
The real dielectric constant of the MFF and PLD deposits is also low relative to the
behaviour of compacted rock-derived materials. A maximum &’ of 3.3 corresponds to an
average density of about ~1.8 g/cm?, which is low for the expected self-compaction of
0.5-2.5 km of a dry geological material. There are two plausible interpretations of these
observations. The first is that the MFF material is poorly consolidated and comprised
of non-ice material with low dielectric loss. If the MFF material is an ice-poor ash or
aeolian deposit, it must have an unusually high porosity and low bulk density at depths
up to 2.5 km to account for the estimated values of &¢'. MFF deposits with a depth-
averaged bulk density >1.9 g/cm? will have an &' value outside the measured range.
The second possibility is that the MFF material is ice-rich, with a non-ice component
of higher real dielectric constant and loss tangent (ice present as a minor component
within a matrix of ¢’ = 6 does not match the observed properties).

The extensive fields of yardangs in the MFF deposits, landforms that occur in
variably indurated to poorly consolidated material that is easily eroded by wind,
suggest that sublimation must have removed volatiles from the putative ice-rich
deposits to leave metres of dust and sand. The accumulation of metres of sediments
suggests that the non-ice component of an ice-rich MFF deposit may be larger than
the maximum 10% estimated for the south polar layered deposits (Plaut et al., 2007).
This, in turn, suggests a higher modelled real dielectric constant than that of pure ice.
Although the real dielectric constant and dielectric losses may be consistent with an
ice-rich material, the existing data do not exclude the possibility that the MFF deposits
are an anomalously low density, ice-poor material. In either case, these deposits
appear to have unique characteristics from other martian deposits studied to date by
radar sounding. An ice-rich MFF raises the intriguing possibility of a large volume of
water ice in the equatorial zone of Mars beneath a veneer of dust and sand. MARSIS
observations suggest that the total volume of ice in the SPLD is ~1.6 x 10° km? (Plaut
et al., 2007). If the MFF deposits are ice-rich, estimates of their total volume suggest
a volume of water comparable to that in the SPLD.

6.1 Ionospheric Sounding Results 6. The Ionosphere
Spacecraft radar sounders were originally developed in the 1960s to study Earth’s
ionosphere (e.g. Franklin & Maclean, 1969) and have proven to be a powerful tool
for studying ionospheric physics. Most of our knowledge of the martian ionosphere
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Fig. 10. The top panel shows a representative
profile of the electron plasma frequency, fp,
in the martian ionosphere as a function of
altitude, z, and the bottom panel shows the
corresponding ionogram, which is a plot

of the delay time, Az, for a sounder pulse at

a frequency f, to reflect and return to the
spacecraft. The intense vertical ‘spike’ at the
local electron plasma frequency, f;,(local) is
caused by electron plasma oscillations excited
by the sounder pulse. At frequencies from
Jp(local) to the maximum frequency in the
ionosphere, f, (max), an ionospheric echo is
detected, followed at higher frequencies by a
reflection from the surface. The ionospheric
echo trace and the surface reflection trace form
a cusp centred on fp(max).
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comes from radio occultation measurements, which provide an average electron
density along a line of sight from Earth to a spacecraft in orbit around Mars (Zhang
et al., 1990; Pétzold et al., 2005). The MARSIS measurements nicely complement
these measurements by providing better spatial resolution, and observations in
regions where radio occultation measurements cannot be made. Due to geometric
constraints imposed by the orbits of Earth and Mars, radio occultation measurements
are restricted to solar zenith angles from about 48° to 132°.

A horizontally stratified ionosphere provides an almost perfectly reflecting
surface for radio echo sounding. The reflection (Fig. 10) occurs because free-space
electromagnetic radiation cannot propagate at frequencies below the electron plasma
frequency (Gurnett & Bhattacharjee, 2005), which is given by f, = 8980 (n.)"?> Hz,
where n, is the electron number density in cm™. Echo time delays are measured as
a function of frequency by sequentially stepping the transmission frequency over the
frequency range of interest. Three types of echoes usually occur (Fig. 10). The first is
a very strong ‘spike’ at the local electron plasma frequency, f,(local). This response
is caused by excitation of electrostatic oscillations at the electron plasma frequency.
The second is an echo from the ionosphere that extends from fi(local) to the maximum
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plasma frequency in the ionosphere, fj(max), above which the radio wave can
penetrate through the ionosphere to the surface. The third is a surface reflection that
extends from f(max) to the maximum sounding frequency. The ionospheric echo and
the surface reflection come together in a sharply defined cusp, centred on f,(max).
The cusp occurs because the propagation speed of the wave packet (i.e. the group
velocity) is very small over an increasingly long path length as the wave frequency
approaches f(max).

The Mars Express spacecraft is in an eccentric orbit around Mars with a periapsis
altitude of about 275 km, an apoapsis altitude of about 10 100 km, an orbital inclination
of 86°, and a period of 6.75 hours. Because of gravitational perturbations the local time
and latitude of periapsis evolve rather rapidly. The ionospheric soundings are typically
displayed in the form of an ionogram, which is a plot of the echo strength versus
frequency and time delay. Two ionograms (Fig. 11) have been selected to illustrate the
range of phenomena typically observed. The closely spaced vertical lines in the upper
left-hand corner of the first ionogram (Fig. 11a) are at harmonics of the local electron
plasma frequency and are caused by the excitation of electron plasma oscillations, in
this case at a frequency that is slightly below the low-frequency cutoff (100 kHz) of
the receiver. Even though the fundamental of the plasma frequency is not observed
directly in this case, the plasma frequency can still be determined from the spacing
of the harmonics, and is f,(local) = 44 kHz. At somewhat higher frequencies, from
about 0.5 to 1.7 MHz, a strong well defined ionospheric echo can be seen with time
delays ranging from about 4 to 5 ms. At even higher frequencies, from about 1.7 to
5.5 MHz, a strong reflected signal from the surface of Mars is apparent. The maximum
plasma frequency in the ionosphere, f, (max), can be identified from the cusp and is
1.71 MHz. An unexpected feature is the presence of a second ionospheric echo with
time delays ranging from about 6.3 to 7.1 ms. This echo has to arise from an oblique
reflection, since the apparent range (cA#/2, where c is the speed of light) given on the
right side of the spectrogram is substantially greater than the distance to either the
ionosphere or the surface. The origin of such oblique echoes will be discussed later.

Another unexpected effect, consisting of a series of echoes equally spaced in time,
is seen along the left-hand edge of a second ionogram (Fig. 11b). Comparisons of these
echoes with the magnetic field model of Cain et al. (2003) show that the repetition
rate of these echoes, 1/T,, is almost exactly the local electron cyclotron frequency,

Fig. 11. Two ionograms selected to illustrate
typical features found in the MARSIS
ionospheric soundings. The ionograms display
echo strength (colour coded) as a function of
frequency, f; and time delay, A¢, with time delay
plotted positive downward along the vertical
axis. The apparent range to the reflection point,
cAt/2, where c is the speed of light, is shown on
the right. Ionogram (A) was obtained near the
evening terminator at a solar zenith angle of

¥ = 89.3° and an altitude of 778 km. Ionogram
(B) was obtained on the dayside at a solar
zenith angle of y = 47.9° and an altitude of

573 km. Electron plasma oscillation harmonics
can be seen in both ionograms, as well as strong
echoes from the ionosphere. Ionogram (B) has
a series of horizontal, equally spaced echoes
along the left-hand side. These echoes occur at
the electron cyclotron period, and are called
electron cyclotron echoes. They are believed to
be caused by the cyclotron motion of electrons
accelerated by the transmitter pulse. Although
a strong surface reflection is present in (A),
note that no surface reflection is present in (B).
Surface reflections are seldom seen at solar
zenith angles less than about 40° or during
periods of intense solar activity.
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f. = 28 B Hz, where B is the magnetic field strength (in nT). Because of the close

relationship to the electron cyclotron frequency, these echoes are called ‘electron
cyclotron echoes’. Such echoes are very common and are usually present whenever the
magnetic field strength is greater than a few tens of nT. We believe that these echoes
are caused by electrons accelerated by the strong electric fields near the antenna during
each cycle of the transmitter waveform. The cyclotron motion of the electrons in the
local magnetic field then causes these electrons to periodically return to the vicinity of
the antenna where they induce a signal on the antenna. For this process to occur, the
magnetic field strength must be reasonably uniform over a spatial region comparable to
the cyclotron radius. For a magnetic field strength of 100 nT, which is a typical crustal
field strength at the spacecraft, and a voltage of 500 V, which is the typical antenna
voltage, the cyclotron radius is about 1 km. Since the crustal magnetic fields have scale
sizes of hundreds of kilometres, this condition is easily satisfied.

In contrast to the first ionogram (Fig. 11a), no surface reflection can be detected
in the second ionogram (Fig. 11b). The intensity of the surface reflection is found to
be highly variable, a topic of considerable importance for subsurface sounding. Some
of this variability can be attributed to solar activity. For example, surface reflections
disappeared completely about two days after a class X17 solar flare that occurred
on 7 September 2005, and did not reappear until 23 September, nearly two weeks
later. Although further analysis is needed, it seems almost certain that the absorption
is caused by energetic charged particles produced by solar flares. The onset of the
absorption is usually delayed by a day or more after a flare and tends to last many
days, much longer than the typical time scale for decay of the ultraviolet and X-ray
radiation associated with a flare. At Earth it is well known that energetic protons from
solar flares cause enhanced ionisation and absorption of radio waves in the lower
levels of the ionosphere, and a similar process may occur at Mars. In addition to the
solar flare control, the absorption also appears to increase with decreasing solar zenith
angle. Even during periods of low solar activity surface reflections are rarely observed
when the solar zenith angle is less than about 40°.

6.2 Ionospheric Density Models

In order to compare the MARSIS ionospheric soundings with various ionospheric
models, it is necessary to convert the soundings to usable electron density profiles.
Although a rough estimate of the density profile can be obtained from the apparent
range to the reflection point, for accurate measurements it is necessary to correct for
dispersion, which is the effect the plasma has on the propagation speed of the wave.
For vertical incidence on a horizontally stratified ionosphere the round-trip delay time
as a function of frequency, A#(f), is given by the integral

A

_2 [ dz
)= CM/) Ji- £ M
f2

where the integration is carried out from the reflection point altitude, z(f;), to the
spacecraft altitude, z,.. Since A«(f) is known from the ionospheric echo trace, the basic
problem is to invert the integral to obtain z(f,), i.e. the altitude of the reflection point as
a function of the plasma frequency. Once this is known, the equation f, = 8980 (no)"2,
can be used to obtain z(n,).

Although the mathematical techniques for carrying out this inversion are
straightforward, there are sometimes practical difficulties. For example, the ionospheric
echo trace often does not extend down to the local plasma frequency (Fig. 11). In such
cases it is necessary to make a reasonable guess as to how the echo trace extends from
the lowest frequency measured to the local plasma frequency. Normally the inversion
is not very sensitive to this choice, since the correction to the propagation speed
becomes quite small when the plasma frequency is well below the wave frequency.
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An example of an electron density profile obtained by inverting eq. (1) is shown in
Fig. 12(a). This profile was obtained by using both the ionospheric echo trace and the
surface reflection trace (Fig. 11a). Our approach was to select a theoretical model for
the density profile and then adjust the parameters in the model to give the overall best
fit to the measured time delays. For a density model we use the following equation
from Chapman (1931):

where z is the altitude, 7, is the maximum electron density at the subsolar point, and
z, 1s the altitude of this maximum. The function Ch(x, y) is called Chapman’s grazing
incidence function and takes into account the absorption of the solar radiation as it passes
obliquely through the atmosphere. This function depends on the solar zenith angle, ¥,
and a dimensionless parameter x = (Ry; + z,)/H, where Ry; = 3396 km is the radius of
Mars, and H is the scale height of the neutral atmosphere. Ch(x, %) can be computed
from a power series (Chapman, 1931), or from a table provided by Wilkes (1954). The
fit to the top-side electron density profile is very good (Fig. 7A). The maximum electron
density, n,,,, = 3.58 x 10* cm™3, and the altitude of the maximum, z,,,, = 195 km, are
in reasonable agreement with radio occultation results at this solar zenith angle (Zhang
et al., 1990). Although the bottom-side electron density profile cannot be expected
to represent complicated features, such as multiple density layers, the model does
accurately represent the top-side electron density profile near the peak, and the total
electron content (TEC) through the ionosphere, which is determined by the dispersion
of the surface reflection. The total electron content is defined as the integral +n.dz along
a vertical line through the ionosphere and, in this case, is TEC = 3.7 x 10! cm™2. The
deviation of the measured electron densities from the model at altitudes above about
300 km is probably caused by upward diffusion of plasma away from the region of
photochemical equilibrium described by Chapman’s model.

To study the dependence of the maximum electron density, 7,,,,, on the solar zenith
angle, x, the maximum frequencies of the ionospheric echo traces have been measured
for 12 randomly selected passes from 5 July to 10 October 2005. During this time
the solar zenith angle at periapsis systematically decreased from 98° to 16°, thereby
providing a good sampling of solar zenith angles. A scatter plot of the measured
Jp(max) values is show in Fig. 12(b) as a function of solar zenith angle. As can be
seen, the maximum plasma frequency has a very clear systematic dependence on solar
zenith angle, varying from about 3.9 MHz near the subsolar point to less than 1 MHz
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Fig. 12. Two illustrations comparing electron
densities obtained from ionospheric soundings
to the Chapman (1931) ionospheric density
model. The diamond-shaped points in

(A) give the electron density profile computed
from the ionospheric echo trace in Fig. 6A
after correcting for dispersion. The red curve
gives the best fit to this density profile, while
simultaneously providing a good fit to the
surface reflection trace. The best fit
parameters are = 1.32 x 105 em™3, =130 km,
Zax = 195 km, 1, = 3.58 x 10* em,

H =25 km, x =141, and Ch(x, y) = 13.5.

Plot (B) shows the maximum plasma frequency
in the ionosphere, j;(max), as a function of solar
zenith angle, y, for 12 randomly selected orbits.
The corresponding electron density is shown on
the right side of the plot. The red line is the best
fit to the Chapman electron density model using
(4o/®)1/2=1.98 x 10° em™>.
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7. Oblique Echoes

on the nightside. A scale showing the corresponding electron density values is given
on the right-hand side of the plot. These electron densities are in good agreement with
the results from radio occultation measurements (Zhang et al., 1990), but are slightly
higher than the in situ Viking 1 and 2 measurements (Hanson et al., 1977), which were
obtained during a less active phase of the solar cycle.

The solar zenith angle dependence (Fig. 12b) can be compared directly with the
predictions of Chapman’s electron density model. In Chapman’s model, the maximum
electron density in the ionosphere is given by

n.(max) = (qo/a)"* /Ch(x,x)"* 3)

where ¢, is the ionisation rate at the subsolar point, and a is the recombination rate.
The best fit of this equation to the measured n.(max) values is shown by the red line.
This fit uses the same basic parameters as in the first fit (Fig. 12a), with the exception
of the parameter (g,/0)"? = 1.98 x 10° cm™3, which has been adjusted to give the best
overall fit. The fit has been purposely selected near the densest cluster of points,
ignoring the outlying points. The outlying points are almost certainly influenced by
solar events. For example, the sharp peak in the density that occurred during a pass at
a solar zenith angle of about 34° coincides with a class X1.1 solar flare that occurred
at 08:30 UT (Universal Time) on 15 September 2005. The enhanced electron densities
during this event are almost certainly caused by an intense burst of ultraviolet
radiation arriving from the Sun. Other large enhancements, well above the electron
densities predicted by Chapman’s equation, can also be seen on the nightside at solar
zenith angles of 98° and 104°.

These events are not associated with any known solar flare activity. The
ionospheric echoes in this region are often very diffuse and sometimes have unusual
characteristics, such as a surface reflection that extends below the ionospheric echo
trace. Such echoes are impossible in a horizontally stratified ionosphere and are
suggestive of considerable small-scale structure, possibly consisting of low-density
‘holes,’ like those observed on the nightside of Venus (Brace et al., 1982).

Oblique ionospheric echoes (Fig. 11a) are a common feature in the MARSIS ionograms.
Inspection of successive ionograms shows that the range of these echoes systematically
either increases or decreases with increasing time and sometimes merges with the
vertical echoes. A good way to study these echoes is to make a plot of the echo strength
at a fixed frequency as a function of time and apparent altitude (Fig. 13). Apparent
altitude is defined as the spacecraft altitude minus the apparent range. In this display the
vertical echo is the nearly horizontal line at an altitude of about 120 km. The oblique
echoes almost always have the shape of a downward-facing hyperbola, sometimes
consisting of both branches, but more frequently consisting of only one branch or part
of a branch. Sometimes the apex of the hyperbola merges with the vertical echo, as
in the event marked A. In a radar display of this type, hyperbola-shaped echoes are
characteristic of relative motion between the radar and an off-vertical target.

The asymptotic slopes of the hyperbola-shaped echoes are consistent with the
motion of the spacecraft relative to a feature that is fixed with respect to Mars. We
have verified this hypothesis by comparing repeated passes over the same region
of Mars. Such comparisons show that nearly identical hyperbola-shaped features
often reappear over the same region. The ones that do not show a good pass-to-pass
correlation often occur in very complicated regions with many overlapping echoes,
such as that near the centre of Fig. 13.

Strong evidence exists that most of the oblique ionospheric echoes are related to
ionospheric density structures caused by the crustal magnetic fields discovered by the
Mars Global Surveyor spacecraft (Acuiia et al., 1998, 1999) In a comparison (bottom
panel of Fig. 13) with the crustal magnetic field computed at an altitude of 150 km
using the global magnetic field model developed by Cain et al. (2003), the oblique
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Fig. 13. The top panel shows echo strengths at
a frequency of 1.9 MHz plotted as a function
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Orbit 2234, Day 283, October 10, 2005

echoes are seen to occur in the region where strong magnetic fields are present.
Inspection of other similar plots confirm this basic relationship

Although the detailed correlation between the oblique echoes and the magnetic
field is often complicated and difficult to resolve, in some cases, such as event A in
Fig. 13, the relationship is quite clear. For this event the apex of the hyperbola-shaped
echo is coincident with a well defined peak in the magnetic field. Furthermore, near
the apex, the altitude of the oblique echo (which has merged with the vertical echo)
is clearly seen to be greater than the altitude of the surrounding ionosphere, which
indicates an upward bulge in the ionosphere. Note also that the magnetic field is
nearly vertical in this region, as can be seen by the radial (vertical) component, B,,
which is much stronger than either the southward, By, or eastward, B, components.
These and numerous other similar observations lead us to conclude that the oblique
echoes usually arise from an upward bulge in the ionosphere in a region where the
magnetic field is nearly vertical (Fig. 14a). As the spacecraft approaches the bulge,
oblique echoes start as soon as the constant density surface (/= f,) is normal to the
line-of-sight from the spacecraft (Fig. 14b). Two echoes are then detected until the
spacecraft is nearly over the bulge, at which point the vertical echo disappears or
merges with the oblique echo as the spacecraft passes over the bulge. This basic model
is consistent with radar occultation measurements that show an increase in the scale
height in regions where the crustal magnetic field is nearly vertical (Krymskii et al.,
2002). The bulge is believed to be due to heating, and the resulting increase in the
scale height, caused by solar wind electrons that have access to the lower levels of the
ionosphere along open magnetic field lines. More complex structures probably exist in
regions where the magnetic field is very complex, such as near the middle of the plot
in Fig. 13, or in regions where the crustal magnetic fields are strong enough to stand
off the solar wind (Mitchell et al., 2001).

Although crustal magnetic fields are almost certainly involved in producing the
majority of the oblique echoes, cases have been found where the echoes exist in regions
where the model of Cain et al. (2003) does not predict significant crustal magnetic fields.
We do not know if these cases involve a failure of the model, or whether there are other
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Fig. 14. Panel (A) shows the distribution of oblique echo events as a echoes. As the spacecraft approaches the bulge in the ionosphere the
function of the angle between the magnetic field and vertical. The angles sounder detects two echoes, a vertical echo from the ionosphere and an
were evaluated at the apex of the hyperbola-shaped time delay feature oblique echo from the bulge. As the spacecraft passes over the bulge,
using the model of Cain et al. (2003). Most of the events occur at angles the vertical echo either merges with the oblique echo or disappears
less than about 40°E, indicating that the density structures responsible entirely, depending on the exact shape of the bulge. The bulge in the
for the oblique echoes tend to occur in regions where the magnetic field ionosphere is believed to be due to ionospheric heating caused by hot solar
is nearly vertical. Panel (B) shows a sketch of the ionospheric density wind electrons that reach the lower levels of the ionosphere along open
structures that are thought to be responsible for the oblique ionospheric magnetic field lines.
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8. Discussion and
Conclusions

mechanisms for producing such echoes. Possible mechanisms that we intend to consider
are wind-driven atmospheric waves excited by topographic features and various types of
wave-like structures in the ionosphere driven by interactions with the solar wind.

MARSIS has demonstrated a capability to detect structures and layers in the
subsurface of Mars that are not detectable by other sensors, past or present. The low
attenuation observed in the polar layered deposits (PLD) indicates a composition of
nearly pure, cold water ice. The lack of a significant deflection of the plains surface
below the PLD implies a very thick elastic lithosphere in these regions. The detection
of deep interfaces with minimal loss in the equatorial Medusae Fossae formation
indicates a low material density, and suggests the possibility of a large reservoir of ice
away from the poles.

The MARSIS ionospheric soundings have shown that the ionosphere of Mars is in
good agreement with the expectations of Chapman’s 1931 photo-equilibrium theory
for origin of planetary ionospheres. The soundings have also revealed a number of
unexpected features. These include echoes that reoccur at the electron cyclotron
period, large variations in the absorption apparently caused by energetic solar events,
oblique echoes caused by ionospheric structures associated with the crustal magnetic
fields of Mars, diffuse echoes apparently caused by scattering from ionospheric
irregularities, and ionospheric holes. Since the subsurface soundings must occur at
frequencies well above the maximum electron plasma frequency in the ionosphere
and under conditions of low ionospheric absorption, these measurements have already
proved to be quite useful for planning subsurface sounding operations. The electron
cyclotron echoes also provide a new method of measuring the local magnetic field
strength, which is useful since Mars Express does not have a magnetometer.

Note: Much of the material in this paper has been published in the journals Science
and Nature; see Picardi et al. (2005), Plaut et al. (2007), Watters et al. (2007) and
Gurnett et al. (2005).
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This chapter reviews the first year of results from the Planetary Fourier
Spectrometer (PFS) of Mars Express. An average global spectrum ranging
from 200 cm™! to 8200 cm! is compared with the martian spectrum from the
Short Wavelength Spectrometer of the Infrared Space Observatory (ISO), and
with the global synthetic spectrum computed using only the gases CO,, CO and
H,O. PFS is able to measure the vertical temperature—pressure profile in the
atmosphere and the temperature of the soil simultaneously with the dust and
water-ice opacity. The short-wavelength channel shows the major CO, bands at
4.3 pm and 2.7 pm. The bottom of the first band shows very clearly the non-local
thermodynamic equilibrium emission of the high atmospheric CO, gas, while the
limb measurements show CO emission. All the isotopic CO, molecules appear
to be emitting at the same radiance level, implying strong energy pumping from
the most abundant to the less abundant molecules. In one of the first passes
over Olympus Mons, the temperature field shows abnormal adiabatic cooling in
the atmosphere above the mountain, while the soil temperature of the volcano
is higher than the latitudinal profile expectation because of illumination from
the Sun. The descending branch of the Hadley cell circulation is studied in
detail, with its adiabatic heating and formation of water-ice clouds. Of the many
unidentified lines observed, a few have been studied and the presence of methane
(10 ppbv), HF (200 ppbv) and HBr (150 ppbv) is reported here. PFS has allowed
the study of the composition of the permanent south polar cap: an intimate
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1. Introduction

mixture model of mostly CO, ice, ppm of water ice and some dust fits the data
very well. Almost pure water-ice and CO,-ice spectra have been observed in
specific locations. Finally, many solar lines are being observed; a few are being
studied and compared with ISO observations and the solar spectrum assembled
for PFS. In certain spectral regions, Mars looks like a Lambertian screen,
reflecting an almost unperturbed solar spectrum.

Following arrival in orbit around Mars on 25 December 2003, the Planetary Fourier
Spectrometer (PFS) on Mars Express was activated on 10 January 2004. Routine
operations for each orbit cover calibration, observation and then calibration again.
The observed spectra, although showing evidence of the craft’s micro-vibrations,
immediately gave the flavour of a dataset extremely rich in information. The team
could immediately arrange for a number of publications describing the experiment, its
performance and its scientific validation, in particular, Formisano et al. (2005a) for the
experiment description and Giuranna et al. (2005a, b) for the calibrations. The method
of retrieving the atmosphere’s temperature—pressure vertical profile is described in
Grassi et al. (2005a); the method of fast synthetic spectra computation is presented in
Ignatiev et al. (2005). A number of scientific results were also obtained, and they were
highly appropriate for scientific validation of the experiment and of the data obtained.
This chapter reviews some of the presented results (Formisano et al., 2005b; Grassi et
al., 2005b; Zasova et al., 2005) and adds unpublished data, with the aim of bringing to
the attention of the scientific community the characteristics of PFS data and stressing
the importance of the information in the data.

1.1 Experiment Characteristics and Present Global Coverage

PFS is an IR spectrometer optimised for atmospheric studies. It has a short-wavelength
(SW) channel covering the spectral range 1700-8200 cm™! (1.2-5.5 um), and a long-
wavelength (LW) channel covering 250—-1700 cm™! (5.5-45 um). Both channels have
a uniform spectral resolution of 1.3 cm™!, while the sampling is every 1 cm™'. The
instrument Field of View (FOV) is about 1.6° Full Width Half Maximum (FWHM)
for SW, and 2.8° FWHM for LW, which corresponds to spatial resolutions of 7 km
and 12 km, respectively, when Mars is observed from a height of 250 km.

In comparison with the classical Michelson interferometer, the design (Formisano
et al., 2005a) is highly robust against slight misalignments in harsh environments.
Mechanical vibrations from the spacecraft affect the main radiation beam and the
reference channels used to drive the experiment in the same way, so that meaningful
measurements can still be taken. Double-sided interferograms are taken because
they are relatively insensitive to phase errors — an important point for computing the
martian spectrum.

Figure 1 shows the coverage of the planet achieved by April 2005, after more than
a year of operations. By then, more than 190 000 measurements had been collected,
each consisting of an LW interferogram and an SW interferogram. The coverage of
the planet is very good; the extended mission aims to achieve four times this coverage.
Figure 2 shows the north polar region coverage either illuminated (Fig. 2a) or not
(Fig. 2b); it is evident that the coverage of the northern polar cap has been rather good
when illuminated, but less so when not illuminated. Figure 3 presents the equivalent
coverage of the southern polar cap. Owing to the season, the team has good coverage
of the cap on the night side and limited coverage with solar illumination.

Figure 4 shows the latitude—local time coverage, an important aspect because the
study of diurnal variation of several parameters is an important scientific objective.
The local time coverage is rather good, but it is biased by season, i.e. season and local
time are strongly linked. So far, there are no measurements of the equatorial region
at midnight. It will be necessary to use the pointing mirror to fill this gap because the
pericentre of the orbit, although it travels over all latitudes in time, will never reach
the midnight regions at the equator.
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Fig. 1. PFS coverage of Mars up to 18 April 2005, after more than a
year of operations. The vertical axis shows latitude, the horizontal axis
shows longitude. The footprint of the LW channel is in red (if with solar
illumination), while the SW footprint is in yellow. The grey footprints
indicate no solar illumination.

Fig. 2. (a) North polar cap coverage with illuminated conditions. The Fig. 2. (b) North polar cap coverage with unilluminated conditions. The
north pole is at the centre. north pole is at the centre. LW = black; SW = white.

Fig. 3. (a) South polar cap coverage to 11 April 2005 with illuminated Fig. 3. (b) South polar cap coverage with unilluminated conditions. The
conditions. The south pole is at the centre. south pole is at the centre. LW = black; SW = white.
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2. An Average PFS
Spectrum

compared with the ISO SWS spectrum of Mars (yellow curve) and
a synthetic spectrum (red curve, computed using radiative transfer
modelling of the atmosphere). Disturbance peaks above 6000 cm-1
disappeared after switching off the SW channel laser diode.

In order to validate the PFS data scientifically, an average spectrum was computed for
comparison with Infrared Space Observatory (ISO) Short-wavelength Spectrometer
(SWS) measurements of Mars. The details of how this average was computed are
given in Formisano et al. (2005b). The 16 orbits considered were distributed over all
longitudes for latitudes between —50° and +45°. In local time, the data were between
1200 LT and 1400 LT. Data selection was done by choosing high signal-to-noise
ratio (SNR) spectra from uncalibrated data. The following also compares PFS results
with a synthetic spectrum, computed with radiative transfer modelling of the martian
atmosphere, and line-by-line computation. The computed spectra were with only the
gases CO,, H,O and CO or added aerosols (dust and water-ice particles). The global
spectra of both PFS and ISO are shown in Fig. 5. PFS radiance is larger than that from
ISO from 1600 cm™! up to 3200 cm™!, while ISO’s is larger above 3750 cm™'. The first
is understood in terms of higher ground temperature of Mars for PFS observations;
the second is explained by the higher albedo for the ISO observations. The average
soil temperature for the PFS average observations was 275.5K. Indeed, a Planckian
curve of 275.5K fits the LW channel spectrum rather well. Note that the Planckian
curve also fits the measured spectrum well between 1750 cm™! and 2350 cm™!. Above
that last value, the solar radiance dominates. The ISO ground temperature was 240K
(Formisano et al., 2005b).

The larger ISO radiance above 3750 cm™! arises from the higher soil albedo and
lower dust opacity with respect to the PFS average. Indeed, the sub-solar region for
ISO observation was the Tharsis region, where there is higher albedo per se, and also
higher elevation, which necessarily means lower dust opacity. The different dust/
water-ice content in the atmosphere between the two observations is also revealed
by two other features: the radiance inside the CO, band at 2.7 um, which is clearly
higher in the PFS observation, and a band observed between 3100 cm™! and 3500 cm™!
due to water ice. The possibility of using the radiance inside the two large CO, bands
for measuring the atmospheric dust content was proposed by Titov et al (2000). The
details of the two major CO, bands are discussed later in this chapter.

Figure 5 also shows a comparison of the PFS average spectrum with a synthetic
spectrum computed for a soil temperature of 275.5K and albedo 0.2 constant over the
range. It shows that between 1600 cm™' and 1750 cm™! the observed radiance tends
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Fig. 6. (a) The bottom of the CO, band at 4.3 pm. ISO SWS is the dark
blue line, PFS the black line, light blue is synthetic with no dust, red is
synthetic with dust in the atmosphere.

to be larger than the computed one, owing to the very low responsivity of the PFS
SW channel in this range. The experiment was not designed to detect radiance in this
range, so any capability below 2000 cm™' is a bonus. A posterior this is considered
a very positive result because mechanical vibrations destroy this same wavenumber
range in the LW channel. The radiance, however, below 1750 cm™! has a much larger
error bar.

The synthetic spectrum shows that both the main CO, bands are much deeper than
was observed; the amount of dust included was not enough. Non-local thermodynamic
equilibrium (non-LTE) effects, on the other hand, can produce emission from the
upper atmosphere, observed by PFS in the 2200-2400 cm™! band (Lopez-Valverde
et al., 2005).

There is a large difference between the synthetic and measured spectra between
3000 cm™! and 3500 cm™!. In principle, it could be due either to soil features or
aerosols. Both effects are probably present, but certainly water-ice clouds are
important and perhaps dominant, as can be deduced from several other synthetic
spectra (not shown here for brevity) computed by the team for different ice opacities.

The radiance profile inside the 4.3 um CO, band is given in Fig. 6(a). The ISO
radiance is negative at the centre, meaning that the ISO spectrum had a zero radiance
level problem. The ISO data are shown smoothed over 11 points to reduce the noise,
but the effect on spectral resolution is minor. The radiance variation observed in the
ISO spectrum was interpreted (Lellouch et al., 2000) as due to non-LTE effects in the
atmosphere. In order to have the ISO minimum above the zero level, a radiance value
of 0.007 erg/(s sr cm? cm™!) must be added. The minimum radiance in all four curves
is observed at 2370 cm™!. The synthetic spectrum (no dust) is equal to zero there,
ISO has —0.005 erg/(s sr cm? cm™!), and PFS has 0.01 erg/(s sr cm? cm™!). Adding the
zero offset, the difference between ISO and PFS becomes 0.008 erg/(s sr cm? cm™).
The inclusion of dust in the computation of the synthetic spectrum adds a level in the
bottom of the band, but PFS has certainly more dust than in the computation. Note
that non-LTE effects seem to generate up to 0.017 erg/(s sr cm? cm™!); the difference
ISO — PFS at the band minimum is half this value and can be due either to stronger
non-LTE effects (all PFS data are at 13:00—14:00 local time, the maximum of the daily
thermal variation) or to dust contributions.

Fig. 6. (b) CO, band at 2.7 pm for the same four spectra as in (a).
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Fig. 7. Emitted radiance, computed from a
non-LTE model, fitting the observed PFS
radiance inside the 4.3 pm band.
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The non-LTE PFS observations have been fitted with a theoretical numerical result by
Lopez-Valverde et al. (2005). They have shown that it is the CO, second hot band that
produces the observed features (the R- and P-branches of the second hot band are the
two structures observed on the two sides of the 2328 cm™! band). In order to explain the
observed radiance, however, they have shown that a good fit could only be obtained
after combining a large increase in the V-V relaxation with single scattering in the
second hot bands. The resulting fit is shown in Fig. 7, where the PFS and ISO SWS
measurements are again shown, together with the radiance resulting from modelling.

The radiance inside the 2.7 um band (Fig. 6b) is a measure of the aerosol content in
the atmosphere. In the PFS data the radiances in the two CO, bands (3580-3635 cm™!)
and (3690-3740 cm™") clearly differ. This could indicate spectral properties of the
dust grains, as suggested by Fedorova et al. (2002).

In the case of ISO, dust opacity was evaluated to be 0.2, while using the Fig. 2 of
Titov et al. (2000) for PFS produces an average value of 0.5, in agreement with other
findings from PFS data. PFS average dust opacity at 1100 cm™! in this period was 0.3,
which indicates a ratio between 2.7 pm and 9 pm of 1.66, in agreement with the ratio
of 2.5, usually quoted, between visible and thermal-IR (Clancy et al., 1995).

The behaviour of the Noise Equivalent Radiance (NER) for the two channels is
such that (Giuranna et al., 2005a,b) the SNR for the CO, 15 um band is larger than
150 for a single measurement, and that the radiation inside the 4.3-2.7 pm band is
measured with an SNR larger than 100 (thanks to the averaging of 1680 spectra).

2.1 Non-LTE Emissions at the Limb

In all nadir observations, the bottom of the 4.3 pm band shows the emission modelled
in Fig. 7. The complete picture of the non-LTE emission, however, is obtained with
PFS limb measurements. Figure 8 shows data from one such orbit (orbit 1234), when
the PFS FOV was always above 80 km altitude. Most of the non-LTE emission is
normally masked by the thermal emission of the soil and the reflected solar radiation.
Only the limb measurements show all the details of the emission. Figure 8 includes
CO observed in emission; it can be shown that it is the first hot band of CO. CO,
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emission shows a structure that, when studied in detail (Formisano et al., 2005¢), can
be interpreted as due to the isotopic molecules of CO,. The 636, 626 and 628 isotopic
molecules are emitting at almost the same intensity, which implies a very strong
pumping of energy from the main isotope 626 to the others via collisions. It can be
shown that the 626 and 636 isotopic molecules are emitting the second hot band, while
the 628 is emitting the third.

The LW channel covers the thermal region 250-1700 cm™!. Spectral resolution 3. Results from the
is of the order of 2 cm™! for apodised spectra, sampled with a 1 cm™' step. The LW Channel
instantaneous FOV of the channel has a diameter of 12.2 km at the nominal height of
the 250 km pericentre. A complete description of the instrument and its radiometric
performances can be found in Formisano et al. (2005a) and Giuranna et al. (2005a).

The PFS spectra can be analysed individually using the methods and tools presented
by Grassi et al. (2005a). The algorithm computes the effects of multiple scattering by
atmospheric aerosols. Retrieval of atmospheric fields is limited to surface temperature,
air temperature vs. altitude (up to 45-50 km), dust and water-ice integrated contents.
Dust concentration is assumed to scale exponentially with altitude, according a decay
height of 10 km. Results presented in this work were achieved by assuming that the
water-ice particle concentration vs. altitude is described by an exponential shape with
a 10 km decay height.

An important problematic aspect of the temperature retrieval method arises
from the assumptions made to define the value of P, (atmospheric pressure at
the surface), to be adopted in the definition of a suitable temperature vs. pressure
grid during evaluation of synthetic spectra. Values projected by models were used
integrated with Mars Global Surveyor’s Mars Orbiter Laser Altimeter (MOLA) data
(Smith et al., 2003). In the future, the SW channel data will be used to obtain the
team’s own measured Pg . The non-saturated CO, bands at solar wavelengths (e.g.
5000, 6350 and 6950 cm™!) allow the retrieval of the integrated content of CO, (i.e.
P,.¢), with an error of the order 0.25 mbar or lower.
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Fig. 9. (a) Enlargement of the 15 pm CO, band, unapodised spectrum. Fig. 9. (b) The 15 pm CO, band fitted with the synthetic spectrum
Note the many Q-branches and their isotopic satellites. computed from the temperature profile-retrieval procedure.

Fig. 10. The thermal field from orbit 37, covering Olympus Mons.
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3.1 Atmospheric Temperatures

Figure 9 presents the CO, 15 um band. The bottom of the band clearly shows several
Q-branches, the main one being due to O'°C!20'¢ (usually known as the 626 isotopic
molecule); the others are due to all the CO, isotopic molecules. On the left of the
626 large Q-branches at 668 cm™! there are the well-resolved Q-branches for the
isotopic molecules O'®C!120'® at 663 cm™! and O!'°C'?0'7 at 665 cm™'. This will
allow the abundances of these isotopic molecules to be evaluated. Figure 9(b) shows
a single LW spectrum from PFS fitted with the synthetic spectrum resulting from the
temperature profile retrieval process. Putting together all the temperature profiles from
one orbit (the spacecraft trajectory is essentially always north—south along a meridian)
provides the atmospheric temperature fields. Figure 10 shows the retrieved air thermal
field on orbit 37, passing over Olympus Mons. The general behaviour is similar, in
the regions far from the mountainous relief, to that of the Global Circulation Model
(GCM) (Forget et al., 1999). When comparing the details, however, it is found that
the thermal field measured by PFS is somewhat warmer (10—15K) than predicted by
the European Mars Circulation Dataset (EMCD) for the Mars Global Surveyor dust
scenario. This discrepancy is probably due to the different dust load in the atmosphere.
Adopting a value for dust opacity ratio of 1,;/tr =2, PFS measurements exceed



Scientific instruments

7

W

QO[T T 25 470 TE 0.5 .
b { | Ll
— 280 ' =S
=, | 60 = 0.4F
' @
S 260/ p
B [ 50 & & E
& = H E 0.3
E“ 240 ® P =
2 = Jeow =
@ ] 3 Z 02
3 220+ : S
=4 - | =
+= [ 130 a
= ¥ =]
w 200 | <
[ h {20 -
180 L e [ T | g 0.0E. . \
-60 —40 -20 0O 20 40 2 g0

Latitude (deg.)

Fig. 11. Soil temperature, Sun elevation and altimetry above Olympus
Mons.

model assumptions by a factor ~2—2.5. The capacity of martian aerosols to raise the
average air temperature fields has been well established since the Mariner-9 IRIS
observations (Conrath, 1975) and was confirmed by Thermal Emission Spectrometer
measurements from Mars Global Surveyor (Smith et al., 2000). The temperature fields
retrieved by PFS in the first ~5 km above the surface should be viewed with caution
because the error bar could be larger there.

The most complex situation is observed in the region around Olympus Mons.
There, EMCD provides a poor reference because the model does not currently include
meso-scale phenomena.

A useful comparison can be made between the air temperatures retrieved close to
and far from the dome at a given altitude:

— the most interesting structure is represented by the air temperature minima
centred around 45 km altitude and 20°N latitude. The lower boundary of the cold
region lies at ~35—40 km altitude, where PFS data can still provide some useful
information, even if just from the tails of weighing functions. No similar structure
is visible in the thermal field expected from the model, used as a priori during
retrieval. Consequently, the minima can be taken as real with confidence.

— the air on the lowest atmospheric levels on the southern flank of the dome, where
there is more direct sunlight owing to the local topography and the Sun zenith
angle, shows values up to 220K, even when the less reliable altitude range closer
to surface is neglected. Values of about 20K lower are observed on the northern
flank when the same altitudes above the surface are taken into account. These
fields are related to moderate vertical thermal gradients, of the order 1.5-2K/km,
in comparison with an indicative adiabatic thermal gradient for Mars of around
4.5K/km (Zurek et al., 1992). Higher thermal gradients are measured only in the
lowest levels of atmosphere.

— a heating branch is observed around 16.5°N, extending up to 40—45 km. This
structure strictly correlates with the topographical profile; the vertical temperature
gradient is fairly constant over the volcano’s shield.

— air temperatures at the boundaries of the volcano shield present local minima from
the surface up to 30 km. Cooling branches seem to be present at 12°N and 24°N.

All the structures identified above indicate the need for a meso-scale modelling of
the atmosphere, with possible consequences on the global scale. In other words,
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Fig. 12. Altimetry and dust content over Olympus Mons.
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Fig. 13. Temperature field (isolines) vs. altitude and latitude along orbit Fig. 14. Surface temperature (7, divided by 100), surface altitude
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and the edge of Alba Patera (40°N). Temperatures are retrieved after
averaging over four single spectra, except for Ascraeus Mons (averaged
over two spectra) and the northern polar region (10 spectra).
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observations over local altimetry features are important because they may have
consequences for the global planetary circulation.

3.2 Surface Temperatures

Figure 11 shows the surface temperature trend measured by PFS during a pass over
Olympus Mons. The Sun elevation above the surface of the reference geoid and
topographic profile are also reported for comparison. The general trend driven by
solar illumination dependence on latitude has a remarkable anomaly above the dome,
represented by the high warming of about 10K between 15°N and 21°N. By contrast,
the surface temperature measured around 23°S is lower than expected from the large-
scale trend. A complete simulation of surface temperatures, including geometrical
conditions, surface thermal inertia (taken from, for example, TES measurements,
Mellon 2002), digital terrain modelling and aerosol opacity is under development.
From a qualitative point of view, surface orientation (the southern flank is more
exposed to the Sun) and dust (shielding against incoming solar energy) play major
roles in driving the temperature.

3.3 Integrated Dust Content

The integrated dust content is presented in Fig. 12 for the passage over Olympus
Mons. The effect of different atmosphere thickness owing to dome height is evident,
with low dust opacities near the dome’s summit. Once an exponential decay of dust
concentration with height is assumed, the fit of PFS-retrieved dust content vs. MOLA
topography allows a crude estimation of dust scale-height. The retrieved values have
a number of error sources (limited statistics, dust content uncertainties, finite size of
FOV) that may lead to cumulative effects that are hard to quantify. The results point
to a figure for the scale-height of around 10 km, on both the southern (11.9 + 1.9 km)
and northern (9.6 £ 2.7 km) flanks of the volcano. The extrapolated value of integrated
dust at zero altitude is also quite symmetric in latitude: 0.16 £+ 0.02 for the southern
side and 0.19 £+ 0.07 for the northern flank.

3.4 The Polar Hood

Figure 13 shows the temperature field in latitude—altitude coordinates along orbit 68.
It begins at 70°S, passes over Tharsis, Ascreaus Mons, the edge of Alba Patera and
the northern polar region.
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Temperature profiles were retrieved from the spectra averaged over four individual
spectra. They were averaged over two spectra for the case of Ascraeus and over 10
for the northern polar region above 60°N. The low temperature in the northern polar
region leads to a low SNR, especially in the short wavelengh part of the 15 um band.
Averaging over 10 spectra increases the effective FOV up to 200 km. Both Ascraeus
and Alba Patera have lower altitudes in the plot because the coordinates are also
smoothed. The results of the retrieval from individual spectra for parts of the orbit,
where the SNR is high enough, are presented in Grassi et al. (2005b).

The maximum of the surface temperature is found in the low southern latitudes,
¢ = 0-20°S. Another maximum occurs on the southern slope of the volcano near
the caldera. It is clearly noticeable in Fig. 13 that the sharpest temperature gradient
is observed above the regions with the highest surface temperatures. At latitudes
exceeding 60°N, the temperature becomes low enough for CO, ice to condense.
Indeed, the edge of the northern seasonal polar cap is observed around 62°N; it is
clearly seen in Fig. 14, where the surface temperature, surface altitude and the dust
opacity are presented along orbit 68.

For latitudes above 50°S, opacity changes from 0.1 to 0.8. High values of dust
opacity may be caused by a local dust storm. The water-ice clouds appear in the PFS
FOV only at southern low latitudes. Up to around 20°S the spectral shape may be
explained by the aerosol composed of Toon mode | particles with effective radius
Fegg= 1.65 pm. In the southern tropics <20°S above Tharsis, the water-ice aerosol
should coexist with the dust (averaged over the PFS FOV). However, at 1075 cm™!
the opacity is still defined by dust: the contribution of the ice aerosol is much less
significant in this spectral range. A minimum opacity at 1075 cm™! is observed in
those latitude ranges where the ice clouds cover most of the FOV. The latitude ranges
where the dust, ice and dust+ice clouds are observed are shown in Fig. 15.

Considering orbit 68, below 10 km on the northern flank of the Ascreus volcano
the ice clouds are not visible in the spectra and up to 25°N the aerosol is well
described by the dust particles of Toon mode 2 size distribution. Further along the
orbit, close to Alba Patera, the water-ice aerosols coexist with the dust (in the PFS
FOV) up to 48°N. Above 48°N, the polar hood is observed and the shape of the
spectrum shows that the ice clouds dominate there. The thermal-IR spectrum is
sensitive to the water-ice particle size; the best fit is obtained with ice particles of
ro =4 pm.

Fig. 15. Surface altitude along orbit 68. The
latitude ranges where the aerosols are water
clouds, dust or both are shown. The vertical

-ice

lines at bottom right show the positions of the

spectra in Fig. 17(a,b). The terminator is at
about 76°N.
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Fig. 16. Temperature profiles obtained

from the spectra on orbit 68 at ¢ > 30°N;
approximately every tenth profile is shown to
avoid overlapping). Dashed-dotted lines mark
the temperature of the H,O condensation at 0.1,
1, 10, 100, 200, 300 and 400 ppm, respectively.
Dashed lines present the temperatures of the
CO, condensation.

Fig. 17. (a) Examples of the PFS spectra in

the latitude range 30-55°N, together with the
synthetic spectra calculated for the retrieved
parameters. The variation of the shape in the
centre of the 15 pm CO, band is explained by
the different forms of the temperature profiles.
The positions of the spectra along the orbit are
shown in Fig. 15.

Fig. 17. (b) As Fig. 17(a), but for latitudes
60-85°N.

Fig. 17. (c, below) Temperature profiles
obtained from the spectra in Fig. 17(a).
Approximate altitude is given on the vertical
axis. Dashed lines show the temperatures of
H,0 condensation at 10, 100 and 200 ppm.

Fig. 17. (d, below right) As Fig. 17(c), but from
the spectra in Fig. 17(b). The dashed line shows
the temperature of CO,; the dotted lines show
the temperatures of H,O condensation at 0.1, 1,
10, 100 and 200 ppm.
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At ¢ > 50° the ground temperature is low enough for water-ice to be on the surface.
The aerosol is again observed as water-ice clouds. The best fit is obtained for the
water-ice aerosol having a mean particle size of , =4 um. Beyond 62°N, the surface
temperature along the orbit drops to 150K. Indeed, the CO, polar cap begins there.

An elevated inversion in the temperature profiles, with amplitude about 3—5K,
appears above Alba Patera (Fig. 14), with minimum near 1.3 mb and maximum
around 0.6 mb. The amplitude of inversion increases to the north up to the edge of the
CO, polar cap. The altitude of the temperature maximum also increases. Above the
CO, polar cap, the spectrum at PFS resolution is not sensitive enough to determine the
position of the maximum: it demonstrates the monotonic increase of the temperature
vs. altitude, above the minimum at around 1 mb.

Figure 16 provides examples of the retrieved temperature profiles (approximately
every tenth profile is shown), demonstrating the development of the elevated inversion.
A group of temperature profiles without inversion is found at ¢ <30°N. From Alba
Patera up to the edge of the CO, polar cap, all temperature profiles reveal a strong
elevated inversion. Figure 17(a) gives the spectra together with the synthetic versions for
¢ < 62°N; the position of each spectrum along the orbit is shown in Fig. 15. Above the
seasonal cap, where the surface temperature decreases to CO, condensation, the shape
of the temperature profiles change in such a manner that above the minimum at around
1 mb the atmospheric temperature increases monotonically. The temperature profile
near the surface above the CO, polar cap is not discussed here, because it needs a more
careful investigation of the surface composition. This work used the surface emissivity
of CO, frost mixed with dust. However, even a very small amount of water-ice added
to the CO, ice on the surface may change the surface emissivity significantly (Hansen
et al., 2005), which in turn may change the ice aerosol opacity in the near-surface layer
and influence the near-surface temperature profile. In the polar night the retrieved
temperature in some cases is lower than the temperature of the CO, condensation, which
may be caused by low emissivity of CO, clouds. However, another possibility may be
super-saturation, which was identified in the temperature profiles during polar night at
both poles by radio occultation measurements from Mars Global Surveyor.

Figure 17(b) shows the spectra above the CO, polar cap. Spectra 8 and 9 have
similar shapes but slightly different brightness temperature; one was obtained near the
terminator and the other in polar darkness. Both reveal a low brightness temperature in
the 15 um band and hence a low temperature at the corresponding altitudes, below the
CO, condensation temperature. Temperature profiles corresponding to the spectra in
Figs. 17(a,b) are given in Figs. 17(c,d). The development of the temperature inversion
at northern mid-latitudes and how the temperature profiles change above the seasonal
CO, polar cap are evident.

4.1 Methane
Four bands of methane (CH,) lie within the spectral range of the PFS, at 1300, 3000,
4400 and 6000 cm™! (Formisano et al., 2004). The 6000 cm™! band is not suitable
for detecting weak CH, signatures by the PFS owing to the presence of many strong
solar Fraunhofer lines and the unavailability of the solar spectrum in this region that
could be accurately removed from the measurements. In the 4400 cm™! and 1300 cm™!
regions, there is some evidence of spectral signatures of minor species. However, the
SNR of the PFS is much greater in the 3000 cm™! region; the search for methane was
thus made in this band, at 3018 cm™'. In order to increase the SNR, 100-200 high-
intensity spectra from several orbits were averaged. The resulting global average
contains information from 1680 spectra. The continuum is computed by smoothing
the spectrum itself over 31 cm™! range. The continuum is then subtracted from the
global spectra to obtain a differential spectrum.

Figure 18 shows the calibrated PFS differential spectrum in the 3000 cm™! region
averaged over 1680 spectra in the manner described above. A number of solar and
water vapour lines can be identified in the spectrum (indicated by S and W). Some

4. Minor Species
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Fig. 18. PFS differential spectrum (averaged
over 1680 measurements) in the region of
methane absorption lines. Solar, water and
methane line positions are indicated. The
three lines shown are the average plus and
minus the NER for this average.
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lines are still not identified, as they may be due to other molecules. However, the line
at 3018 cm™! is neither solar nor due to water lines; it corresponds to the line position
of maximum methane absorption in this wavenumber region. In order to give an error
bar on the measured radiance variations, the same spectrum plus or minus a sigma
value was also plotted. Sigma was computed from measurements looking at deep
space, which in the PFS SW channel corresponds to a zero-level source, and therefore
gives a measurement of the instrumental noise. Averaging over 1680 measurements
increases the SNR by a factor 40 at least. Figure 18 shows the presence of other
possible methane-related features, at 3105, 3075, 3047, 3027 and 2997 cm™!. The last
three features, however, are also contaminated by water lines and possibly by other
molecules.

The line depth at 3018 cm™! can be converted to the actual methane abundance by
comparing it to a synthetic spectrum, as discussed below. Figure 19 shows synthetic
spectra computed for the assumed martian conditions (6 mb of CO, atmosphere,
350 ppm or ~30 pr-um of H,O at the surface) but with the temperature profile
retrieved from the 15 pm band of the same averaged data, and using a solar spectrum
constructed for the PFS on the basis of observations and theoretical models (Fiorenza
& Formisano, 2005). The general slope of the spectrum is indicative of the presence
of water-ice clouds in the equatorial region of Mars. Indeed, the quality of the fits
improves noticeably when such clouds are included in the synthetic spectra. In the
synthetic spectra, the water-ice clouds have an effective size of 1.25 pm (Clancy et
al., 2003), and optical constants from Warren (1984) were used. A deep solar line
is present at 3012 cm™!, as in the data. The peak on the left-hand side of this line,
indicated in Fig. 19 as ‘OV’ (overshoot), is a characteristic of the PFS monochromatic
transfer function (of the sinc type, see Giuranna et al., 2005b). For very thin and
intense lines, the function is slightly asymmetric and generates a small overshoot on
the left side of the line. The CH, line is at 3018 cm™!. From the direct comparison
between the PFS spectrum and the synthetic models (Fig. 19), the observed line
depth corresponds to approximately 10 ppb of methane. Considering the statistical
uncertainty in the retrieval, the sigma error bar of Fig. 18 and the calibration
uncertainty (the transformation of digital units into c.g.s. units brings an increase in
the error bar), a conservative CH, mixing ratio of 10 + 5 ppb is derived. The synthetic
calculations also show that, as the individual lines are not saturated, the depth of the
v; Q-branch should increase almost linearly with increasing mixing ratio, and this fact
can be used to identify and study variations of the methane mixing ratio.
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Fig. 19. PFS average spectrum (black line) with
a synthetic spectrum (red) with no methane,
and synthetic spectra (blue) with 10, 20, 30, 40
and 50 ppbv of methane.

Fig. 20. PFS average spectrum measured over
120 spectra on orbit 145. The £NER lines are
also shown. The red line is a synthetic spectrum
with 35 ppbv of methane.

Fig. 21. PFS average spectrum measured over
120 spectra on orbit 72. The £NER lines are
also shown. The red line is a synthetic spectrum
with 0 ppbv of methane.
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Fig. 22. Footprints of the PFS observations
considered here, inserted into the OMEGA
polar cap image. The different colours identify
measurements averaged together in the

study; data from three different orbits were
considered.
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An examination of orbits with higher airmass factor can provide greater confidence
in the analysis, as the methane line depth should increase with increasing CH,
amounts along the line-of-sight. This is possible since Mars Express occasionally
does not point to the nadir (its normal operation mode), but at a slant angle. This
results in an increased air mass in the line-of-sight, which implies that the line-of-
sight abundance of methane should also increase, while its mixing ratio is expected
to remain unchanged. Figure 20 shows the average over 121 measurements taken
during the pericentre pass of orbit 145, with an airmass factor of 1.12. In the figure,
the black curve is the measured PFS spectrum with the +o thin lines, while the red
line provides synthetic spectrum for 35 ppb of methane, but taking into account the
airmass factor we obtain 30+5 ppb for the mixing ratio. The value obtained is higher
than the global average value of 10 ppb, indicating that the methane mixing ratio
may be variable. Motivated by this possibility, several other orbits were examined,
including 68, 202 and 72, for which the airmass factors are, respectively, 1.03, 1.33
and 2.1. It was discovered that orbit 72, for which the airmass factor (2.1) was even
greater than on orbit 145 (1.12), gives another extreme in CH,. Since the number of
measurements for this case (120) is close to those in orbit 145, a similar sigma value
is obtained. Figure 21 gives the average PFS spectrum for orbit 72. The uncertainty for
this average is shown as +c lines. The spectrum is just like the others, with the water
lines and the solar lines (together with overshooting) well evident and fitted. However,
there is no indication of the methane line, and the synthetic spectrum with no CH, fits
the data nicely. As the synthetic spectrum fitting orbit 72 data was computed using the
same solar spectrum as for the previous figures, it is also automatically demonstrated
that the 3018 cm™! line in the previous figures was not due to the Sun. From the four
orbits 68, 145, 202 and 72, with respective airmass factors of 1.03, 1.12, 1.33 and
2.1, CH, mixing ratios of 9, 30, 30 and O ppb are derived by comparing the observed
methane line depth to synthetic spectra, after taking into account the airmass factors.
In the case of orbit 72, it is concluded that the CH, abundance is below the PFS
detectability limit, i.e. lower than 5 ppb. The maximum value of methane is three
times the global average value given above. Such behaviour seems to indicate CH,
variability over the planet.

4.2 HF and HCI

Two other minor species, HF and HBr, have been identified tentatively. Both gases
have a number of lines present in the PFS spectrum; some lines are clearly identified,
while others may be masked by water or solar lines. For both gases, a number of lines
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Table 1. Parameters for CO, frost models that fit specified PFS residual south polar cap
averages shown in Fig. 25.

O, grain Mixed Mixed | Frost Soif Dark
Spectra description radius, witer, Fust, modet spatial nentral
i wi. % wt% | scafing | fraction | spatial IiF

Orbit 30 average (Fig. 26) 35 0,001 0.01 0.50 0,30 0.004
Orbic 30 bright spot (Fig. 27) 84 {.0005 0.06 1.38 0.0 0.0
Orbit 41 A 7.0 {.0007 0.05 0.77 0.095 0.004
rbil 41 B 10.0 .0003 0.03 0.77 0.08 0.0
(nbit 41 C 10.0 0.0005 0.05 1.00 .05 0.0
Orbit 30 avg. BDR 5.0 0.005 0.02 0.76 .50 0.003

have been seen, identified and studied. HF is identified clearly at 4075 cm™!, while
HBr is identified from the 2470 cm™! line. The significance of these findings is still to
be established, but the mixing ratios are of the order 200 ppbv for HF and 150 ppbv
for HBr. They can certainly contribute to acidic brine, and in general to the acidic
conditions of the martian environment.

PFS has also provided important, clear measurements over the polar cap ices, allowing
the study of their compositions in terms of water versus carbon dioxide. Modelling
of the measured spectra allow us to study the grain sizes of both ices, the percentage
of dust present (the model assumes intimate mixing), the presence or absence of soil
in the footprint (PFS has a footprint size of 10 km or more, and the presence of soil
with no ice must be included). The following shows how some measured spectra were
fitted, and the parameters used to obtain the fit.

Five spectral averages were made of the radiance factor (I//F) of the residual south
cap plus one of an adjoining region with the spectral features of fine-grained water
snow, the measurements being taken from three orbits passing over the perennial
south polar cap (Hansen et al., 2005). The locations of the spectra used in these
averages are depicted in Fig. 22. The average spectra from the different regions are
shown in colour in Fig. 23. The average of 11 spectra from orbit 30 (yellow outlines

Fig. 23. The PFS measured spectra over the
southern residual polar cap. Colours are the
same as in Fig. 22. Only the wavenumbers from
2000 cm™' to 4350 cm™ are shown.

5. South Pole Ice
Composition
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Fig. 24. The large average for orbit 30 (black
line) is shown along with a scaled albedo model
fit (grey line). The average is from the 11
yellow footprints shown in Fig. 22; the model
parameters are specified in Table 1.

Fig. 25. The bright average for orbit 30 (black
line) is shown along with a scaled albedo model
fit (grey line). The average is from the two
cyan footprints shown in Fig. 22; the model
parameters are specified in Table 1.
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on Fig. 22) is shown in Fig. 24, along with a scaled albedo model. The scaling given
in Table 1 is relative to the albedo times the cosine of the incidence angle (~0.18 in
this instance), so the numbers are closer to relative abundances and have the same
relative units as the soil spectra. There are inaccuracies and uncertainties that cause the
sum of the parts in Table 1 to differ from 1.0, such as surface roughness and surface
photometry, which are known to be significant factors at large incidence angles. The
fit is very good to this low-noise average, at least up to 4300 cm™!, except in the
regions where the solid CO, absorption edge is outside the atmospheric absorption
bands near 2500 cm™! and 3800 cm™!. Here, the level of reflectance is near zero for
pure CO, ice, and is elevated by the intimately and spatially mixed impurities (mainly
dust). The exact level and shape of the spectra in these regions are determined by the
dust optical constants. In this spectral region, those for terrestrial palagonite are used,
although it is not an exact analogue for martian dust. This large average requires about
40% of the area to consist of soil with a spectrum similar to that beyond the polar cap.
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Fig. 26. Water-ice spectrum at the edge of the
residual polar cap. This average is from the
areas indicated by the three green outlines in
Fig. 22. The scaled BDR model is shown in
grey. It is a linear combination of large- and
small-grained ice that mimics the height of

the reflecting regions around 4000 cm™! and
2750 cm™!, and the relative height of the Fresnel
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The average of two especially bright spectra from orbit 30 (cyan outlines in
Fig. 22) is shown in Fig. 25. Here, the model fit is optimised to fit the spectrum at
wavenumbers below ~3200 cm™!, because this is the region that has been calibrated
using a black-body radiator. It was not possible to fit the data at wavenumbers
>3300 cm™! without significantly losing the fit <3300 cm™'. This kind of misfit is
common when averaging only two or three spectra, and perhaps would be improved
with more spectra to average. This example is larger grained and requires no soil
spatial fraction, implying 100% frost coverage in these areas. It is also 30% brighter
than a Lambertian plane of frost. This is partly explained by the typical increase in
albedo of bright materials at high incidence angles, and partly by non-Lambertian
behaviour of the frost scattering.

Three sets of spectra were selected from the available orbit 41 data, based on their
similarity across the spectral range investigated here. The first average consisting of
four spectra (blue in Fig. 22) is similar to the large average of orbit 30. The second
average of three spectra (black in Fig. 22) is slightly brighter at large wavenumbers
and darker at small wavenumbers than the first average. The final average consisting
of three spectra (red in Fig. 22) is similar to the bright average of orbit 30. Not shown,
for brevity, are the figures of these data and their fit (Hansen et al., 2005). In all three
cases, for the same reason as before, the fit was held tightly below 3200 cm™!, with
some misfit at larger wavenumbers appearing in averages two and three. The fits are
generally better in the first two than in any of the others from either orbit. The model
grain sizes are slightly larger than those from orbit 30, and all present FOVs more
filled by frost (<10% soil area) than the large orbit 30 average.

To investigate the sensitivity of the models to the lighting geometry, bi-directional
reflectance (BDR) models were run to compare with the scaled albedo models. The
BDR spectrum looks more like the normal albedo spectrum but with a factor 2—5 less
dust and water ice. The normal albedo with the same impurity amounts as the high-
incidence models is too dark in the 2800-3500 cm™! region, and the albedo model
at 79° incidence looks even purer than the BDR. A BDR model (multiplied by ) is
described in Table 1 as adjusted to fit the orbit 30 large average, with a fit comparable
to the scaled normal albedo model. The implication is that the measured spectra are
consistent with 2—-5 times the dust and water than in the albedo models described in
Table 1.

On orbit 61, a region at the edge of the south polar residual cap was found that
looked very much like a fine-grained water frost. Figure 26 shows the average of
three spectra (indicated by the green outlines in Fig. 22), smoothed over wavenumber
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6. Signatures of the
Solar Spectrum

because there are no fine-resolution features in the spectrum of water snow. Also
shown in Fig. 26 is a model that fits it. The model is based on a bi-directional
reflectance model of water snow at ~150K at the lighting geometry consistent with
the observation. The model is adjusted to fit the peak reflection at 2800 cm™! and
4000 cm™!, and the height of the Fresnel reflectance peak of water-ice at 3220 cm™.
The model consists of a spatial mixture of fine-grained water ice (to match the high
reflectance) and large-grained water ice (to match the Fresnel peak). The relative
abundances of fine-grained (» = 3 um) snow and coarse-grained (» > 50 pm) snow are
about equal and the model is scaled by a factor of about 0.8 (implying a small amount
of shadow in the footprints).

The model simulation of the PFS south polar cap spectra shows that the principal
component of ice is, of course, solid carbon dioxide. However, best fits require some
admixture, with water-ice amounting to (allowing for uncertainties owing to lighting
geometry) not more than several tens of ppm by mass. The effective grain sizes are
typically 5-10 mm, and the dust content is a few times 10~“. These results are very
similar to those from telescopic measurements of the mid-summer south polar cap
in the same wavelength region (Glenar et al., 2005). A very different estimate of
15% for the H,O/CO, mixing ratio was published by Bibring et al. (2004), on the
basis of spectra obtained by OMEGA in the 2-2.6 um wavelength range. It seems
the discrepancy is related to the models rather than the data. The team’s assumption
is that the CO, and H,O are sufficiently different in volatility that they condense
discretely and mix heterogeneously, like dust and ice. It is assumed that the water
is mostly from atmospheric condensation and has grain sizes typical of atmospheric
water-ice particles. The Bibring et al. (2004) model, on the other hand, assumes a
molecular mixture of CO, and H,0, which would be expected to produce different
results to the grain mixture. The spots of high water-ice abundance in the OMEGA
data, however, correspond well with the water-ice regions sampled by PFS on orbit
61 (Fig. 26). Finally, it should be stressed that only information about the composition
of a thin layer can be derived from the IR spectra. What is below cannot be studied
with IR remote-sensing techniques. But a predominantly CO,-covered residual south
polar cap at a time when it is at its smallest extent (at the end of summer) proves from
a spectroscopic point of view what thermal measurements have shown before: the
persistence of CO, is the normal state of affairs for the south over at least the last 30
years, even in the face of rapidly changing small-scale terrain features (Malin et al.,
2001).

The intensities of 10 solar lines relative to the continuum, which is given in Table 1 in
PFS units [erg/(s sr cm? cm™!)], have been studied. The intensity of a solar line relative
to the continuum should remain constant in time if the line is not variable (as assumed)
and if there are no systematic errors in the measurements. The lines considered
(Table 2) range from wavenumber 2468 cm™' to 3012 cm™'. Their intensities with
respect to the continuum span from 2.1% to 8.5%. Although there is a systematic
difference in the continuum owing to higher soil temperature for PFS, the solar line
intensities are essentially identical for PFS and ISO; indeed, the deviation on average
seems to be only 0.02%. It appears clear that the overshoot is present in the PFS data
only for the most intense lines. If the average error on the line intensities is considered
as due to noise, then there is an SNR of the order 3000 in the wavenumber range
considered here (for this average of 1680 PFS measurements).

The last column in Table 2 gives the FWHM of the lines studied. This quantity is
useful for checking the spectral resolution of PFS; on average, the FWHM is of
the order 1.5 cm™!. This does not disagree with the quoted spectral resolution of
1.3 cm resulting from studies of synthetic spectra fitting PFS measurements, because
single solar lines were not necessarily selected. It may well be that some of the
lines are multiple solar lines, in which case the FWHM would not be expected to be
representative of the PFS spectral resolution.
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Table 2. The intensities of solar lines.

IS0 data PFS dara
Line em” | continuum % | coalinuim % Cvershoot | Differences | FWIIM em”
2468 0.440 4.9 0.735 4.2 ng 0.7 1.7
2357 0,436 2.5 0.667 24 ne 0.1 2.0
2587 0.430 6.5 0.641 7.1 ves 0.6 L3
2669 0.428 2.1 0.597 1.8 no 0.3 1.8
2673 0.425 2.8 0.592 2.0 no 0.8 L7
2704 0.421 3.1 0.574 33 no 02 1.3
2716 0.418 3.1 0.566 4.0 yes —0.9 1.0
2719 0.416 3.1 0.563 3.0 o A 1.8
2747 0.404 2.2 0.537 24 yes 0.2 1.2
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Finally, a comparison was made of a measured PFS spectrum in the range
6000-6200 cm™! with the solar spectrum assembled by Fiorenza & Formisano (2005)
for PFS. The results are shown in Fig. 27. Essentially, all the observed lines in this
range appear to be solar in origin. It is important to note that the solar spectrum in
this region has many major lines and has never before been measured from space.
In Earth-based observations, the saturated water bands in the atmosphere prevent
the study of the solar lines in this wavenumber range. There are 41 solar lines
identified in this portion of the spectrum that are also observed by PFS. Only six
lines in the PFS spectrum do not correspond to solar lines, and three minor solar
lines are not seen by PFS, possibly because of insufficient spectral resolution. The
relative intensities of the measured lines correspond very well to the intensity of the
assembled solar spectrum.

Fig. 27. The PFS spectrum compared with the
assembled solar spectrum: almost all the lines
observed in this region are of solar origin.
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7. Conclusions
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The SPICAM (Spectroscopy for the Investigation of the Characteristics of the
Atmosphere of Mars) UV-IR dual spectrometer is dedicated to the study of the
atmosphere of Mars. It is the first instrument to perform stellar occultations
at Mars; its UV imaging spectrometer was designed primarily for atmospheric
vertical profiling by stellar occultation. The IR spectrometer is dedicated to nadir
measurements of H,O abundances simultaneously with UV o0zone measurements,
for a better understanding of the chemical coupling H,0-O;.

The principal SPICAM achievements are: the first vertical profile of density/
temperature of CO, obtained from a planetary orbiter; numerous vertical profiles
of ozone and cloud layers; the systematic measurement of total vertical ozone
along-track on the dayside provides the first climatic map of ozone on Mars; the
first simultaneous measurements of ozone and water vapour from an orbiter;
the discovery of nightglow NO bands in UV; the discovery of auroral activity
near the crustal remnant magnetic field; a thorough study of the ionosphere—
upper atmosphere through high-altitude aeronomical observations of O, H, CO,
CO*, and CO7Z; and the first measurement of H,O and CO, ice albedo spectra
(simultaneously with OMEGA and PFS). Other products of IR nadir observations
are: surface albedo at various wavelengths; the intensity of Oz(lAg) emission due
to photo-dissociation of ozone; the equivalent widths of carbon dioxide and water
ice (on the surface and in aerosol layers); and water vapour total column amount.

All of these successes are the result of a highly versatile instrument, a highly
capable spacecraft, and engineers and scientists dedicated to the design, building
and testing of the instrument, integration on the spacecraft, and complex
operations managed at ESTEC and ESOC.
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1. Introduction

Fig. 1. Mechanical layout of the SUV and SIR
channels. The IR AOTF spectrometer is at the
front; the UV spectrometer is at the rear. The
common optical axis points to the right (the
+Z axis of the spacecraft).
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Mars Express is recovering most of the science lost with the launch failure in
November 1996 of the Russian Mars-96 mission. SPICAM was dedicated to studying
the atmosphere of Mars from top to bottom (Bertaux et al., 2000), in a variety of
observing modes, including stellar occultations. It consisted of two packages: one for
solar occultations, and one for stellar occultations and limb viewing. With the common
electronic package, the total mass was 46 kg. Within the much more limited payload
mass available on Mars Express, the design had to be radically modified. The strenuous
efforts of the team produced a new instrument, called SPICAM Light, a 4.7 kg UV-IR
instrument able to deliver most of the science of the Mars-96 version. The considerable
mass saving was achieved by sacrificing all the visible part of the spectrum in the
solar and stellar occultation sensors, and by removing all redundancy between the two
sensors. Also, the pointing ability of Mars Express avoided the need for the instrument
platforms of Mars-96. SPICAM Light was originally proposed to include the separate
solar occultation IR sensor (SOIR) inherited from the solar package of SPICAM/
Mars-96. This 3.8 kg sensor consisted of a grating spectrometer (1.2—4.8 pm, resolution
0.4—1 nm) for vertical profiling during solar occultations of H,0, CO,, CO, aerosols and
exploration of carbon compounds such as methane (Bertaux et al., 2000). The severe
mass constraints precluded its inclusion; instead, an extremely lightweight near-IR
spectrometer based on acousto-optical tuneable filter (AOTF) technology, dedicated to
water vapour measurements at 1.38 um, and designed in Russia, was accepted by ESA.

This chapter presents an overview of the instruments, the modes of observations,
some statistics on the number of observations, and a summary of the main scientific
results. These results are discussed in much greater detail in several dedicated papers:
the retrieval of occultation data (Quémerais et al., 2006), total ozone mapping (Perrier
et al., 2006), ozone vertical profiling (Lebonnois et al., 2006), dust and aerosol vertical
profiles (Montmessin et al., 2006), dayglow and nightglow (Leblanc et al., 2006), limb
dust measurements (Rannou et al., 2006), and water vapour measurements (Fedorova
et al., 2006). This chapter is based on material presented in Bertaux et al. (2006) and
Korablev et al. (2006).
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Table 1. SPICAM mass, power and telemetry budgets.

Mass

Power

Data volume

per measurement

per orbit

Electronics block (DPU) 0.9 kg
Sensor unit (SU) 3.8 kg
Total 4.7 kg
DPU + SUV 13 W
DPU + SUV + SIR 18 W
SuUv 3.1 kB
SIR 1.05 kB
~5 MB

Table 2. Characteristics of the SPICAM UV channel (SUV).

Primary mirror
Slit
FOV

Spectral range

Grating

Spectral resolution per pixel
Resolving power (occultations)
Resolving power (extended source)
Pointing accuracy

Detector

Intensifier

Vertical resolution

Off-axis parabola 40 x 40 mm, coated MgF,, f = 120 mm

50 pm x 4.6 mm; 500 pm x 2.2 mm

of a pixel 0.7 x 0.7

2 x 3.16° no slit (stellar occultation); 0.24 x 0.95° with double slit

118-320 nm

holographic, concave, toroidal coated MgF,, 290 lines/mm, blazed 170 nm

0.51 nm

120300 stellar; small slit

120—-300 small slit, ~20 large slit

<0.2°

CCD Thomson TH7863 TE cooled at 270K, useful 288 x 384 pixels, 23 x 23 pm
Hamamatsu 200M, solar blind CsTe photocathode, input window MgF, + sapphire

<1 km (occultations), ~10 km (limb)

SPICAM consists of two blocks: a 3.8 kg sensor unit (SU) with the UV (SUV) 2. Instrument Overview

and near-IR (SIR) spectrometers, and a simple data processing unit (DPU, 0.9 kg)
providing the interface for these two channels with the spacecraft. After the loss of
SOIR at selection, both channels acquired a solar occultation sounding capability
in partial compensation (with a shorter wavelength range). The instrument’s
mechanical layout is presented in Fig. 1; the mass, power and telemetry budgets are
summarised in Table 1.

3.1 UV Spectrometer Description

The SUV’s characteristics are summarised in Table 2. For better efficiency in
the UV, the spectrometer has only two reflective surfaces (Fig. 2). An off-axis
parabolic mirror reflects the light towards the spectrometer entrance. At its focal
plane, a mechanical slit system provides two configurations: no slit at all for

3. UV Spectrometer
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Fig. 2. Optical scheme of SPICAM’s UV and IR
channels. 1: aperture blend of the UV channel;
2: off-axis parabolic mirror; 3: slit (can be
changed from wide to narrow, by a mechanical
actuator; see text); 4: concave UV grating;

5: intensifier; 6: CCD; 7: IR channel objective;
8: IR FOV diaphragm; 9/11: collimating

lens; 10: AOTF crystal; 12: light trap for
undiffracted light; 13: detector proximity
lenses; 14: ‘extraordinary’ beam detector;

15: ‘ordinary’ beam detector; 16: solar opening
(closed by shutter when not looking at Sun);
17/21: flat mirror; 18: IR solar entry;

19: optical fibre; 20: fibre collimator.
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stellar occultations, and a slit for extended sources. The slit is divided into two,
with different widths providing two spectral resolutions when observing extended
sources. The 50 um-wide slit provides good resolution at lower fluxes; the 500 um
slit offers more sensitivity at the expense of a coarser spectral resolution. The slit
can be completely retracted, leaving a hole corresponding to the total useful field
of view (FOV; 2 x3.16°). This configuration is used in the stellar occultation
mode with a dark limb when the spectrum of the star is recorded on a few lines
of the CCD. The required pointing accuracy is 0.2°, but the achieved spacecraft
pointing accuracy is often much better on Mars Express, after accounting for a small
mechanical misalignment of SPICAM with the craft’s axis, which was measured in
flight using star observations. It has been possible on some occasions to perform
stellar occultations within the narrow part of the slit (0.02° wide), allowing some
vertical profiling even on the dayside.

A holographic concave toroidal grating from Jobin—Yvon, ion-etched for efficiency,
feeds the detection block. The image ratio is ~1, which means that a monochromatic
image in the entrance of the spectrometer is conserved in the detector plane (Fig. 3).
The spectral resolution for a point source determined by aberrations is about 1 nm.
The CCD detector is a Thomson TH7863 with 288 x 384 useful pixels, and a masked
zone of equivalent size. Pixel size is 23 X 23 um. The detector is electrically cooled to
~0°C; at this temperature the dark current equals 800 electrons per pixel per second,
or a few analogue to digital units (ADUs) only. By means of custom fibre optics,
the CCD is coupled with the output window of the image intensifier (Hamamatsu
type 200M). A solar-blind CsTe photocathode has zero quantum efficiency beyond
320 nm. The input window is made of MgF, to reach down to Lyman-a wavelengths
— an important target for SPICAM. A sapphire filter partially covers the window,
preventing overlapping of diffraction orders and Lyman-a stray light.

For solar occultations, there is a 0.2 cm? mirror at 90° to the main optical axis at
the entrance pupil. During solar occultation measurements, the detector operates at the
lowest gain and an integration time of 20 ms. The focal length of the telescope is such
that one CCD pixel covers a FOV of 0.01 x 0.01°. The narrow part (0.02° wide by 1.9°
long) of the spectrometer slit has a spectral resolution of 1.5 nm (about 3 CCD pixels),
while the wide part (0.2° wide by 0.98° long) has a higher photometric sensitivity for
extended sources (factor ~8), at the expense of a reduced spectral resolution (6 nm).
In principle, SPICAM can record 288 spatially resolved spectra along its 2.88°-long
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slit (i.e. each spatial element subtends 0.02 X 0.01° on the sky). However, in practice,
only five spectra are transmitted for each 1 s measurement in order to save on data
transmission. These spectra are formed differently for various modes of CCD readout
(see Fig. 6). The most-used mode is such that each of the five spectra is a sum of
N individual CCD line spectra (binned on chip in the readout line, before reading),
with N=2, 4, 8, 16 or 32, forming five adjacent spatial bins of variable extent (from
0.02° to 0.32°). Two other modes may be used for special purposes: a full imaging
mode, when the whole CCD is read, five consecutive lines at each reading, with
the first displaced by four lines; and a ‘progressive binning’ mode that provides a
higher dynamic, since 2, 4, 8, 16 and 32 lines are binned together in the five spectra
transmitted via telemetry (with the risk of saturation and overspilling of the register).
This mode was useful at the beginning to optimise the gain level and integration time
for nadir observations.

The gain of the Micro Channel Plate (MCP) of the image intensifier may be
adjusted by telecommand with a high-voltage level of 500-900 V, commanded by
a digital-level HT of 0-255. When a photoelectron is created in the photocathode
(a photo-event), it results in a pulse of light from the phosphor, distributed over a
few pixels of the CCD. It is detected by the CCD reading electronics by a number
of ADUs. At HT =20 (a typical low gain necessary to avoid saturation for dayside
nadir observations), there are about 1.5 ADU created per photo-event; for H7 = 200,
there are ~40 ADU per photo-event. The absolute calibration of the instrument is
well characterised by numerous observations of hot UV stars and comparison with
previous International Ultraviolet Explorer (IUE) measurements.

There is a potential danger to activating the intensifier at a large gain with an
intense source of light. This high gain has to be used cautiously on the dayside at
high altitude, and on the nightside. A constraint of SPICAM operations is that the
instrument parameters may not be changed during an observing period (ON—OFF).
In particular, when a fixed inertial attitude of the spacecraft is chosen, it must be
certain that the signal will not damage the detector if a high gain is used on a bright
target.

3.2 Instrument Characteristics Measured on the Ground
Figure 4 is an overall view of SPICAM. Figure 5 shows the detector illuminated
through the optics by monochromatic light (Hg line emission at 253.7 nm). Some

Fig. 3. The SPICAM UV detector combines
an image intensifier from Hamamatsu,

transforming each UV photon at the entrance

into a pulse of green light generated by
the phosphor. The image is then conveyed

through two blocks of fibre optics, one in the
Hamamatsu detector, the other attached to the
Thomson CCD. (W. Sandel, Lunar & Planetary

Laboratory)
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Fig. 4. The SPICAM sensor unit. The entrance
of the UV spectrometer baffle (right) is 5x5 cm,
while the entrance of the IR spectrometer is to
the left, with the entrance lens visible.

Fig. 5. The detector illuminated by
monochromatic Hg line emission at 253.7 nm.
The two parts of the slit are evident, one larger
than the other. Curvature of the slit is apparent,
owing to image deformation by the optics,
indicating a slight change in the wavelength
calibration for each line of the CCD.
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curvature of the slit is apparent, owing to image deformation by the optics. Each line
of the CCD must therefore be calibrated in wavelength. The wavelength reflectivity of
each component was tested under vacuum before integration in the Flight Model. The
detector was calibrated by using the photon-transfer method, which yields the number
of ADUs generated in the CCD by a single photoelectron event as a function of the
high voltage applied to the MCP.

3.3 SPICAM Observation Modes

3.3.1 Pointing capabilities of Mars Express

Mars Express, a reduced version of the Rosetta spacecraft, was designed with two basic
modes of orientation. The antenna can be directed towards Earth for communications,
while rotating the solar panels around the Y-axis to be perpendicular to the Sun to
maximise power. The attitude is therefore constant in inertial space. In the nadir
observation mode, the +Z-axis (boresighted along the viewing axes of the optical
instruments) is maintained towards the centre of Mars. There is no horizon sensor;
rather, the orbital position is known in the software and command laws are fed to the
inertial wheels. The orbit is eccentric: at insertion it was with a pericentre of 250 km,
apocentre 11 559 km and period 7.57 h. It was modified to the G3-b configuration on
3 March 2005: 298 x 10 107 km, 6.72 h.
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Table 3. Statistics on SPICAM usage in the various modes of observation.

Mode Jan-Dec 2004 Jan-Mar 2005 Jan 2004 — 4 Apr 2005
Nadir 318 129 447

Star occultation 421 114 535

Limb observation 43 51 94

Solar occultation 129 156 285

Others 1 10 11

Number of observing orbits 911 450 1361

Number of days of operation 256 92 348

Data volume (gigabit) 242 11.5 35.7

;32 lines

n Hf1'£'] lines

lines 8 lines

¥ ¥ y 4 lines
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SPICAM takes advantage of the capabilities of the spacecraft’s Attitude and
Orientation Control System (AOCS) for its various modes of observation. They
are described briefly below; Table 3 highlights statistics about their use during the
mission’s first 18 months at Mars.

The slew manoeuvre from one orientation to another is typically made at
0.1- 0.5°/s, which requires 20-30 min. In the stellar occultation mode, the +Z-axis
is oriented towards a star selected from a list of 50 bright in the UV. The orbital
motion makes the star disappear behind the limb. In the solar occultation mode, the
side port for Sun observations (Fig. 2), which lies in the XY plane of the spacecraft,
is oriented towards the Sun. The solar occultation occurs when entering eclipse. In
the limb mode, the +Z-axis has a precalculated orientation so that it scans across the
limb. Two variants of this mode were typically used: tangential limb (see below),
and limb crossing in the orbital plane. In this latter case, the slit of SPICAM, the
CCD scan line of the High Resolution Stereo Camera (HRSC) and the mirror scan
of OMEGA may be positioned parallel to the limb. In such an orientation, the whole
illuminated planet may be scanned in 30—40 min, a useful mode when the pericentre
is not on the Sun side.

The spacecraft’s slewing capabilities were also used during observations of
Phobos in order to maximise the duration, and during a small number of emission-
phase function manoeuvres, when particular geographical areas were observed from
various emission angles, to discriminate between ground emission and airborne dust
scattering. The geometry of some of these modes is sketched in Fig. 7.

Orientation is a spacecraft resource that has to be shared between all the
instruments. Additional spacecraft constraints add to the complexity of establishing a
plan of observation: the solar panels are delivering only 70% of their nominal power,

Fig. 6. The various modes of reading the UV
CCD.

Star

v 'S

Star Spacecraft—__

o/

Fig. 7. SPICAM’s various modes of observation.
The black line indicates the line-of-sight to the
target. Apart from the nadir orientation, the
spacecraft holds a constant celestial orientation,
which allows it to scan across the target (limb)
or to observe an occultation of a star or the Sun.
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Fig. 8. The geometry of limb-grazing observations, which maximise Fig. 9. Distribution of light over the whole detector when a star is
the time spent observing the limb from an eccentric orbit. It was used observed without the slit. The intensity (in ADUs) is colour-coded. The
successfully on Mars Express, and is also employed by Venus Express. spectrum is horizontal, along the CCD lines, parallel to the spacecraft
The spacecraft is oriented with the +Z-axis (SPICAM line-of-sight) fixed Y-axis. Optical aberrations spread the spectrum over several lines of the
inertially, scanning the limb twice. In this case, the line-of-sight was CCD. The slit orientation is parallel to the spacecraft X-axis, along the
perpendicular to the velocity vector at pericentre, for optimum vertical column axis of the CCD (vertically on this figure). The ‘tapestry’ effect
resolution at the limb. is a residual electronic noise (pseudo-periodic), after subtraction of offset
and dark charge.

the radiators cooling some instruments should not be illuminated by the Sun, and a
window of 4 h per day is reserved for uplink telecommanding, among others. As a
result, the plan adopted 3 months in advance of execution is a compromise between
contradictory requirements from the various instruments and the spacecraft, usually
resolved during lively animated teleconferences between ESA and the Principal
Investigator teams. Table 3 indicates the type and number of observations obtained
with SPICAM from orbit insertion (25 December 2003) to 4 April 2005.

3.3.2 Geometry of nightglow/dayglow limb observations: the tangential limb mode
Airglow spectroscopy and radiometry are powerful methods for investigating the
upper atmospheres of the terrestrial planets. After the pioneering work by the UV
spectrometers of Mariner-6, -7 and -9 (Barth et al., 1971; 1992), this technique was
neglected for the following 30 years at Mars, except for rare observations in the EUV
with rockets and Earth-orbiting observatories.

While dayglow was clearly measured and identified in the Mariner observations,
the first detection of nightglow in the atmosphere of Mars was made with SPICAM
(Bertaux et al., 2005a). This was the result of SPICAM’s high sensitivity and the
dedicated spacecraft operations to optimise the geometry of limb observations,
yielding higher signals than the nominal nadir-looking geometry around pericentre.
This geometry is illustrated in Fig. 8.

Planning a limb observation requires finding an inertial direction such that, during
the orbital motion, the line-of-sight (LOS) scans across the limb. In order to maximise
the duration of the observation, the LOS skims the limb tangentially, with a selectable
minimum altitude. For any point M on the eccentric orbit, there are two LOS
directions that will skim the limb tangentially, with a specified minimum altitude Z_;,.
They are contained in the two planes tangential to the sphere of radius Ryj, + Znin,
which also contain the tangent to the orbit at M (the velocity vector). One is selected
to plan the observation, as well as the point M, according to the desired position of
the tangent point at minimum altitude. One particularity of this kind of observation is
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that several geometrical parameters of the LOS tangent point vary significantly and
simultaneously during the observation: altitude, latitude and solar zenith angle. Given
the success of this observation mode on Mars Express to detect weak emissions (two
discoveries: NO bands at night, and aurora), it is also used on Venus Express.

3.4 Flight Performance of the UV Spectrometer

3.4.1 Pointing quality

For all SPICAM modes, the quality of the results depends on the pointing quality.
The pointing accuracy of Mars Express is usually (but not always) much better than
the specified 0.1°. Although in principle they are boresighted, there is some offset
between the centre of SPICAM’s CCD detector and the +Z-axis: 0.17° in one direction
(along the wavelength axis, parallel to the spacecraft’s Y-axis), and <0.01° in the
perpendicular direction along the X-axis, as determined by star spectra during cruise
and outside the atmosphere in the alignment mode, which provides a full image of the
CCD (Fig. 9).

For a star observation, the spacecraft is requested to position the inertial direction
of the star (o, 8) exactly along the Z-axis, or with some offset from the Z-axis, along
a direction defined by two angles 0, ¢, in the body axis reference frame. 0 is the angle
of the projection of this direction on the X,Y plane of the X-axis, and ¢ is the angle of
this projection with the direction.

Several offset angles were tried, projecting a test star’s spectrum in various places
on the detector. Figure 10 shows the recorded spectrum of Sirius (41 times in total)
in ADU units, on the same wavelength scale, obtained between orbits 906 and 1410
(spanning about 5 months). It shows the excellent stability of the instrument, with no
sign of ageing. The curves are different between ~135 nm and 180 nm. This is the
effect of the sapphire window, which protrudes into the middle of this wavelength
interval for nominal pointing. The sensitivity is higher outside of the window than
through it, because its transmission is <1. There is no abrupt change on the curve at
the position of the sapphire edge because a point on the cathode at or around the edge
‘sees’ the grating over an angle of ~20°, partly through the window and partly outside,
providing a continuous response to a continuous spectrum.

It was recently discovered that the pointing is not perfectly repeatable. With exactly
the same offset angles (0, ¢) the spectrum of star Zeta Puppis should be at the same
place on the detector, but it is not. As shown in Fig. 11, there are two places where
it differs by about 0.1°, corresponding to about 6 nm in wavelength shift. At each
position, all spectra of one class are precisely superimposed. This problem triggers
two difficulties. The first is that the commanded offset pointing cannot be relied upon
to establish the wavelength assignment of each pixel of the star spectrum, so the star
spectrum recorded outside the atmosphere has to be examined carefully to determine
exactly its wavelength assignment (the wavelength of each pixel). The second is that
a number of star occultations with the slit in place have failed.

Star occultations are usually made without the slit, because a star is a point source.
Some occultations were performed on the dayside with the slit, which partially
eliminates the solar light scattered at the limb by dust and the atmosphere. Some were
successful: the star signal has about half the strength than without the slit, because of
optical aberrations in the off-axis parabolic mirror. Several others failed because of the
pointing unrepeatability. This problem may affect other instruments. It comes from
startracker A or the redundant startracker B not being perfectly co-aligned.

The pointing stability is quite good. When a star is observed outside of the
atmosphere, the signal is usually recorded in five bands of eight CCD lines, the central
band collecting >90 % of the total star signal (computed from Fig. 13). The signal in
the central band does not show periodic fluctuations (at least before the deployment of
MARSIS), which would be a sign of angular oscillations. All slew manoeuvres of the
spacecraft (at a maximum 0.5°/s) are followed by a ‘tranquilisation’ period of about
10 min, before the spacecraft may be considered stable and SPICAM is switched
ON. In fact, in order to monitor the spacecraft motions, dedicated observation of a

Fig. 10. Forty-one spectra of Sirius (028 in the
SPICAM star catalogue) recorded outside the
atmosphere of Mars, between orbits 906 and
1410 (spanning S months). They are shown in
ADU units, and on the same wavelength scale.
The different offset pointings resulted in various
positions on the detector. The excellent stability
of the instrument is evident, with no sign of
ageing. The curves differ between ~135 nm and
180 nm, resulting from the edge of the sapphire
window, which is positioned in the middle of
this wavelength interval for nominal pointing.
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Fig. 11. Thirty-one spectra of star Zeta Puppis
(036 in the SPICAM catalogue) recorded as

a function of pixel position. 310 nm is at left,
110 nm is at right (reversed scale). They all
fall on only two places. In red, 23 spectra (red
curves) fall at the expected position, which

is determined by the strong stellar Lyman-o
absorption line, centred on the same pixel as
the atmospheric martian line observed with
the slit. In black, 13 spectra are shifted by
about 12 pixels, corresponding to a pointing
error of 0.12°, which is linked to the use of
redundant startracker B instead of the nominal
startracker A.
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Fig. 12. Sensitivity of SPICAM to a stellar source, expressed in cm’. Black curve: estimation from
ground calibration of the various optical elements. Blue curve: sensitivity determined by comparison
of the measured spectrum (in ADU) of Zeta Puppis with the IUE absolute spectrum of the same star.
The gain level used was defined by HT = 20, and the gain was determined to be 1.55 ADU per photo-
event from an independent statistical analysis of observed fluctuations of the star signal. The long-
wavelength decrease is due to the CsTe response, while the short-wavelength decrease is due to the cut-
off of the MgF, window of the detector. The sharp transition in the black curve near 160 nm takes into
account the transmission of the sapphire window, which has a sharp cut-off below 160 nm. The actual
curve has a smooth transition, because the photocathode near the mechanical edge is seeing part of the
grating through the sapphire window, and another part without the sapphire window.

star should be made, with the slit in place and five bands of two or four lines, and
SPICAM switched on even before reaching the star. One could then analyse the signal
and determine the oscillations in the two directions, across the slit (the total signal in
all bands should fluctuate) and along the slit (the distribution of the signal among the
five bands should fluctuate).

3.4.2 Absolute photometric calibration from star observations
The absolute photometric calibration was performed first on the ground. All optical
elements were measured separately and the whole instrument was calibrated, but with
limited accuracy, because of inherent difficulties in the vacuum UV. Fortunately, stars
can be used to obtain a more accurate determination of the sensitivity as a function of
wavelength. The measurements obtained by IUE were used as a reference. However,
two problems were encountered. Delta Scorpii was used initially but this turned out to
be a poor choice because in 2002 it experienced a large brightness surge in the visible,
and it is unknown if its UV flux has changed since IUE’s measurements. The second
problem is that IUE might show variations that are not intrinsic to the star, but rather
to the quality of IUE pointing: IUE’s FOV was 20 arcsec, and centring was not always
perfect. Hubble Space Telescope (HST) calibration in the UV was also performed
using IUE spectra, and four stars were indeed SPICAM targets: Zeta Puppis, Beta
Cen, Eta Uma and Zeta Oph. SPICAM’s absolute calibration is therefore based on this
quartet of stars, and IUE data selected by HST investigators are being used (although
they differ slightly from the IUE database in some wavelength regions).
Independently, the Lyman-a sky background (extended source) as measured
by SWAN on SOHO was compared with HST measurements of 1996 and 2004.
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Throughout this period, the ageing of the SWAN sensors was monitored through
observations of UV stars (Quémerais et al., 2006). Full consistency was found
between the calibration factors found by comparing HST and SWAN measurements
of the Lyman-a sky background after § years, and the ageing was determined by the
SWAN star signal variation during the same period.

The TUE spectrum, given in erg/(cm? s A), is converted to a photon flux ® (in
photons/(cm? s nm). SPICAM data are in ADU units, the output of CCD reading. As
described above, the high voltage of the image intensifier may be adjusted to increase
or reduce the ADUs per photo-event (one photoelectron created at the cathode of the
image intensifier, creating a pulse of light in the CCD), a parameter designated as G,
the gain of the detector system.

The calibration factor of SPICAM is therefore G S, Where S.g is the ‘efficient
area’ expressed in cm?, and defined in the relation:

Nphotev =0 Seff
where Ny 18 the number of photo-events detected by SPICAM per second and per
nanometre. There is also the relationship:

NADU =G Nphotev
resulting in the calibration equation:
G Ser =@/ Napy

The gain G was determined on the ground for various levels of the voltage of the
image intensifier. It varies from 1.0 to 79 in the whole range of possible commanded
voltage levels, defined by the instrument parameter H7 (from 1 to 255). The gain
was also checked in flight by a statistical method, by determining the mean number
of photo-events contained in the whole band devoted to the star signal outside of
the atmosphere. The total ADU signal fluctuations were analysed, and the gain G
determined as:

G = Var (Sypu) (2 Sapu)

where S,py is the mean value of a series of measurements, Var(S,py) is the variance
of the series, and the factor 2 comes from the non-gaussian distribution of the number
of electrons coming from a single photo-event (Sandel & Broadfoot, 1986).

Figure 12 shows the sensitivity of SPICAM to a stellar source, S.¢ (in cm?), as a
function of wavelength. The drop at the short-wavelength cut-off is due to the opacity
of the MgF, window, while the drop at long wavelength is due to the drop-off of the
CsTe cathode (the solar blind behaviour). This curve represents the sensitivity of the
instrument for a star source placed at the ‘correct’ position, defined as the centre of
the spectrometer slit. The nominal wavelength assignment is also defined as such,
making it valid for all extended source measurements collected with the slit in place.
Figure 10 indicates that, when the star is elsewhere, the sensitivity across the detector
is similar (at least in the small region explored), except near the edge of the sapphire
widow. Also, this curve is valid only when the star signal is integrated over 8 CCD
lines (centred on CDD line 144), collecting 90% of the total signal.

When using this S curve for the calibration of extended source measurements
(filling the whole slit), this 90% factor has to be taken into account (because the whole
signal is collected with an extended source), along with the actual FOV of one CCD
line: 50 pm (slit width) x23 pm (CCD pixel size) and the focal length of 120 mm
of the parabolic mirror. The solid angle dw subtended by one CCD line is therefore
7.986 x 1078 sr. In Rayleigh airglow units, 1 R = 10°/4x photons/(cm? s sr), so an
extended source with a brightness B of 1 R/nm would give:
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Fig. 13. Solid line: distribution of light along the column axis of the CCD
(perpendicular to the dispersion direction) of a stellar image taken in

the imaging mode, during the cruise to Mars, displayed in Fig. 9. All
wavelengths are summed. The dashed line is a Gaussian fitted to the
central part, while the dotted line is a Lorentz profile fitted to the external
part.

Fig. 14. For each column of the CCD, the vertical width of the stellar
spectrum recorded in Fig. 9 is displayed in pixel units as a function of
pixel number in the wavelength direction, increasing from right to left.
The rapid change around pixel 290 is due to the effect of the sapphire
window glued on to the MgF, window of the image intensifier, combined
with the rapidly changing index of refraction with the wavelength of MgF,
at short wavelengths. The absence of the window (pixels > 270) improves
the focusing for a while. The optical adjustment made on the ground is a
compromise to set a good focus over the whole wavelength range. It may
be assumed that the spectral resolution also changes accordingly as a
function of wavelength.
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Fig. 15. Left: the geometry of the limb observation designed to study

stray light. The slit was perpendicular to the limb, with the large part of
the slit on the bright part of the limb. Right: the spectra recorded at five
points of the narrow slit. The nearest point to the limb sees a normal solar
spectrum (scattered by dust at the limb) while the others, further away,
see only stray light generated through the large portion of the slit.
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NADUB =GBdo Seff/ 09=1.06 x107 Seff

in ADU per second and per nm, for each line of the detector, at gain G = 1.5.

When a star is observed without the slit, the light is spread over many CCD lines,
with a distribution perpendicular to the dispersion axis (along CCD columns), as
shown in Fig. 13. When the usual configuration of five bands of eight CCD lines
each is used, the relative content is 1, 3, 90, 5 and 1%, respectively, for bands 1 to
5. This spreading is most likely due to scattering on the surface of the grating, or
within the MgF, window of the detector. It is a sign of internal stray light, generated
after the slit or focal plane of the mirror. Some photons are detected away from
their nominal positions, both vertically and in wavelength. Analysis of solar light
scattered at the limb (see below) determined the level of stray light, mainly from the
large part of the slit, and allowed a systematic correction to be made for it.

On some rare occasions, evidence was found of external stray light, defined
as detected photons coming from outside the nominal FOV defined by the slit
at the focal plane of the parabolic mirror. This external stray light is still being
characterised.

3.4.3 Internal stray light correction

Knowing that the light from a star is spread over a large area (Fig. 13), it was
suspected that, when the whole slit is illuminated, the light entering the slit at places
other than the lines of the CCD readout will spread over the whole CCD. In particular,
a large contribution from the wide part of the slit might be expected.

This problem was resolved with the limb observation during orbit 1788 on
7 June 2005 (solar longitude 225.7°, distance to the Sun 1.39 AU); 1181 spectra
were recorded in about 20 min. The observation was made with inertial pointing
and grazing geometry, with a minimum altitude of 50 km below the limb, so the
limb crossing was slow. The measuring lines were binned by four, covering lines
135 to 155, which are all on the narrow part of the slit, near the centre of the CCD
(line 144). The distribution of dust-scattered light at the limb can be considered as a
knife-edge to a first approximation: very bright below a certain altitude, with a very
rapid drop above. The spacecraft was oriented with its X-axis (and slit direction)
perpendicular to the limb, with the wide slit looking at lower altitudes than the
narrow slit (Fig. 15). Scanning the whole limb up to 200 km (duration 200 s from
0 km to 200 km), there were times when only the wide slit was illuminated by the
bright limb.

Figure 16 shows the mean light detected on the CCD as a function of time. The
signals of the five bands are very similar, with the shift in time corresponding to
the shift in altitude at the limb. The limb signal is expected to drop rapidly, but
there is still a slow decrease after the initial fast reduction (between 700 s and 900 s
after the beginning of the observation); this is suspected to be stray light from the
wide slit. Indeed, the spectrum of this emission (Fig. 17) is completely different
from the usual nadir or limb spectra (Fig. 20). There are no strong UV features of
the solar UV spectrum. The fifth band, nearer the wide slit, detects more light than
the first, which is further from the upper part of the CCD, where the wide slit is.
This also confirms that, closer to the wide slit, more stray light is collected in the
observed bands. This stray light represents around 10% of the signal. A detailed
study was performed by Perrier (2005), yielding the contribution of stray light from
all parts of the slit to the read bands. Assuming that the whole slit is illuminated
by the same spectrum, it is then possible to subtract from each measurement the
spectrum of stray light in Fig. 17 scaled by an appropriate factor, depending on the
actual intensity recorded. This was done for the correction of the nadir data for the
extraction of ozone content. When the scenery is not uniform over the slit FOV on
the ground at a scale of a few km (as over the polar caps), the correction for stray
light will not be so accurate.

151



SP-1291

200
—
1

band 3

ADU/CCD line
100

400 1000

Time from start of obs. (s)

— band 3

=
@
E
= Orbit 1788
g 2 - Stray light spectra
=
=2
=]
=
=
&
o ! L ! |

Wavelength (nm)

Fig. 16. Light detected when the LOS crossed the bright limb on orbit
1788. The observation was made with inertial pointing and limb-grazing
geometry, starting below the limb and ending with a limb-crossing
configuration. The measuring lines were binned by four, covering lines
135 to 155, which are all on the narrow part of the slit, near the centre

of the CCD (line 144). The integration time (per spectrum) was 320 ms;
HT =1 (hence total gain of 1.005). All curves are alike, with a time shift
corresponding to the difference of angle/observed altitude at the limb.
There is evidence of a detached layer at time 700 for band 3. The signal is
expected decrease rapidly above the limb, but there is a signal for a long
time. This is interpreted as internal stray light entering the spectrometer
through mainly the wide part of the slit and scattered everywhere. The
spectrum observed (Fig. 17) does not have the standard shape of the solar

Fig. 17. For each band, the spectrum displayed was averaged from
t=750-800 s (Fig. 16). With the associated geometry file, it is known that
the five bands are observing between altitudes of 80 km and 200 km,
where the limb is normally very dark. At the same time, the wide slit is
still illuminated by altitudes below the limb upper limit. The spectral
shape exhibits no solar spectrum features (see Fig. 20). For these two
reasons, it is believed that the observed signal is internal stray light

from the wide part of the slit. ‘Internal’ signifies photons that have gone
through the slit, from the corresponding FOV, but are detected away
from their nominal positions (in both the spectral and vertical directions).

spectrum (Fig. 20).

4. Nadir UV Observations
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4.1 Measurement of UV Surface Albedo of Olympus Mons
The summit of Olympus Mons is the highest point of the planet, with therefore the
least atmosphere and dust content. Observations there were used to build a reference
spectrum, containing the solar flux, the sensitivity curve of SPICAM, and the albedo
of the martian terrain. Other spectra are divided by this reference spectrum, a classical
method in spectroscopy, to concentrate on the variations of the spectra from one site
to another.

When looking to the nadir, the measured light in the UV is a sum of several
contributions:
— solar light scattered by the atmosphere (Rayleigh scattering) and dust/aerosols;
— solar light scattered by the ground.

For both sources, photons can be identified that have been scattered once by the
ground and once by the atmosphere, and in which order, before emerging from the top
of the atmosphere. In the UV, where the ground albedo is weak according to HST and
Phobos-2 (Wuttke et al., 1997), it is not obvious how to predict a priori if an increase
in dust and gas above the ground will raise or lower the emerging quantity of light.
The increase in gas will increase the Rayleigh scattering and decrease the radiation
reaching the surface and backscattered upward, but the increase in dust might increase
or decrease the light, depending on the quantity of dust and the single-particle albedo.
Data collected across Olympus Mons, which offers a wide range of altitudes and
atmosphere/dust quantities, provides a good opportunity to determine this. Figure 18
shows the raw data for the five bands on orbit 1437 across Olympus Mons. Figure 19
shows the intensity in ADU/CCD line as a function of latitude (the ground track is
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Fig. 18. The upper curves are raw data for the five bands of orbit 1437
across Olympus Mons (intensities integrated over the whole spectrum,
dashed lines). The solid lines are after subtraction of offset, dark charge
and internal stray light. After the correction, the five bands have exactly
the same intensity.

Fig. 19. Intensity measured by SUV (in ADU/CCD line) as a function

of latitude during orbit 1437 over Olympus Mons at three wavelengths:
210, 250, 300 nm. The MGS/MOLA altitude of the ground observed at
nadir is included in black (right scale). The signal falls at all wavelengths
with increasing altitude on the flanks of Olympus Mons, but the relative
decrease is larger at shorter wavelength. This is explained by more
Rayleigh scattering at low altitudes (an effect clearly seen from aircraft on
Earth: the ground looks blueish, except over high mountains).

climbing northward) for three different wavelengths: 210, 250 and 300 nm. Ground
altitude is plotted in black, showing the strong relief of Olympus Mons around 17°N.
There is a strong drop in intensity when the ground point is higher, stronger at 210 nm
than at 250 nm and then at 300 nm, which is consistent with a reduction in Rayleigh
scattering with higher altitude.

Figure 20 shows examples of spectra from the same orbit. The shapes reflect the
solar flux scattered by the ground and atmosphere/dust, multiplied by the detector
sensitivity and affected by the instrumental spectral resolution (both wavelength-
dependent). Strong solar features structure the observed spectrum. The recorded
intensity decreases below 220 nm and above 290 nm, so only the 220-290 nm range
was kept in order to retrieve ozone quantities.

One way to derive the surface albedo is to study large topographic variations,
providing large variations in surface pressure. This occurs above Olympus Mons:
the surface pressure at the summit is ~1 mbar, while it is ~6 mbar at the base.
Data were averaged from the five bands and within a range of ~5 nm around the
selected wavelength, in order to increase the signal-to-noise ratio. From the absolute
calibration of the instrument (Fig. 12), the measured radiance factor was derived
and plotted in Fig. 21 as a function of the surface pressure predicted by the GCM
of Forget et al. (1999). Data show a linear behaviour, which can be extrapolated
down to zero surface pressure. The value obtained corresponds to the radiance factor
if there were no atmosphere. In other words, it is the surface albedo, multiplied
by the cosine of the solar zenith angle (SZA). The same method was applied to
each wavelength, yielding the surface albedo of Olympus Mons as a function of
wavelength (Fig. 22).
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Fig. 20. Examples of SPICAM-recorded spectra, in ADU. The shapes are
dictated by solar features, detector sensitivity and instrument resolution.
The spectra were averaged over the five bands and 20 s, i.e. 100 spectra
averaged, and collected over Olympus Mons (OM). The spectrum at

the summit (in green) is less intense and less violet than those from
lower altitudes, before and after Olympus Mons; there is more Rayleigh
scattering at lower latitudes.
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Fig. 21. Radiance factor above Olympus Mons as a function of surface
pressure (predicted by a GCM), at A = 250 nm. The linear fit is plotted
in red, which yields the radiance factor from the surface only when
extrapolated to zero pressure. When divided by cos(SZA), it gives the
surface albedo. The green points are northward of the summit; blue
points southward.

In the radiative transfer modelling (see below), it was assumed that the surface
albedo varyied linearly with wavelength, defined by its two values at 210 nm and
300 nm. For consistency, a linear fit to the observed albedo of Olympus Mons was
obtained in the range 220-280 nm, where it is linear.

4.2 Ozone Retrieval Methodology

The ozone absorption cross-section reaches maximum around 250 nm, showing a
broad band with a characteristic shape. This absorption is imprinted in the solar UV
radiation backscattered by the surface, the gas and atmospheric dust. The highly
structured shape of the solar spectrum (Fig. 20) means that it is not easy to evaluate
visually the quality of a fit of the recorded data by a model of what should be seen by
SPICAM. Rather, the ratio of two recorded spectra will display much more clearly
the absorption of ozone if their ozone contents are different. Therefore, all SPICAM
nadir UV spectra have been divided by a data reference spectrum to yield an ensemble
of relative spectra, to be fitted by a model. This method was also used by Barth et al.
(1973) for ozone retrieval from the Mariner-9 UV spectrometer. The advantage of this
‘relative’ method is that it avoids the issue of the exact absolute calibration efficient
area S, and the gain G of the detector. Moreover, a simulated solar spectrum at the
exact spectral resolution (variable with wavelength) of the instrument is not required
in this method. Such a method thus prevents the results from being affected by
instrumental calibrations and instrumental parameter uncertainties.

A data reference spectrum is first established, corresponding to an ozone-free
atmosphere, with a minimal amount of dust and aerosols. These conditions are
naturally realised above the highest mountain, Olympus Mons. The reference
spectrum was defined as the average of spectra recorded above Olympus Mons during
orbit 1448, near the top of the volcano (mean surface pressure Py, = 1.9 mbar); it is
shown in green in Fig. 20. It is assumed that this reference spectrum is unaffected by
ozone (as confirmed by GCM predictions) and dust (dust is minor at this altitude).

Taking the example of orbit 231, all recorded spectra were first divided by the
data reference spectrum, and then averaged over the five bands and 50 s to obtain 35
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Fig. 22. The surface albedo (red) as a function of wavelength derived by
extrapolation to zero altitude (Fig. 21) and division by cos(SZA). The
exact value depends on the calibration curve of the instrument. Blue gives
a linear fit of the albedo in the range 210-290 nm.

Fig. 23. Examples of relative spectra: spectra from orbit 231 divided by
the reference spectrum above Olympus Mons. The colour code varies
with SZA, from red for low SZA to blue for high SZA. The large trough
centred at 255 nm is due to ozone absorption. During this observation,

the spacecraft was looking from low latitudes of the northern hemisphere
to high latitudes: as the SZA increases, the observed latitude increases.
The trough depth of the ozone absorption band at 250 nm and the
corresponding ozone quantity increases when going north. The fine-scale
wavelength structure is not due to atmospheric components (the Hartley
band of ozone absorption is broad and featureless at the resolution of the
instrument) but to an instrumental effect (shift of wavelength scale) that

was not not fully corrected.

averaged relative spectra (a typical number for a standard orbit). Every other averaged
relative spectrum is plotted in Fig. 23. The colour code varies with the SZA (red for a
low SZA, blue for a high SZA). During this observation, the spacecraft was looking
from low to high latitudes of the northern hemisphere, and the SZA was increasing
with latitude. The further north Mars Express was, the more ozone absorption band
at 250 nm appears in the data. The season was early spring (L, = 8.6°); for the last
spectra, the SZA is closer to 90° and the signal becomes rather low.

4.3 Radiative Transfer Model and Fitting Method

To model UV spectra observed by SPICAM, a full radiative transfer code based on
the Spherical Harmonic Discrete Ordinate Method (SHDOM) in a plane-parallel
atmosphere and adapted to the atmosphere of Mars (Perrier et al., 2006) was built to
simulate multiple scattering. The model was run once to simulate the data reference
spectrum (DRS) over Olympus Mons, and to establish a model reference spectrum
(MRS). Then, for each relative data spectrum to be fitted, the model was run for a
variety of unknown parameters. The resulting simulated spectrum was divided by the
MRS, to be compared with the relative data spectrum, as in Fig. 23.

The atmosphere is modelled over 0-100 km by 51 layers 2 km thick. The exact
geometry corresponding to each spectrum (SZA, phase angle, emission angle between
local vertical and SPICAM) was taken into account. The surface pressure was taken
from the GCM by Forget et al. (1999), and the density of the atmosphere at the altitude
of each layer was deduced from the hydrostatic equilibrium. The ground albedo is
described by two parameters: its values at 210 nm and 300 nm, and a linear behaviour
is assumed in the 210-300 nm range. The values at 210 nm and 300 nm were taken
from the linear fit (Fig. 22) over the range 220-280 nm.
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Fig. 24. Two examples of fits for orbit 231, at
54°N (left) and 71°N (right). The data are in red
and the best fit in green. At 54°N, the retrieved
ozone column is 6.3 pm-atm, whereas at 71°N

it is 15.6 pm-atm, showing a large increase in
ozone with latitude at northern early spring

(Lg = 8.6 for orbit 231).
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The phase function of scattering for the ground was assumed to be lambertian.
Rayleigh scattering and extinction of all gases were taken into account, as well as pure
absorption by CO,. Ozone was represented by a single free parameter in the model,
its integrated column density, while its relative vertical distribution was assumed to
be that predicted by the 3D model of Lefévre et al. (2004).

Dust scattering in the atmosphere is described by the Henyey—Greenstein phase
function, with a single scattering albedo w=0.6 and an asymmetry parameter
g=0.85, independent of wavelength. As for its vertical distribution, dust was
assumed to be uniformly mixed with the gas of the atmosphere. There is only one
free parameter related to dust: the total vertical opacity calculated at 6.1 mbar. There
is no scaling parameter free in this fitting process. The study did not account for the
possible presence of clouds.

For each data-relative spectrum, relative data were smoothed over 10 pixels,
fitting was restricted to the range 220-290 nm, and only one pixel out of five was
fitted, letting 25 independent wavelengths points be fitted. The space of the four free
parameters was searched for a best fit using the Levenberg—Marquardt algorithm
fitting method. The four free parameters were: ground albedo at 210 nm, ground
albedo at 300 nm, ozone column density and dust opacity (both integrated vertically).
In this study, the error bars on the data were assumed to be equal at each wavelength,
justified because the signal (in ADU) spanned a factor of only 2.5 in the wavelength
range considered.

Figure 24 shows, for orbit 231, that the fit is remarkably good in the wavelength
range retained. Below 210 nm, the true absorption by CO, is clearly present in the
model and data (though to a lesser extent in the data).

All the data-relative spectra are completely independent of the absolute calibration
of the instrument, in a fashion similar to the technique of solar/stellar occultation.
However, in the model, the relative spectra depend somewhat on the choice of the
ground albedo for the MRS, which was determined from the absolute calibration
of the instrument. This is because the radiance factor is a nonlinear combination of
surface and atmosphere contributions. Changing the surface albedo in the MRS will
have little effect on the retrieved ozone value, but the albedos of other points on Mars
would change nonlinearly.

4.4 First Ozone Map

For each orbit, the best fit was computed of the observed spectrum with the model
described above and the Levenberg—Marquardt fitting method, with four free
parameters. Then, for each observed area of the atmosphere, the quantity of ozone
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Fig. 25. The first L —latitude ozone map, from L, =330° to 180°. The dataset  Fig. 26. GCM ozone prediction compared with SPICAM data.

coverage in season and latitude is variable, depending on observational and
technical constraints. Around L, = 80° the pericentre was on the nightside
and nadir dayside observations were very limited. Sharp variations were
measured in the ozone column density.

present at the instant of observation was obtained. It is convenient to represent the
results in the (geographical) latitude versus solar longitude plane. This plane is
divided into sectors of 1 square-degree. When one of these sectors had been observed
several times, the average value of the ozone quantity was kept. As far as possible,
values were interpolated in unobserved sectors along the latitude axis to complete the
dataset. This then produces a map of the ozone quantity as a function of the latitude
and the solar longitude. Figure 25 presents the first ozone map ever measured, in units
of um-atm (1 pm-atm = 2.689 % 10" mol cm? = 0.1 Dobson units). The map covers
only the column range (0—15 pm-atm) in order to improve the contrast for low ozone
quantities, although in some places SPICAM was able to measure up to 30 pm-atm.
Three ozone-rich regions are visible at high latitudes: in the northern late winter—early
spring, during the autumn in the southern hemisphere, and at the end of the northern
summer. There are also noticeable variations from day to day.

A noticeable point with the ozone map is the distribution of the available data. Few
data are available at high latitudes. This is due both to the large solar zenith angle, and
to the need to share observing time with other instruments: SPICAM is usually on at
the same time as the imagers, around the pericentre, while the high latitudes can only
be observed far from pericentre. There is a lack of data within L, = 70-90° because of
power limitations during solar eclipses. For these reasons, the coverage in season and
latitude is highly variable.

Sharp variations are evident in the ozone quantity, depending on the latitude and
season. There are three main ozone-rich regions visible on the latitude—season map:
the high northern latitudes during late winter and early spring; the high southern
latitudes during autumn, and the high northern latitudes during summer.

4.5 Comparison of Ozone Data with GCM Predictions

The SPICAM results were compared (Fig. 26) with the 3D distribution of ozone
computed by the GCM described by Lefévre et al. (2004). For each orbit, the
O; column was extracted from the GCM for the same location and time as the
measurements. All of the gross features of the data map were well-captured by the
model, including the location of the three large maxima in the latitude—season maps,
and the large day-to-day variability.
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Fig. 27. Detailed comparison of the SPICAM
ozone measurements and the GCM calculations
for two periods.
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Figure 27 compares the SPICAM ozone measurements and the GCM calculations
for two periods. In the northern hemisphere in late winter (Fig. 27a, L, =330-360°),
SPICAM observes very low Oz columns at low and mid-latitudes, and an increase at
high latitudes with a large variability and maximum values in the 10-20 pm-atm range.
This is qualitatively consistent with the model results, but the predicted quantities are
substantially over-estimated at high latitudes, possibly because of an underestimate of
water vapour (a scavenger of ozone) in the model. This may indicate that the seasonal
decrease in polar ozone from mid- to late winter is not fast enough in the model.
Alternatively, an over-estimation of the size of the polar vortex could also explain the
increase in ozone that occurs at a latitude too low compared to the observations.

In early spring (Fig. 27b, L, =0-18°), SPICAM and the model calculations show
excellent agreement. The sharp variability of the O; column measured by SPICAM is
similar to the model simulation slightly earlier in the season (Fig. 27b). The increase
in ozone observed above 40°N is now well in line with the GCM prediction.

However, in orbit 262 there is more observed ozone than predicted in the model,
and this effect was also seen in many other orbits (not shown here). This discrepancy
has been eliminated by considering, in the chemical scheme, an additional reaction,
the rate of which has been measured in the laboratory.

It is the reaction of H,0, (and other HO, radicals) on water ice grains that tends
to destroy H,O, (Lefévre et al., 2008). Since H,0, is a major scavenger of ozone
molecules, fewer H,O,/HO, molecules will induce a higher concentration of ozone.
This is the first time that a heterogeneous reaction has demonstrated an important
role in the atmosphere of Mars, similar to some reactions in Earth’s atmosphere that
explain the Antarctic ozone hole, where polar stratospheric clouds play a major role.
This is an interesting illustration of comparative planetology.

4.6 Early South Pole Observations

During the Mars Express mission, observations found the first clear spectral signature
of H,O ice at the south pole (simultaneously with OMEGA; Bibring et al., 2004),
and made the first UV albedo measurements of martian water ice. Here we discuss
the results obtained over the south residual cap during orbit 30 (18 January 2004).
The residual cap is easily identified in Fig. 28 by its higher visible albedo; it does
not contain the geographic pole, but is centred at 87.5°S, 320°E. Figure 28 shows
the footprints of the fields-of-view of the two spectrometers as Mars Express was
nadir-pointing: circular, 1° diameter for SIR, and rectangular, 0.02 x0.08° for SUV,
which projects to 42 km and 0.8 x3 km, respectively. A UV spectrum was taken
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each second, with light integrated for 0.64 s; the FOV moved by about 2 km during
this time. A full IR spectrum was acquired in 24 s, but each of the 3984 wavelength
samples was acquired during 6 ms, giving a negligible spatial lag: each individual IR
sample corresponded to a 1° circle, but since the SIR was sequentially sweeping the
wavelengths the FOV was moving accordingly, along the trajectory shown in Fig. 28.
The circles are given for the longest wavelength of each IR spectrum. (Also, Fig. 67,
a typical SPICAM IR spectrum, clearly shows the water-ice signature).

The martian season of the SPICAM observations corresponds to L, = 336°, late
summer for the southern hemisphere: the seasonal CO, cap was long gone and the
pole was still illuminated by the Sun, which allows analysis of the spectrum of the
backscattered solar light. Figure 29 plots the UV reflectance recorded to nadir as a
function of acquisition time, showing very strong fluctuations only on the permanent
polar cap, with deep troughs corresponding to low-albedo channels apparent in the
Viking polar cap image (Fig. 28), identified by the letters a—g in Fig. 29.

Over the permanent cap, the UV reflectance is rather high (0.11), much higher
than the 0.02-0.03 recorded beyond the polar cap. However, the high value is still
much lower than laboratory measurements of pure H,O and CO, ices (Hapke, 1981),
indicating that there is also some dust mixed with the icy material, as might be
expected from the ubiquitous dusty character of the martian atmosphere.

Beyond the cap (from around 210 s to 500 s after the start of observation; Fig. 29),
the reflectances at 230 nm and 270 nm are almost the same, which means that ground
albedo or dust do not cause strong variations in the spectral reflectance. Over the bright
regions, the reflectance increases by a factor of 1.6 between 230 nm to 270 nm. It can
be assumed that the dust/atmospheric conditions are the same between bright region
6 and region g just outside the cap: this implies that the strong reflectance variation
over 230-270 nm is due to ground ice albedo variations with wavelength. Indeed,
laboratory measurements of pure H,O and CO, ices (Hapke, 1981) indicate a decrease
in reflectance over 230-270 nm, but unfortunately for both types of ice. The reflectances
at both wavelengths are the same in the holes a—f, which means no ice is seen in these
regions, either because it is in shadow or because the ground is similar to that beyond the
cap, where the ground albedoes are also identical at these two wavelengths.

Further systematic UV studies will extend to the north pole, and to the seasonal caps.

Fig. 28. A Viking map of of the south polar
cap. The red line represents the SPICAM UV
FOYV ground track, and the yellow circles the
SIR FOV during the nadir observations of
18 January 2004.
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Fig. 29. Nadir UV reflectance at 230 nm and 270 nm along-track over the Fig. 30. Spectra obtained by SPICAM UV, at SZA = 14-37°,

south polar cap and further north (on the left). The letters a—g indicate L, =135-171°. 1024 individual spectra measured at altitudes between
regions of low reflectance, in both the SPICAM UV data and in the Viking 130 km and 140 km were averaged.

image of the polar cap. The UV albedo is much higher on the ice lobes

(1—6) identified on the Viking images than outside the cap (the region

beginning at letter g). While the reflectances at 230 nm and 270 nm are

identical outside the cap and between the lobes, it is lower at 230 nm on

the lobes, typical of the known signature of ices.

5. Limb UV Observations
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5.1 UV Dayglow

The upper atmosphere/thermosphere/ionosphere (~100-250 km) is an intermediate
atmospheric region strongly coupled with the lower atmosphere, and coupled above
via the ionosphere with the solar wind (Bougher et al., 2000). Wave coupling of the
lower and upper atmospheres is observed to be significant, with diurnal Kelvin waves
and semi-diurnal tides providing significant temperature and wind perturbations in the
lower thermosphere (Forbes et al., 2002; Bougher et al., 2000; 2001; Wang & Nielsen,
2004, Withers et al., 2004).

Four methods have been used so far to observe the upper atmosphere of Mars.
In situ observations have been made by descent probes: Mars-6 (Kerzhanovich, 1977),
Viking-1 and -2 (Seiff & Kirk, 1977; Nier & McElroy, 1977) and Mars Pathfinder
(Schofield et al., 1997; Magalhaes et al., 1999). Accelerometer measurements were
made of the total density vs. altitude during the aerobraking phases of Mars Global
Surveyor and Mars Odyssey between 110 km and 170 km in altitude (Keating et al.,
1998; 2003). Remote sensing has been used to explore the upper atmosphere, and
radio occultation has provided the electronic profile between 95 km and 200 km in
altitude (Bougher et al., 2001; 2004). The fourth method is remotely sensing the
airglow emission of the upper atmosphere.

UV is a good spectral range for observing the main martian components: CO,, CO, O,
H and C. From Earth, the Extreme Ultraviolet Explorer (EUVE) observed the He species
at 584 A (Krasnopolsky et al., 1994); the Far Ultraviolet Spectroscopic Explorer (FUSE)
at 904-1183 A detected D, H,, H, O, N, C, Ar, He, N*, C"and Ar", and the bands of
N, and CO (Krasnopolsky et al., 1998; Krasnopolsky & Feldman, 2001; 2002); and the
Hopkins Ultraviolet Telescope at 820-1800 A (Feldman et al., 2000). Four missions to
Mars carried UV spectrometers: Mariner-6, -7 and -9 from 1969 to 1971 (Barth et al.,
1971; 1972; Stewart, 1972) and Mars Express. The main objectives of SPICAM UV for
Mars’ upper atmosphere are to identify the main parameters of the thermosphere and
exosphere and to derive some elements of the ionosphere. Figure 30 presents an average
of more than 1300 spectra measured in the martian dayglow obtained by SPICAM
UV. The spectrum illustrates the main emissions, identified by Mariner-6 and -7, that
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Table 4. Dayglow emissions between 1200 A and 3000 A.

Line A (nm) Excitation process’ References
COoj 288.3-289.6 PI (CO,), El (CO,) Barth et al. (1971, 1972), Stewart et al. (1972), Fox & Dalgarno (1979),
B23+ - X2I1 Witasse (2000)
CcOo 190.0-270.0 RS (CO), EE (CO), ED (CO,), PD Barth et al. (1971, 1972), Stewart et al. (1972), Fox & Dalgarno (1979),
A3[I - X1z+ (CO,), DR (CO3) Conway (1981), Haider et al. (1992)
CcO 128.0-280.0 ED (CO,), PD (CO,), DR (CO3) Barth et al. (1971), Gutchek & Zipf (1973), Fox & Dalgarno (1979),
ATl - X1z+ Feldman et al. (2000)
© 156.1 ED (CO,), PD (CO,), RS (C) Barth et al. (1971, 1972), Fox & Dalgarno (1979), Feldman et al. (2000)
C 165.7
0} 297.2 PD (CO,), ED (CO.), EE (0), DR (03) Barth et al. (1971, 1972), Fox & Dalgarno (1979), Witasse (2000)
0} 135.6 ED (CO,), EE (O) Barth et al. (1971), Strickland et al. (1972), Fox & Dalgarno (1979),
Feldman et al. (2000), Witasse (2000)
0} 130.2-130.5-130.6 EE (CO, < 200 km), RS (O) Barth et al. (1971), Strickland et al. (1973), Feldman et al. (2000)
121.6 RS (H) Anderson & Hord (1971), Barth et al. (1971, 1972)

1 The species in parentheses are the neutral atmospheric species leading to such emissions and excited by either photoionisation excitation (Pl), photoelectron
impact ionisation excitation (El), photoelectron impact excitation (EE), photodissociative excitation (PD), resonant scattering and fluorescent scattering (RS),
dissociative recombination (DR), photoelectron impact dissociative excitation (ED).

constitute the dayglow between 1200 A and 3000 A. The different emissions, their
names, sources and spectral ranges are detailed in Table 4. The carbon lines at 1261,
1277, 1432 and 1463 A are excluded because, although reported in Barth et al. (1971),
they are not firmly identified in the SPICAM spectrum.

Figure 30 was obtained using 24 selected orbits with limb scanning of the dayglow
emissions. Such an orbit set covers a large range of solar longitude, solar activity,
local time and local latitude, and allows reconstruction of the temperature and density
profiles for the CO, species (Fig. 31a). The temperatures are in good agreement with
the thermospheric model of Angelats i Coll et al. (2005). Several probings of the
atmosphere above 200 km altitude observed the region’s two main constituents: the H
and O atomic species. The first can be observed at altitudes of up to 1500 km, whereas
the latter is typically detected below 500 km (Fig. 31b).

Figure 31 displays the Cameron band intensity vs. altitude measured by SPICAM
at low solar activity compared with Mariner-6, -7 (high solar activity) and Mariner-9
(medium solar activity) measurements. The differences in intensity are probably due to
calibration over-estimation in the case of Mariner-6 and -7 (Stewart et al., 1972), but
also to different solar activity conditions when compared to Mariner-9 in particular.
The exospheric temperatures between 150 km and 200 km were retrieved by a simple
analysis of the Cameron profile, assuming that within this altitude range the atmosphere
can reasonably be considered to be close to a barometric optically thin atmosphere, and
that the main process leading to Cameron band emission is photodissociative excitation
of its main constituent (CO,). Such a method was used to analyse Mariner-9 data
(Barth et al., 1972). For SPICAM, it yields an exospheric temperature of 228+6K for
SZA = 14-37° (dark thick line in Fig. 31a), 212+ 12K for SZA =37-60° (green thick
line in Fig. 31a) and 196 + 15K for SZA = 60-83° (yellow thick line in Fig. 31a). In
contrast, Mariner-6 and -7 reported 315-350K (L, =200°), Mariner-9 325K and 268K
(L, =306-38° but probably with significant heating due a global dust storm; Bougher
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Fig. 31. (a) Cameron band emission

(CO A3n—XIE", see Table 4) variation vs.
altitude; and (b) O 130.4 nm emission variation
vs. altitude. These profiles are for spectra
measured at L, = 135-171° and SZA = 14-37°
(dark thick lines), 37-60° (green thick lines),
60-83° (yellow thick line) and 83-105° (red
thick lines on panel b only). Dashed violet lines
are from Mariner-6 data (L, = 200°, one orbit
at SZA = 27°), dashed yellow line from
Mariner-7 (one orbit at SZA = 44°) and dashed
green line (panel a only) from Mariner-9

(orbit 62). Each SPICAM profile was obtained
using a few thousand individual spectra
measured during 10 different orbits.
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et al., 2000), Viking-1 and -2 145K and 186K (L, ~ 00°), Pathfinder 153K (L= 143°
on the nightside) and MGS from accelerometer measurements 220-230K (full martian
year). The martian thermospheric GCM of Bougher et al. (2000) predicts a variation in
temperature at solar minimum of 200-220K from aphelion to perihelion.

Figure 31b was plotted similarly, with the oxygen emission at 130.4 nm measured
by SPICAM UV at 120400 km and derived from the same set of spectra used
to calculate the Cameron band emission displayed in Fig. 31a. Figure 31b clearly
confirms that the dayglow emission during SPICAM observations was significantly
weaker than at the time of Mariner-6 and -7. SPICAM observations also provide
information on the dependency of the O atomic component in the exosphere vs.
local time (not shown in Fig. 31), vs. SZA (Fig. 31b, also displaying a significant
and surprising increase of the oxygen height scale with larger SZA) and vs. solar
longitude (also not shown). Such observations will be analysed with a global 3D
model of the martian corona (Leblanc & Johnson, 2001; Chaufray et al., 2005) and
used to constrain models describing the interaction of Mars with the solar wind. For
H Lyman-a measurements, the Jeans thermal escape is simple to compute once the
exobase density and exospheric temperatures are determined by SUV from the vertical
altitude distributions of H and O atoms. An essential tool for interpreting the H and
O intensity data is a good radiative transfer model, such as that developed at Service
d’Aéronomie by Bertaux, and maintained and improved by Quémerais & Chaufray.

5.2 The NO Band Emission on the Nightside

Thanks to the high sensitivity of the SUV and the ability of Mars Express to perform
grazing-limb observations, the first martian nightside emissions were discovered
(Bertaux et al., 2005a). Except for the occasional aurora (see below), the UV spectrum
of this nightglow is composed of H Lyman-a emission (121.6 nm) and the y and
0 bands of nitric oxide (NO, 190-270 nm, respectively, transitions A?Z*—X*1 and
CI[1I-XT), produced when N and O atoms combine to produce the NO molecule. This
is reminiscent of the Venus nightside emission. While some UV Venus nightglow
was detected by Mariner-5 (Barth et al., 1967) and Pioneer Venus (Stewart et al.,
1979), the first spectrum was acquired with IUE and identified as NO radiative
recombination (Feldman et al., 1979; Stewart & Barth, 1979). It was proposed that
N and O atoms are produced by EUV photo-dissociation of O,, CO, and N, in the
dayside upper atmosphere, and transported to the nightside where recombination
occurs, a mechanism later supported by 3D modelling (Bougher et al., 1990) and
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discussed thoroughly in terms of atmospheric circulation. It is clearly the same
mechanism on Mars, with important implications for atmospheric circulation.

At the time of this observation (orbit 734, 16 August 2004, 07:00 UT), the pericentre
was on the nightside, at an altitude of 266 km and a latitude of 16°S. The spacecraft
was descending from north to south (Fig. 8). The attitude was fixed inertially so that
the LOS, aligned with the +Z-body axis, provided a grazing view of the limb as Mars
Express passed through pericentre. As a result, the altitude of the LOS tangent point
(Mars Nearest Point, MNP) changed from 375 km to a minimum of 15 km and back
to 422 km. At the same time, the latitude changed from 11°S to 70°S. The whole
altitude range at the limb was therefore scanned twice, but at different latitudes on the
descending and ascending branches. The observations were taken around pericentre of
orbit 734, Mars was at a solar distance of 1.66 AU and the season was L, = 74°, near
the northern summer (southern winter). The spectrometer slit was maintained parallel
to the limb. Five band spectra were acquired (numbered 1-5; 32 CCD lines binned
together): the first two with the narrow slit (spectral resolution of 1.5 nm), and three
others with the wide slit during each second.

Figure 32 (top) is a colour-coded image of the time series of spectra of band 5 (low
resolution). The most obvious spectral features are the H Lyman-o emission, visible at
all times, and the broadband emission at 190-270 nm, of variable intensity, which was
present only when the MNP altitude was lower than ~80 km. The higher resolution of
band 1 (Fig. 32, bottom) reveals a well-structured band with a constant shape.

Fig. 32. Time variation of the nightglow
spectrum along the grazing-limb observation.
The intensity is colour-coded; these are raw
data (ADU/pixel), uncorrected for dark current
and radiometric sensitivity. Top: low spectral
resolution band 4 (large slit), containing

only Lyman-o. emission at 121.6 nm and a
broadband extending over 190—270 nm. The
observation point is moving toward southern
latitudes, while altitude falls and rises again as a
function of time (right scale). Bottom: A subset
of simultaneously recorded data at high spectral
resolution (~1.5 nm). Band 1 (narrow slit)
contains only Lyman-o emission at 121.6 nm
and a well-structured band (190—270 nm),
identified as NO y and 8 bands (Fig. 33). Some
single-pixel vertical lines are artefacts due

to pixels with a larger dark current. (From
Science, Bertaux et al., 2005a)
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Fig. 33. Spectrum of the martian nightglow obtained during orbit 734.
Except for Lyman-o. at 121.6 nm, all the observed lines coincide precisely
with the main NO y and 3§ vibrational state transitions responsible for the
Venus NO nightglow. The absolute radiometric calibration comes from
SPICAM observations of hot UV stars. The total NO intensity is 2.33 kR,
with a 74% contribution of the 3-band and 26% from y-bands). The (0,1)
line of the 3-band alone is, at 475 R, 27% of the total 3-bands. Spectral
features above 280 nm could be attributed to the O, Herzberg I system,
also expected from the recombination of O+O. (From Science, Bertaux et
al., 2005a)

Fig. 34. Top: integrated intensity (wide-slit band corresponding to Fig. 32,
top) of the Lyman-o emission and the whole NO band at 190—270 nm,

as a function of time. Centre: altitude of the tangent point MNP. The NO
emission displays two peaks, each time the LOS crosses 70 km altitude.
The second peak is brighter by a factor of ~10, and is at high southern
latitude. Bottom: latitude of the tangent point MNP. (Adapted from
Science, Bertaux et al., 2005a)
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By summing a number of spectra, the calibrated spectrum was obtained (Fig. 33),
where the v and & bands of nitric oxide NO (transitions A2X—X?IT and CTI-X°I],
respectively) were identified.

Figure 34 plots the integrated intensity of the Lyman-o emission and the entire
NO band region of 190-270 nm, as a function of time. The interplanetary Lyman-o
emission and the martian corona Lyman-o. emission from H atoms contribute to the
observed emission. The martian Lyman-o emission is solar radiation scattered by H
atoms on the dayside and transported to the nightside by radiative transfer. CO, is a
strong absorber at Lyman-o, and the atmosphere of CO, is opaque to Lyman-o below
the altitude at which T=1 (optical thickness of CO, along the LOS at Lyman-o).
Therefore, when the tangent point of the LOS is below this Lyman-o horizon, only
the part of the LOS between the spacecraft and this opaque sphere contributes to
the emission. The disappearance of the interplanetary emission and possibly some
contribution of the martian corona beyond the tangential point is seen at times 280 s
and 820 s after the beginning of observation, corresponding to the same altitude of
102+2 km and to a 1.64 x 10! cm™2 CO, slant density for T = 1. This corresponds
well to slant density estimates derived from SPICAM stellar occultations (see below)
around this altitude; this type of observation is a new method for retrieving the CO,
density and temperature at each limb crossing.

The light curve of the NO emission rate (Fig. 35) displays two peaks, 350 s
and 770 s after the beginning of the observation (06:50:48 UT). The second peak
is about 10 times brighter than the first. Both correspond to an LOS altitude of
~70 km, but to different latitudes, 35°S and 60°S, respectively. This behaviour
can be explained by assuming a locally spherically symmetric NO emitting layer
confined to a spherical shell of thickness ~20 km centred at 70 km altitude, but with
a much more intense emissivity rate (photon/cm?/s) at latitude 60°S than at 35°S.
The emission seen at a tangent altitude below 60 km is produced essentially within
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the portion of the 60-80 km shell, along the LOS, before or after the MNP point
(Bertaux et al., 2005a).

The local emissivity rate of NO UV bands (in photon cm™ s7!) is proportional to
the N and O abundances, [N] and [O]. At the altitude of their formation on the dayside,
[N] and [O] are too small to give rise to detectable recombination. But when a gas
parcel descends, both concentrations increase, and the emissivity rates will increase as
the product [N] % [O], until a significant fraction of [N] (or [O]) atoms are recombined
(according to models, the abundance of O is higher than N atoms, so [N] is the limiting
factor for the NO emission). This leads to a layer of emission centred at an altitude of
70 km, corresponding to a CO, density of 2 x 10'% cm™3,

The NO band intensity may be used to estimate the downward flux of N atoms in
the polar night. The peak intensity of 2.2 kR of the NO & band measured horizontally
may be converted into a vertical intensity of 85 R, corresponding to 85 x 10° emitted
photon cm™ s~!. Taking into account the fraction of photons emitted in the & band
with respect to all photons emitted f=0.77, and €=0.45 the efficiency of the
radiative N+O recombination as a loss process, this intensity corresponds to a total of
2.5 x 108 recombinations cm 2 s~!, which must be compensated for by an equal downward
flux of N atoms through the z = 80 km altitude level (at the place of the observation).

The observations were obtained at L, = 74°, shortly before the southern winter
solstice. At this season, the part of the atmosphere where the maximum emission
intensity was observed at 70°S is never illuminated by the Sun. Any N and O present
there must have been transported from lower latitudes, where sunlight was available
to photodissociate N,, O, and CO,. The observed NO intensity can only be explained
by a descending vertical flow in the upper polar atmosphere. This circulation pattern
is consistent with GCM predictions (Forget et al., 1999). However, this model shows
that, at this particular season, the circulation around 60 km is modulated by thermal
tide waves that propagate from the lower atmosphere and are modified by the in situ
heating due to the absorption of near-IR radiation by CO,. These processes are key for
understanding the upper atmosphere dynamics (and thus for future aero-manoeuvres,
for instance), but they remain poorly understood. Numerical simulations results are
model-dependent (Forget et al., 1999) and few observations are available. Within
this context, the NO emission process identified here provides a powerful way to
constrain GCM model behaviour above 60 km, in conjunction with spacecraft drag
measurements (Keating et al., 2003).

Fig. 35. Time variation of the martian
nightglow intensity spectrum recorded during
the grazing limb observation with spatial bin

2 (narrow slit, spectral resolution ~1.5 nm, one
spectrum/s, data subset from 450 s to 750 s
after the start of observation). It contains the
H Lyman-o. emission at 121.6 nm and a well-
structured band (190—270 nm), identified as
NO 7 and § bands (Fig. 33). The intensity in
ADU/pixel is colour-coded. Altitudes of the
MNP of the LOS are indicated at right. At the
time of the peak marked ‘aurora’ in Fig. 36, the
spectra are obviously different from the typical
NO spectrum.
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Fig. 36. Signal intensity for all five spatial bins
as a function of time between 200 s and 900 s.
Units are ADU per spectral pixel = 0.54 nm,
averaged from 181 nm to 298 nm. There are

40 ADU per detected photon for the particular
high voltage used here. The curves for spatial
bins 2-5 are vertically displaced for clarity
(respectively by 10, 20, 30 and 60 ADU). Spatial
bins 3-5 have low resolution but high
sensitivity, and bins 1 and 2 are less sensitive
but have higher spectral resolution.

A conspicuous spike marked ‘Aurora’ is
observed in all bins at 535 s. This is the time at
which the spectra in Fig. 35 differ from the
usual NO spectrum. (Figure taken from Nature,
Bertaux et al., 2005b)
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5.3 The Discovery of Auroral Emission

Auroral emissions in planetary atmospheres ‘are those that result from the impact
of particles other than photoelectrons’ (Fox, 1986). The potential of SPICAM’s UV
spectrometer to monitor these emissions is illustrated by the first observation of an
aurora in the martian atmosphere (Bertaux et al., 2005b). It is a new type of aurora
not seen before in the Solar System. Auroras on Earth and the giant planets lie at the
feet of the intrinsic magnetic field lines near the magnetic poles. Auroras on Venus
are diffuse, sometimes spreading over the entire disc. Martian auroras, in contrast, are
a highly concentrated and localised emission controlled by the crustal magnetic field
anomalies.

In the observation on orbit 716, the SPICAM LOS was permitted to drift slowly
across the nightside limb to search for any weak emission, because no martian
nightglow had been reported before, as sketched in Fig. 7. Figure 35 is a colour-
coded image of the time series of high-resolution intensity spectra, similar to the
NO observations. The most obvious spectral features are the H Lyman-o. emission at
121.6 nm and the well-structured band at 190-270 nm of the NO molecule.

In Fig. 36 the nightglow signal, integrated over the wavelength range of the NO
bands (181-298 nm), is displayed as a function of time for the five spatial bins. The
signal is more intense for bins 3—5 than for bins 1 and 2 because the FOV is wider and
the source is extended. All curves show the same behaviour, almost identical to the
variation of the NO emission observed 6 days later on orbit 734, which is explained
by the variation of the altitude and the latitude of the MNP when the LOS scanned
across the NO emitting layer, confined in the altitude range 60-80 km, and more
intense at high southern latitudes (around time 750 s). There is, however, a strong
peak in all spatial bins between times 533 s and 540 s (increase by a factor of 3 to 4)
that has no equivalent during orbit 734. The emission could be located by a kind
of ‘triangulation’, using the five simultaneous FOVs of SPICAM UV. It coincides
(Fig. 37) precisely with the region of strongest crustal magnetic field B reported by
MGS (Acuiia et al., 2001), and is a sign of electrons moving along the magnetic field
lines, possibly connected to the interplanetary magnetic field at this location and time.
The detected horizontal extent of this aurora is 30 km minimum, but it could be more
extended along the LOS. The altitude of the observed emission is 129413 km. Still,
it could extend more vertically, since it was scanned horizontally. The emissions in
the Mars auroral spectrum (Fig. 38) are the CO A*r—X'E" Cameron band between
180 nm and 240 nm (694450 R), long observed on the martian dayside (Barth et al.,
1971), as well as emissions associated with atomic carbon resonances and with the
CO Al'n-X!'E* fourth positive group between 135nm and 170 nm, and emissions
associated with the CO} B*E"~X*r, doublet at 289 nm (71+42 R).
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Fig. 38. Spectrum formed by averaging spectra
obtained between observation times 541 s

and 548 s, typical of the NO emission, which
also contain the CO emission. (From Nature,
Bertaux et al., 2005b)
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Fig. 37. Radial B field component (nT) at 200 km altitude of the crustal field deduced from MGS
aerobraking and science phasing orbits (Acuiia et al., 2001). White dashed line: satellite position
during orbit 716 (start at the top and end of the orbit at the bottom of the figure). White solid line:
position of the MNP. Dark solid and dashed lines: orbit 734 during which no emission was recorded.
Magenta dashed line: SPICAM LOS at 535 s; the dark rectangle on the line is an estimate of the
extended emitting region. (From Nature, Bertaux et al., 2005b)

6.1 General Principles 6. Atmospheric Vertical
The occultation technique has been used to measure O; in Earth’s atmosphere since Proﬁling by Stellar

the 1970s. Early attempts observed only one or two wavelengths at a time, making the . .

identification of the absorber species uncertain. With the advent of multi-pixel detectors, Occultation in UV
the absorbing species in a multi-spectral occultation can be safely identified via their
spectral signatures. There is also the potential to discover new, unexpected species in
the atmosphere. The method of absorptive occultation spectroscopy was reviewed by
Roscoe et al. (1994) and Smith & Hunten (1990). In terrestrial stratospheric research,
it has become the most advanced method for long-term monitoring of ozone. The
most remarkable results in the IR are from ATMOS/Atlas, which provided a set of
high-resolution spectra of Earth’s atmosphere. In the UV-visible, SAGE-3 uses full
wavelength coverage of the Sun. The Scanning Imaging Absorption Spectrometer for
Atmospheric Chartography (SCIAMACHY) of Envisat (ESA, 2001) is performing
solar occultation and nadir observations, while the Global Ozone Monitoring by
Occultations of Stars (GOMOS) instrument is dedicated to monitoring ozone and other
species by stellar occultations (more than 400 000 ozone, NO, and NO; profiles have
been collected so far; Hauchecorne et al., 2005). SPICAM is thus in line with the most
advanced instrumentation deployed for studying Earth’s atmosphere.

So far, the only solar occultation measurements at Mars were performed during the
Phobos mission by the Auguste instrument (Blamont et al., 1989; Krasnopolsky et al.,
1989). Although the mission was not fully successful, the solar occultation studies
covered more than a month, significantly improving our knowledge of the martian
water vapour profile (Krasnopolsky et al., 1991; Rodin et al., 1997), aerosol vertical
distribution (Chassefiére et al., 1992; Korablev et al., 1993) and ozone distribution
(Blamont & Chassefiére, 1993). The promising results were not fully developed
because of the failure of the Mars-96 mission.
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Fig. 39. Extinction cross-sections of CO, and
ozone for temperatures found at Mars in
SPICAM’s spectral range. Aerosols/dust would
add to the absorption. Rayleigh extinction for
CO, is indicated.
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SPICAM is the first instrument to use stellar occultations at Mars, routinely
delivering vertical profiles of CO, density, temperature, ozone and aerosols by
measuring the atmospheric transmission as a function of wavelength, as originally
planned for SPICAM on Mars-96. The methodology is to use the spectral absorption
of atmospheric components to retrieve their vertical distributions. The spectrometer’s
UV wavelength range of 110-300 nm encompasses the whole CO, absorption band
(110-200 nm) and the ozone Hartley band centred at 250 nm (Fig. 39). Dust absorbs
everywhere, but is easier to see above 200 nm, clear of the CO, absorption.

The principle of using a stellar occultation to measure atmospheric transmission is
quite simple (Fig. 40). Along the spacecraft orbit, stars are occulted one after another
by the planetary limb opposite to the velocity vector. At a predetermined time, the
spacecraft is oriented so that SPICAM’s LOS points towards a given star. The stellar
spectrum is recorded above the atmosphere (say, at 200 km), unaltered by atmospheric
absorption, to serve as a reference spectrum Fy(A). Then, while the spacecraft is
maintained on a 3-axis inertial attitude, the LOS to the star cuts deeper and deeper
into the atmosphere, down to total occultation. At 1 s intervals, the spectrum F(A,z)
is recorded as the LOS slices through the atmosphere at a tangent altitude z. The
atmospheric transmission at z is:

T(\z2) = F(Lz) | Fo(A)

The first step in the data processing is to establish the transmission by correcting
instrumental effects (the CCD dark charge) and perhaps background light at the limb.

The second step is to fit a simple forward model to the measured transmission at
each altitude (spectral inversion):

Tinoa(Ms2) = exp(—Go,(A) MCO,) — 6o, (M) MO3) — Tgus(D))
where GCO2(7\.) and (503(%) are respectively the cross-sections of CO, and ozone, and

N(CO,) and N(O;) their slant densities (along the LOS), and T4,,(A) is the optical
thickness of dust, described by 1, 2 or 3 parameters as a function of A.
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The third step is to perform the vertical inversion of the slant densities, to retrieve  Fig. 40. The occultation principle. From the
the local densities by a modified onion-peeling technique, including Tikhonov ~ two spectra obtained outside and through the
regularisation inspired from GOMOS work. EZ'E‘v’sel;hfrr;’e 2"::::;":;(‘);:1‘5::':5;‘:: fcr*:)';lbfhe

From the retrieved CO, density, the vertical profile is integrated from the top to very first stell;)r occultation made by SPICAM
yield the pressure, and the law of perfect gases is applied to determine the temperature. ¢ the beginning of the mission, the first by any
The CO, density is retrieved from about 150 km altitude down to 10-30 km, depending  instrument at Mars. Shortward of 180 nm, the
on the dust load in the lower atmosphere, where the star signal disappears. For solar ~ signal is completely attenuated by CO,.
occultations, a lateral viewport is used, and five points on the Sun are recorded
together, allowing retrieval of five profiles at each occultation, to be merged together.

The three steps are described here for stellar and solar occultations. As expected,
stellar occultations at deep night are preferred because of minimal limb light
background. Retrieval simulations with expected instrumental characteristics were
performed before flight (Korablev et al., 2001).

Stellar occultation offers three important features:

— an absolute concentration derived from a relative measurement (the method is
self-calibrating, so there is no need for instrument calibration);

— excellent vertical resolution whatever the distance to the planet (because the star
is a point source);

— the accuracy of the altitude knowledge is independent of the spacecraft attitude,
unlike limb-emission methods. The LOS is entirely determined by the direction
of the star in the sky (known) and the position of the platform along its orbit.
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Fig. 41. Synthetic spectra of Mars atmosphere
transmission in occultation for various grazing
altitudes. Dust is taken into account here,
mostly visible as a continuous and absorption
above 210 nm (with some slope).
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Stellar occultations are observed preferably on the nightside of the orbit, and do not
affect the operation of dayside mapping instruments. The LOS is oriented towards
a bright UV star and maintained during the whole occultation of typically 1-4 min;
SPICAM is ON for 20 min. Limiting the number of occultations is the spacecraft
orientation, which is a resource to be shared between the various investigations. This
procedure has several features:

— when a star is occulted during one orbit, it will be occulted on following orbits at
about the same latitude, but at different longitudes;

— the vertical profiling is not restricted to the spacecraft track, unlike other methods;

— hot stars are preferred because they are brighter in UV. Their UV spectra are flatter
than the solar spectrum, with more UV below 200 nm, so stellar occultations can
probe higher altitudes than solar occultations;

— rising stars can also be followed because the tracking system is not closed-loop.

The CO, cross-section presents an enormous dynamic range in the UV, so CO,
absorption is detectable beginning at an altitude of 150 km. For decreasing
tangential heights, the CO, has a sharp cut-off that increases in wavelength, up to
200 nm at z = 80 km (Fig. 41). Longward of 200 nm, the transmission spectrum is
dominated by dust and CO, Rayleigh extinction, with an ozone trough at 255 nm.
The trough depth is a direct measure of ozone line density. From the signal-to-
noise ratio in the stellar occultation mode, the O; line density N, accuracy depends
on the UV magnitude of the star. The Rayleigh extinction above 200 nm can be
computed from the CO, line density determined below 200 nm, and the remaining
continuous absorption above 200 nm is attributed to the dust/aerosol content,
allowing determination of the vertical distribution and spectral characteristics in the
UV (Figs. 42 and 43).

Results from Mars Express stellar occultations have been presented at a number
of conferences; see Quémerais et al. (2006) on the data and inversion processes,
Montmessin et al. (2006) for the cloud and dust distributions, Forget et al. (2006) for
the CO, density and temperature measurements, and Lebonnois et al. (2008) for the
ozone results. These last three topics are summarised below.
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Fig. 42. SPICAM measurements of spectral atmospheric transmission
during a stellar occultation at high altitude, where only CO, absorption is
present.

Fig. 43. As Fig. 42, but lower in the atmosphere. The green curve is the
absorption attributed to aerosols fitting the data, in addition to CO,
absorption and Rayleigh extinction.

6.2 CO, Density and Temperature Profile

6.2.1 Thermal structure of the martian atmosphere

Theory tells us that the temperature structure of the thermosphere above 120 km is
dominated by the balance between EUV heating, non-LTE cooling and molecular
diffusion. In the middle atmosphere (40—120 km) the vertical structure is determined
primarily by non-LTE solar heating and radiative cooling in the absorption bands of
CO,, and by solar EUV heating at higher levels. The thermal structure is modified
by the circulation driven by this force, and by tides and gravity waves that propagate
from the lower atmosphere, break and deposit their energy in this region. Lower- and
upper-level circulation models (including GCMs) were extended into the middle
atmosphere, and need adequate temperature/density data to be validated.

Until recently, there were few temperature profiles of the upper atmosphere:
Viking Lander entry profiles (Seif & Kirk, 1977), and an indirect derivation above
120 km from Mariner-9 airglow (Stewart et al., 1972). New profiles were derived
from Mars Pathfinder entry accelerometry (Magalhaes et al., 1999) and MGS
aerobraking data (Keating et al., 1998). The MGS Thermal Emission Spectrometer
produces 3D temperature fields up to 35 km in nadir mode, and up to 65 km when
limb viewing (Conrath et al., 1998; 1999). Radio occultation studies from Mars
probes have resulted in profiles below 20 km (see Hinson et al., 1999 for recent
Pathfinder profiles). Ground-based microwave observations based on CO lines
profiling (Clancy et al., 1990) constrain temperature profiles on large (planetary)
scales up to 50 km. Yet the thermal structure and the circulation of this part of the
atmosphere is of primary importance on Mars. Unlike on Earth, where the circulation
in the troposphere is somewhat decoupled from the circulation in the stratosphere
and troposphere, the vertical extension of the meteorological phenomenon on Mars
appears to be considerable. In some cases, it probably reaches the top of the neutral
atmosphere, around 120 km (e.g. the Hadley cell during northern winter). The
circulation there may even affect the meteorology at much lower altitudes (Forget
et al., 1996). For instance, the strong warming of the polar night atmosphere during
dust storms is thought to result from an enhancement of the meridional wind between
60 km and 100 km (Wilson, 1997). In fact, this behaviour of the martian atmosphere
may limit the performance of the GCMs and thus our understanding of the martian
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Fig. 44. An example of density retrieval.

The PFS data (courtesy D. Grassi and

V. Formisano), illustrate good agreement. The
PFS air-temperature fields are retrieved in
the indicative range 3—45 km via numerical
inversion of the radiance observed in the CO2
15 pm band, performed on a single-spectrum
basis. The resulting profiles have a vertical
resolution of the order of some km, intimately
limited by the nature of radiative transfer.
The SPICAM vertical profile is obtained by
stellar occultations during a nearby orbit. The
PFS and SPICAM vertical profiles overlap at
30-60 km, showing good agreement between the
retrievals.
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meteorology. How can we account for these upper atmospheric processes? Is the
lower thermosphere circulation of importance? Their limited vertical coverage
(<65 km) means that MGS/TES and similar instruments cannot solve the problem,
leaving SPICAM as the single optical spectroscopy experiment covering this altitude
range.

6.2.2 Data analysis

Once the line density of CO, is determined from the transmission spectra for each
altitude (one altitude per second), the local density n(z) is determined from an Abel
vertical inversion of the line density vertical distribution during a single occultation.
The hydrostatic equation then allows temperature to be determined (Quémerais et al.,
20006). Figure 44 is an example of density retrieval in the atmosphere of Mars. The
inclusion of Planetary Fourier Spectrometer (PFS) data illustrates the good agreement
and the complementarity of the two sets of measurements as a function of altitude.

There is some dependence of CO, absorption cross-section on the temperature 7 the
retrieval process in this case is more complicated, so this effect has been ignored so far.

Although night stellar occultations are preferred, some daytime occultations must
also be performed on especially bright stars on the bright limb. On Mars Express, the
pointing is usually so good that the star image can be placed in SPICAM’s 50 um slit
(0.02°). SPICAM UV offers a fair cover of density/temperature profiles as a function
of local time, latitude, geography and solar activity: the sampling is a crucial test of
the validity of sophisticated thermospheric GCMs. Once validated (or invalidated and
modified accordingly), such models could be used as predictive tools for managing
aerocapture/aerobraking operations in the future.

Figures 45 and 46 present examples of two slant-density profiles compared with
the prediction of the GCM of Forget et al. (1999) run for the same time and location.
Figure 45 shows a significant drop in the data at altitudes <100 km, not predicted
by the model, while in Fig. 46 the agreement with the model is much better at
high altitudes. For a while, it was suspected that the discrepancy could come from
neglecting the variation of CO, cross-section with temperature for this very cold
region (a small scale-height for the slant-density implies a low temperature). However,
that would produce a systematic discrepancy, which is not found. In addition, high-
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Figs. 45 (left) and 46 (right). Comparison of measured slant-density Blue curve: clear (no dust); green curve: MGS scenario; red curve: dusty
profiles with the prediction of the GCM of Forget et al. (1999) run for atmosphere. There is a significant deficit of CO, above 100 km in the
the same time, geometry and location. The black line is the SPICAM data, which is not present on other orbits (Fig. 46, right). It must therefore
data, with dotted lines at + error bar. Several models are compared. be real, and indicates a low temperature in the region 100—110 km.

altitude clouds were detected on some occasions (see below), always connected to low
temperatures at high altitude. The profile of Fig. 45 is therefore seen as realistic and is
fully confirmed by the extensive analysis of CO, and temperature profiles presented
in Forget et al. (2008).

6.2.3 The case for molecular oxygen

Molecular oxygen is the result of CO, photo-dissociation. O, provides in the
Schumann—Runge bands (170-210 nm) an additional absorption that should be
measurable. Calculations show that the difference in transmission between an
atmosphere with O, (0,/CO, =107) and one without O, amounts to 2% around
80 km, in a bandwidth of about 20 nm around 190 nm. The absorption decreases
somewhat below. In principle, one expects a constant mixing ratio of O, in altitude
and over the planet, inasmuch the chemical reactions that control this molecule are
understood, constantly produced by photo-dissociation of CO,. The UV occultation
technique is one way to access this important molecule. Although on Mars there is a
conspicuous O, emission at 1.27 um, it is produced by photo-dissociation of ozone.
It does not trace the density distribution of O, as would the UV absorption seen in
occultation. Some recent processing at LPL appears to have definitely found O, UV
absorption, with a mixing ratio of 0.7% (Lewis & Sandel, private communication).
This is a high value compared to the adopted value of 0.13% derived from Viking
measurements. If confirmed, it would be an important feature to reproduce in the
modelling of photo-dissociation of CO,.

6.3 Ozone Vertical Profiles from Stellar Occultations

The analysis of transmission spectra yields slant densities of CO,, dust and ozone
as a function of altitude. Inversion of these vertical profiles allows us to retrieve
vertical profiles of local densities, with an altitude resolution of close to 5 km. Before
Mars Express, there was only a single ozone vertical profile, obtained by Blamont &
Chassefiere (1993) by solar occultation on the Phobos-2 mission. The quality was not
excellent, partly because the ozone quantity was low at that season. For SPICAM’s
numerous stellar occultations, some show no detectable ozone, but on others the UV
absorption signature is quite conspicuous, as illustrated in Fig. 47.
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Fig. 47. Spectral transmission at 15 km altitude
during orbit 174 (a single 1 s measurement).
The ozone absorption trough is well seen,
superimposed on the dust continuum above
200 nm wavelength.
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Figs. 48 and 49. Evolution of the vertical
distribution of ozone in the GCM (Lefévre et
al., 2004) at (0°E/30°S) as a function of (a) solar
longitude, local time is fixed to midnight;

and (b) local time, solar longitude is fixed to 60°.
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Vertical profiles of ozone in the altitude range 20-30 km to 70 km are analysed
here as functions of the latitude and season (solar longitude, L,) of the observations.
The occultations analysed so far mainly cover the southern hemisphere, during
autumn and winter (L, =8-155°). Most are taken at night. The upper limit for
detection of ozone is a density of roughly 10® cm=, and the error bars are usually of
a few 108 cm™3, rising to 10° cm™ when the profile is especially noisy. The profiles
show the presence of two ozone layers: one near the surface, the top of which is
visible mainly in high-latitude occultations, below 30 km altitude; another layer at
30-60 km altitude, with characteristics that are highly variable with latitude and
season.

The higher layer is first seen on orbit 247, at L, = 11°, 16.8°N/2.3°E, with a peak
abundance of (4.7+0.7) x 108 cm at 52 km altitude. On both sides of the equator, the
ozone abundance at the peak (~45 km altitude) tends to increase from 1-4 x 10° cm
until L, ~ 40°, where it stabilises at around 6-8 x 10% cm. After the southern winter
solstice (L, ~ 100°), the peak abundance starts to decrease again, and this ozone
layer is not detected after L, ~ 130°. At high southern latitudes (above 60°S), a small
ozone layer is observed around 50 km altitude, with an abundance of approximately
2-5 x 108 cm™3. At these high latitudes, below 30 km, ozone increases with decreasing
altitude, indicating the presence of a surface layer of ozone. On some profiles,
structures are observed within one of these ozone layers.

A recent model (Lefévre et al., 2004) predicted the presence of these two ozone
layers (Figs. 48 and 49). At this season, a nocturnal layer at 30—70 km altitude is
predicted. This layer arises at sunset from the recombination of O atoms, but is
destroyed by UV photons when the Sun rises. Its abundance is linked to the amount
of HO, radicals, and therefore of water vapour, present at these altitudes. This water
vapour abundance is linked to the altitude of the hygropause, which is variable with
season. Around aphelion season (L = 71°), the hygropause is low, and this modelled
ozone nocturnal layer is predicted to be quite stable during the northern spring and
summer. The densities of ozone observed during L,=40-100°, for mid- to low
latitudes is in good agreement with the model, but the observed seasonal behaviour
is different, which implies that season-dependent mechanisms destroying ozone are
underestimated in the model. At high latitudes, the altitude layer is also overestimated
by the model. The observed top of the surface layer is also in general good agreement
with the model. This difference in the seasonal behaviour between observations and
the model may be linked either to the vertical distribution of water vapour and its
evolution with season, or to the possible role of heterogeneous chemistry at the surface



Scientific instruments

of dust particles or water ice clouds. SPICAM observations have the potential to
explore both hypotheses in more detail in future studies.

6.4 Stellar Occultation Results: Aerosol Vertical Profiles

6.4.1 Impact of aerosols on the martian climate

An important component of the martian atmosphere is dusty and volatile aerosols.
The strong involvement of the aerosols in basic climate fields means that the lower
atmosphere can be considered as a ‘dusty climate’ system. There is a permanent haze
with a column optical depth of 0.1-1, depending on the season, with sporadic increases
up to several units during dust storms, which is known to control temperatures in the
troposphere and lower stratosphere. Heating and cooling by aerosols drive dynamical
phenomena, varying in scale from general circulation to local waves that give rise to the
atmospheric turbulence. The content and distribution of aerosols in the atmosphere are
in turn controlled by atmospheric motion, as part of the complex feedback that makes
the current climate extremely variable. Volatile aerosols also affect the thermal field by
changing the optical properties and settling rates of particles. They therefore provide
strongly nonlinear thermal feedback determined by the saturation curve, which is
expected to be most significant during aphelion (Clancy et al., 1996; Rodin et al., 1999).

6.4.2 Observation description

While aerosols/dust may be observed on the dayside via their emission of scattered
solar light, the stellar occultation technique remains unique for detecting condensation
clouds during the night, in addition to plain dust particles. Figure S0OA indicates the
actual star spectrum signal as a function of MNP altitude and wavelength for a typical
occultation. At high altitudes (z > 150 km), there is no absorption, and the structure of
the signal is due to the spectrum of the star, with a strong peak at short wavelengths.
The structure of CO, absorption is clearly visible at 120—180 nm, with a fainter region
of ozone absorption around 250 nm. Quantitatively, for each occultation, the ratio of
spectra taken through and outside the atmosphere gives an atmospheric transmission
at each altitude above the point on the surface that is closest to the slant. If there is
any absorbing or/and scattering species along the optical path between the star and
the spacecraft, photons are lost and the resulting transmissions are lower than 1. The
fitting procedure of the measured transmission is based on a Levenberg—Marquardt
algorithm that is fed with the LOS-integrated (slant) molecular concentrations of
carbon dioxide, ozone and the opacity created by aerosols along the LOS. Values
returned for each parameter are compiled to determine the resulting vertical profile of
each species. Figure 5S0C compares a fitted transmission spectrum and transmission
derived from the data. It illustrates the prominent signatures of CO, and O; and
shows the transmission attenuation created by aerosols over the whole spectral range.
The comparison of transmission vertical profiles at specific wavelengths (Fig. 50B)
confirms the consistency of the fitting procedure.

6.4.3 Detection of a seasonal signal

Since the very first occultation sequence made on 13 January 2004, more than 500
profiles have been collected by SPICAM. Some sequences were lost due to pixel
saturation, or to a mispositioning of star image on the detector. A total of 412 could
still be treated and yielded vertical profiles of atmospheric species, including aerosols
(Fig. 51). The dataset spans a period between the end of the northern winter (at L, = 330°,
corresponding to the arrival of Mars Express) and the beginning of the northern autumn
(Ls=200°). Most observations were performed in the southern hemisphere.

Stellar occultation requires only the faint light of stars, so it offers coverage of night
regions. On Mars, this is of particular interest because a crucial part of the climate
is played out in the polar night regions where surface temperatures fall below the
CO, condensation point. CO, condensed on the ground leads to significant seasonal
variations in global pressure. Unfortunately, this aspect of the martian climate is
incompletely documented. Temperatures have been retrieved from IR measurements,
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Fig. 50. A: sequence of spectra derived from
orbit 505. The star signal (colour-coded in
ADU) is plotted as a function of wavelength;

as of the MNP altitude it is unabsorbed above
150 km. Below this, EUV absorption by CO, is
clearly identified at 120—180 nm, while ozone
absorption is seen at 220—280 nm. Atmospheric
species can be derived down to 30 km. B: for
the same orbit, a comparison of transmission
profiles at two UV wavelengths. Modelled
transmissions fitted to the data are plotted
together with data values and corresponding
error bars. C: a transmission spectrum and its
fit. The spectrum was collected at 38 km, where
the signatures of CO,, O; and aerosols can be
easily identified.
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but there were almost no observations to infer the vertical structure of haze in these
regions. The abundance of aerosols in the polar night is known to control the intensity
of planetary-sale waves propagating in the mid-latitudes of both hemispheres during
autumn and winter. Also, theoretical studies have produced the possibility of CO,
storms in the polar night owing to the brutal release of latent heat during atmospheric
condensation episodes. Observations collected so far by SPICAM do not support the
existence of such meteorological phenomena. Instead, polar night regions are marked
by the presence of a thin haze extending from the ground up to 30 km, probably
composed of submicron particles. This type of haze vertical structure is consistent
with a lack of convective activity, resulting from the roughly isothermal structure of
the atmosphere. The presence of haze particles so deep in the polar night is nonetheless
puzzling. No spectral signature can be used to identify the particle composition. If it is
dust, it is possible that the particle size range estimated from the data may reflect the
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Fig. 51. A set of aerosol profiles retrieved from SPICAM stellar occultations in the southern hemisphere around the northern summer solstice.

Solid lines show the aerosol opacity along the LOS as a function of altitude (red horizontal bars indicate measurement uncertainties). Blue circles give
the value of the Angstrom coefficient o (opacity varies as A™%; o is a parameter indicative of the particle size), on the same scale as opacity. Larger o
means smaller particles. Values shown here suggest a particle size of <1 pm. The orbit number is at upper left; at top is the latitude and longitude of the
occultation point and solar longitude L, and the local time. The atmosphere is clear above 30 km, which is rarely the case at other latitudes and seasons.
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Fig. 52. Seasonal variation of the maximum
elevation where particles can be detected by
SPICAM in every stellar occultation profile.
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presence of Aitken cores that can escape nucleation and thus scavenging by water-ice
crystals. In any case, this information will be of great value for climate models, which
are strongly sensitive to assumptions on the aerosol loading and vertical structure in
these regions.

Also analysed was the seasonal evolution of the haze top (the maximum height at
which particles can still be observable) as seen by SPICAM’s stellar occultations. A
strong seasonal signal is detected (Fig. 52), with the haze gradually losing altitude
with deeper penetration into colder regions. This results from two distinct effects in
combination: the stronger convection prevailing over sunlit terrain; the lower altitude
of the hygropause following the cooling of air masses. With the second effect, the
formation of water-ice clouds is favoured at lower altitudes, and the subsequent
scavenging of dust particles above the hygropause results in the visible lowering of
the whole haze layer.

6.4.4 Detection of cloud layers in the mesosphere

The notion that CO, clouds would appear frequently in the mesosphere was suggested
by Mars Pathfinder images of the sky showing bright, blueish morning clouds possibly
resulting from CO, condensation at high altitude. Until recently, however, no CO,
condensate had ever been observed simultaneously with supercold temperatures (i.e.
lower than the condensation temperature) . Indeed, SPICAM has detected the highest
clouds ever recorded at Mars, at more than 100 km (Fig. 53). Simultaneous retrievals
of aerosol and temperature profiles reveal very large portions of atmosphere where
CO,, the main gaseous compound, is supersaturated. This clearly suggests these
mesospheric clouds are made of CO, ice.

These high-altitude clouds match the description of terrestrial noctilucent clouds
(NLCs) that appear in the mesosphere of the polar regions. SPICAM’s inferred UV
opacities are typically very low (<0.01 when integrated vertically) and clouds would
probably not be seen from the surface, unless perhaps just after sunset or before
sunrise when cloud particles can scatter sunlight coming directly from below the
horizon. Surprisingly, the observed clouds systematically stretch below the supercold
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Fig. 53. Vertical profiles of the aerosol opacity along the LOS for four occultation sequences. Optical thickness is given at 200 nm. The vertical extent of
the detached layer (DL) is shown for reference but observation geometry may stretch the image of the layer to altitudes well below its actual lower limit.
Significant diurnal variations can be expected at high altitudes and clouds may disappear with daylight.

zone where they formed. A similar trend is observed for NLCs on Earth with respect to
the saturation conditions of water vapour. It is, however, likely that CO, ice particles
can fall significant distances into warmer, unsaturated air before their complete
sublimation. In a rarefied atmosphere, condensation and sublimation processes
are theoretically slower and must therefore compete with the short timescales of
sedimentation. Using our estimates on cloud opacity and particle size, values for the
cloud particle population can be derived — about a few million per cubic metre on
average. Assuming CO, ice particles are formed heterogeneously, then a question
emerges on the origin of the cloud condensation nuclei. Could they be supplied by a
flux of meteoritic debris, as on Earth, or by an upward flux of submicron mineral dust
particles stripped from the regolith? Vertical propagation of thermal waves appears
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7. The SPICAM AOTF
Near-IR Channel

Table 5. Characteristics of the SPICAM near-IR channel (SIR).

Spectral range
Spectral resolution
FOV

Telescope

AOTF

Detector

Transmission of optics
NER

Gain control

Number of spectral points
Dynamic range

Power consumption
Dimensions

Mass

1.0-1.7 pm

0.5 nm at 1.0 pm; 0.95 nm at 1.5 pm
10

Lens type, @ 30 mm

TeOo, efficiency 70% (in polarised light),
aperture 3.6 x 3.6 mm, +3.5°

2 InGaAs PIN diodes (Hamamatsu G5832), @ 1 mm

20%

~5x10° W cm?=2 sr'

4 pre-chosen gain values

2 spectra with different polarisations, 332—3984 points each
2'%, rounded to 2

5 W average

220 x 85 x 65 mm

700 g

only partly buffered by the release of latent heat induced by CO, condensation, as
illustrated by the recurrent presence of supercold air pockets. As a result, the role
played by microphysical processes, which control CO, ice particle formation and
evolution, is critical in regulating the thermal state of the upper atmosphere.

7.1 Technical Description

The near-IR channel works in the spectral range 1-1.7 pm with a resolving power
superior to 1800. It is a lightweight (0.8 kg) extension of the UV channel that was
added at late stage of the mission, partly in order to demonstrate the capability of the
new acousto-optic tuneable filter (AOTF) technology in deep space. Its principal goal
is to measure water vapour in the atmosphere, spectrally analysing solar radiation
reflected from the surface and modified by atmospheric absorptions. This channel and
its expected science return were described in Bertaux et al. (2004) and Korablev et al.
(2002a); a more detailed description of the hardware is presented in Korablev et al.
(2002b). This section summarises the in-flight performance and presents an overview
of the main scientific results.

A single-pixel detector of InGaAs, associated with an AOTF, allows the
measurement of the H,O column at nadir with a very low-mass configuration. The
AOTF device is based on the Bragg diffraction of an entrance beam by the ultrasonic
acoustic wave excited within a crystal. It offers the potential to reach a resolving
power, /AL, greater than 1000, which is ample to measure nadir H,O by scanning the
absorption line at 1.38 pm in the reflected solar spectrum. There are no moving parts,
such as a chopper. This new concept in IR spectroscopy had never flown on a civil
spacecraft but SPICAM has demonstrated its maturity for space research; it should
have a great future.

The spectrometer is included alongside the SUV (see Fig. 4); its optical scheme
is shown in Fig. 2 and its main characteristics are summarised in Table 5. A 30 mm
diameter lens telescope has a focal ratio of 1/1.9. A 1 mm diameter circular diaphragm
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in the focal plane defines the FOV. A collimator with two small lenses forms a
beam into a custom-made TeO, AOTF crystal with an active zone of 23 mm. The
divergence of the beams inside the crystal is neatly limited to 5.5°. The linear aperture
has its minimal pupil of 3.12 mm in the centre of the crystal and is less than 3.5 mm
at the edges. The output system separates the beams for different polarisations; the
first lens compensates for the divergence of the output beam, and the second lens
focuses the light at the detector. There are two detectors and two short-focus proximity
lenses, one for the ordinary beam, and another for the extraordinary beam, allowing
measurement of the polarisation of the incoming light with high accuracy (Glenar et
al., 1994). Polarimetry measurements should enable characterisation of the properties
of the atmospheric aerosol component (Santer et al., 1985).

The channel uses solar entry parallel to that of SPICAM UV, at 90° to the main axis
+Z. An optical fibre delivers the solar light to the objective; its entry optics provide an
angular FOV of about 4 arcmin. A collimator lens at the output of the fibre and a 45°
flat mirror mounted on the objective’s baffle complete the design (Fig. 54).

The AOTF uses a TeO, crystal in the non-collinear configuration. It produces two
polarisations of the diffracted light. The acoustic wave is excited by a piezoelectric
actuator, with a voltage varying at high frequency (~100 MHz), creating a pattern
similar to that of a Bragg crystal. The diffracted beams are deflected at a small angle
with respect to the undiffracted, ‘white’ output beams. If the acoustic wave is not
applied to the crystal, there are only two undiffracted beams, and as soon as the
acoustic wave is turned on, two diffracted beams appear. These two weak beams must
be well separated from one another and from the strong undiffracted beams, which
contain most of the spectrum.

7.2 Operations and In-flight Performance

The IR channel has operated from the beginning together with the UV channel. The
principal observation configuration is nadir, and at first the channel was not operated
during stellar occultation (the faint IR signal is far below the detection capability).
However, the channel was left on during most SPICAM UV operations in order
to characterise the background signal better, and to avoid missing interesting limb
observations. Up to March 2005 the SIR had performed 826 observations, including
447 nadir, 94 limb and 285 solar occultation sequences.

Owing to the nature of the AOTF sequential measurements from an orbiting
spacecraft, each measured spectral point generally corresponds to a different spot
on the surface. The FOV of 1° corresponds to ~5 km from the pericentre altitude of
250 km, so it is desirable to restrain the overall duration of the measurement of the
whole spectrum to 5-10 s. However, the full scan of the spectral range at fine spectral
sampling (3—4 points per element of the AOTF spectral resolution) requires 3984
points, and the reasonable integration time of 5.6 ms leads to 24-s measurements.
Since the frequency of ultrasonic excitation of the AOTF is controlled by software,
it can be randomly tuned to any wavelength within the spectral range, allowing us
to optimise the measurement time without compromising the science return. This
spectrometer can be programmed to scan up to three windows, and to determine for
each one the bounds and spectral sampling. Furthermore, several sets of predefined
‘dots’ are available to characterise the spectral continuum (surface albedo, reflectance
at limb, extinction, etc.). During the first orbits, AOTF’s full range was used to acquire
full spectra at maximum sampling, at the expense of longer sampling intervals. Then,
after initial analysis, the spectra were restricted to the most interesting parts, by
defining the parameters of the optimised window-dot sets for different observation
modes (Fig. 55). Also, parameters such as gain and AOTF power were optimised. As
a result, one spectrum per second was obtained in most cases.

The in-flight performance of the spectrometer does not differ substantially from
what was expected after ground testing and calibration. The notable exceptions are
a slight modification of the instrument background and measurements in the solar
occultation mode.

Fig. 54. The full IR channel of SPICAM on the
vibration test bench. The entrance lens is at
right and the detectors at left.
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Fig. 55. An illustration of SIR operation modes.
Top: a ‘full spectrum’, with the AOTF driving
frequency spanning the entire range and the
filter is sequentially tuned to all wavelengths
1-1.7 pm. With fine sampling, such a sequence
requires several seconds (12-24 s, depending
on integration time etc.). Bottom: optimised
sequence, in which only the interesting portions
(‘windows’) of the spectrum are scanned at
maximal sampling; less important ones have
reduced sampling, and the rest of the spectrum
is characterised by only a few continuum points
(‘dots”).
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The spectrometer’s measurements (Korablev et al., 2002b) are based on digital
synchronous detection, when the dark current is subtracted from the useful
signal. Therefore, theoretically the background signal is zero, except if there is a
synchronised optical or electrical interference. While the former is unlikely, the
latter comes from the radio-frequency (RF) driver of the AOTF itself. This kind
of interference depends on RF frequency and power, and forms a characteristic
pattern as a function of wavelength. This pattern, well characterised on the ground,
changed after launch, with a bump added around 1.35 pm. Also noticed was a slight
modification of the background in each observation mode due, most likely, to a
modified thermal regime. A special effort was therefore made to characterise the
background behaviour in flight. It should be noted that even the initial uncertainties
were small, not affecting the derivation of robust quantities, such as water vapour
content, and our current knowledge of the background allows comparison of
absolute spectra that differ by less than 1-2%, which is necessary for polarisation
studies.

Solar occultations were achieved after a number of attempts to direct the ‘solar’
axis of SPICAM to the Sun. The task was even more complicated than in the UV
because of the smaller FOV and the lack of an imaging detector. Unlike on the ground,
the spectra recorded via the solar entrance reveal some quasi-periodic fringes with
an amplitude comparable or larger than the depth of the expected H,O absorption
features, possibly generated in the fibre’s entrance optics. Moreover, the fringes are
subject to modification during occultation, possibly because of a rapid change in
temperature. In spite of these difficulties, the IR occultation data have been used to
obtain vertical profiles of water vapour and aerosol extinction.

The ground calibration data and the flight data were reanalysed and an updated
calibration database is available. The accuracy of ground data on the absolute
sensitivity of the SIR was low; the absolute calibration in flight is done by comparison
with OMEGA spectra for a few orbits with relatively homogeneous surface albedos.

The noise-equivalent brightness of a sampling of 6 ms is presented in Fig. 56, while
the spectral response to monochromatic light (provided by a laser diode) is shown in
Fig. 57.
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Fig. 58. An example of calibrated SIR spectra for orbit 30. Individual Fig. 59. A portion of the spectrum from Fig. 59, showing the vicinity of the

spectra for two different polarisations are shown.

H,O0 absorption band at 1.38 pm, and the adjacent CO, band at 1.43 pm.

For clarity with the complicated H,O band, 10 consecutive spectra of

orbit 30 are averaged together.

7.3 Water Vapour Measurements

Typical calibrated spectra measured by the SIR in nadir geometry for the early orbit
30 are presented in Fig. 58. The main features are the spectral slope towards longer
wavelengths due to the solar spectrum, a large number of Fraunhofer lines, and some
atmospheric absorption features, the most prominent being the CO, absorption bands at
1.43, 1.58 and 1.6 pm, and the H,O absorption band around 1.38 pm (Fig. 59), which
is the very band that was used on Viking-1/2 by the MAWD experiment (Farmer &
LaPorte, 1972), which established the first H,O season—latitude climatology.

The latter band was used for the routine retrieval of the total column water vapour
abundance in the atmosphere. In the retrieval, an average of 6—10 spectra are generally
used. Retrieval is made by a best fit of the observed spectrum by a direct model
synthetic spectrum, computed line-by-line using the spectroscopic HITRAN-2000
database (Rothman et al., 2003). Atmospheric parameters are taken from either the
European Martian Climate Database (Forget et al., 1999) or the NOAA Geophysical
Fluid Dynamics Laboratory (GFDL) database (Richardson & Wilson, 2002). Water
vertical distribution in the atmosphere is assumed to be uniformly mixed up to
the saturation level (defined by the model temperature profile) and limited by the
saturation above. Surface pressure and the air mass are calculated from the MGS/
MOLA topography (Smith et al., 2001).

An important issue is an accurate solar spectrum, because numerous solar lines
frequently mix with the signatures of the martian atmospheric gases. There are few
sources of high-resolution solar spectra in the range of interest, so, for the time being,
the spectrum by Kurucz (1995) is being used, although its spectral resolution (sampled
at 1 cm™) is at the limit of what is required. In the future, the spectrum compiled from
PFS data may be used (Fiorenza & Formisano, 2005).

Examples of synthetic fits to the SIR measurements are presented in Fig. 60. A
synthetic spectrum is fitted to the data across 1355-1420 nm; the retrieved quantities
are water vapour total column amount in precipitable microns, and the modification
of the solar spectrum due to non-gaseous extinction and the reflectivity of the surface.
Folded with the Sun’s spectrum, this function is denoted as Sun multiplied by albedo
in Fig. 60. The number of spectral points used in the fitting procedure depends on the
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Fig. 60. Examples of fits to the SIR data in

the H,O absorption band at 1.38 pm. The
same average spectrum for nadir orbit 1000 is
fitted for different spectral ranges (from top
to bottom): 1355-1412 nm, 1365-1395 nm and
1377-1389 nm. Blue curves: SIR calibrated
data; green curves: synthetic fit; red curves:
the solar spectrum modified by surface albedo
(a wide H,O ice band causes additional
absorption longward of 1420 nm) and possible
continuum atmospheric extinction.
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SIR observation mode, and for a typical nadir orbit amounts to 170. The generally
very good quality of the fit can be seen in Fig. 60.

Atmospheric aerosols for near-IR retrieval of H,O are presently not taken into
account, due mainly to the lack of dependable simultaneous measurements of dust and
aerosol optical depths. Such measurements are possible using PFS and OMEGA data:
at the bottom of the 2.7 pm band, or the dust opacity in the silicate 9 pm band, which
is a by-product of thermal retrievals by PFS. The aim is to implement this synergy in
the future. There is also a marginal possibility of estimating the aerosol contents fitting
the shape of the 1.43 um CO, band using SIR data. However, this problem is rather
poorly constrained and the solution is not straightforward.

Figure 61 compares the water vapour profiles measured by SIR along two orbits
with the two GCM predictions (Richardson & Wilson, 2002; Montmessin et al.,
2004). The SIR measurements are smaller than the model results by a factor of 2-3,
except for the north polar region, where there is also substantial disagreement between
the two models. Model results depend on many factors, so no conclusions are drawn
here, leaving the discussion for a paper dedicated to H,O measurements.

A comparison of the different measurements reveals substantial discrepancies.
Mars Express carries three instruments capable of measuring water vapour in the
near-IR to thermal-IR spectral ranges. Modern climatology of Mars atmospheric
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water is based on MGS/TES, with measurements performed in the thermal spectral
range for three full martian years (Smith, 2004). Good knowledge of the temperature
profile is required for the retrieval, and there is some evidence that TES sometimes
overestimates water abundance. The data taken in the near-IR are sensitive to the
aerosol content, and are sometimes underestimated (Fedorova et al., 2004). There
are physical reasons to have different values at different wavelengths: vertical
distribution (H,O vertical mixing ratio is non-constant) and scattering by aerosols.
Some comparisons of the data have shown substantial disagreements between the
datasets, even within PFS measurements, and also between SPICAM, PFS (near-IR)
and OMEGA. SPICAM’s H,0 amount was a lower limit for all other observations.
The comparison of water-vapour datasets, including from Mars Express, MGS and
ground-based measurements, to resolve the discrepancies has been the focus of a
dedicated team working at the International Space Science Institute (ISSI, Bern, CH)
since November 2005. Mars Express should build its own H,O climatology model;
the contribution of SIR to this database is essential.

It should be noted that, following an ISSI workshop on Atmospheric Water Vapour,
Smith (2004) found an anomaly in the TES/MGS retrieval, which, when corrected,
yielded lower H,O values by up to 25%, alleviating the discrepancies somewhat. Still,
the amount of water vapour measured by SPICAM appears to be a lower limit for all
other observations. Why is it so small? In the present analysis the effects of multiple
scattering by dust are not taken into the account. It might be a possible explanation,
but as shown by Fedorova et al. (2004) for an air mass factor <3, which is the case for
nearly all Mars Express nadir observations, the effect of dust impact on the near-IR
spectra does not exceed 20-30%. This is supported by the generally good agreement
among PFS thermal-IR measurements, which are supposedly not affected by aerosols,
and SPICAM data.

Fig. 61. Two SIR water vapour latitude profiles
for different seasons (L = 334° and 14.5°)
compared with predictions from LMD and
GFDL GCMs. The noise and fluctuations of the
SIR data are small. The overall variation is well
captured by SIR at high latitude (L, = 334°),
but the level is generally lower than predicted
by the models, which in fact give different
predictions.
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Fig. 62. Retrieved water vapour content (total
vertical in precipitable microns) from EPF 12 .
observations during orbit 1649, plotted as a

function of the air mass. It should be constant,
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The effect of dust/aerosols is twofold. On the one hand, some light is scattered
backwards by dust before reaching the ground, decreasing the effective air mass factor.
On the other hand, multiple scattering tends to increase the effective air mass factor. For
the time being, these two effects are assumed to more or less compensate for each other.

A good illustration of the impact of dust on H,O retrieval is given by emission
phase function (EPF) measurements performed by Mars Express at a few locations
and times. The EPF observations are intended to study the photometric and spectral
behaviour of the surface, and the atmospheric aerosols by observing a given location
on Mars at various phase angles. For orbit 1639, the standard routine was used to
retrieve the amount of water vapour, and a strong dependence on the phase angle was
found (Fig. 62). This could be interpreted as the influence of aerosols on the depth of
the H,O band. Clearly, for an air mass exceeding 3-3.5, the aerosol effect is dominant
and should not be neglected. A typical air mass for nadir observationa is 2.54, so
SPICAM data are guaranteed against large underestimates of the amount of H,O, but
the influence of aerosols should be taken in account in some cases.

The maps of seasonal and geographical distribution of water vapour measured by
SIR are presented in Fig. 63.
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7.4 Oxygen 02('A,) Emission at 1.27 pm

A dayglow 1.27 pm Oz(lAg) emission was predicted soon after the discovery of ozone
on Mars by Mariner-9 (Barth & Hord, 1971). The situation is similar on Earth, where
a strong airglow arises from Oz(lAg) production from ozone photolysis. This emission
was first observed on Mars from the ground at high spectral resolution by Noxon et
al. (1976). Latitude correlation of O, emission with Mariner-9 O; was reported by
Traub et al. (1979). The mapping of this emission was reported by Krasnopolsky &
Bjoracker (2000). Krasnopolsky (1997) argues that the O, emission provides even
better insight into photochemistry than the total ozone, since it is more sensitive to
the variations of the water vapour saturation level (10-35 km) than total ozone. At
low altitudes, this O, emission is totally or partially quenched by collisions with CO,
molecules; this emission is therefore probing altitudes above 20 km.

The band intensity observed by different authors from the ground varies from
1.5 MR to 26 MR and, indeed, SPICAM IR routinely observes the OZ(IAg) band at
nadir and the limb of Mars mostly in the polar regions. Three spectra recorded along
one orbit at different latitudes (Fig. 64) are different: the albedo, the shape of the
spectrum, and the shape of CO, absorption lines of spectrum 3 differ from those of

Fig. 64. Three spectra measured by SIR along
orbit 262 for latitudes of 38°N (blue: 1), 58°N
(green: 2) and 67°N (red: 3). The right panel
enlarges the spectral region of the 1.27 pm
Oz(lAg) emission band. Spectrum 3 also
contains a broad signature of H,O ice longward
of 1420 nm. In the left panel, an enlargement
of the spectra over 8 nm illustrates the high
variability of 1.27 pm Oz(lAg) in a single orbit.
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Fig. 65. Seasonal distribution of the Oz(lAg)
emission in Mars’ atmosphere. The colour code
is in MR. This map can be compared with that
showing UV-retrieved ozone in Fig. 25.
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1 and 2 (see below), and an emission feature near 1.27 pm is apparent in spectra 2
and 3. This region, enlarged in the right panel of Fig. 64, reveals a clear signature
of the Oz(lAg) band. A detailed discussion of the Oz(lAg) issue related to ozone in
the atmosphere is presented in Federova et al. (2008). Here, a seasonal map of this
emission is presented (Fig. 65).

7.5 Other Products from SIR Nadir Spectra

With the help of the synthetic model described above, and with the known solar
spectrum, the reflectance of the apparent martian surface free from gaseous atmospheric
absorptions can be derived (lower panel of Fig. 66). It cannot be claimed that this is
the surface albedo, because some contribution can be due to atmospheric aerosols.
The resulting spectrum has several distinct features: a broad absorption longward of
1450 nm attributable to water-ice, and a number of narrow absorptions, some of them
coinciding with gaseous CO, absorption bands but with distinctly different shapes,
attributable to CO, ice. The weak emission near 1270 nm is not the atmospheric
OZ(IAg) emission, but the uncompensated neighbouring solar line, apparent in emission
because of the imperfect model solar spectrum. The same features are visible in the
spectrum recorded in the north polar region (curve 3 in Fig. 64).

In conclusion, the SPICAM IR AOTF channel has proved to be capable of measuring
the following quantities on Mars in nadir observations: water vapour content, oxygen
emission due to UV photo-dissociation of ozone, CO, and H,O ice, and surface albedo
(Fig. 67). These quantities have been retrieved systematically for all recorded nadir data
for future synoptic analysis, and comparison with other instrument findings.

7.6 Solar Occultation
SPICAM’s unique features are the stellar and solar occultation modes. The IR
sensitivity is insufficient for stellar occultations, which are performed in the UV, while
solar occultations are observed simultaneously in the UV and IR. Solar occultations
in the IR should deliver information about aerosol vertical distribution, water vapour
and CO, distribution. These measurements are also potentially sensitive to CO, ice
and H,O ice features in the atmosphere.

Solar occultations were achieved after a number of attempts to direct the ‘solar’
axis of SPICAM towards the Sun. At the beginning of the mission, the recorded solar
spectra did not allow the retrieval of water vapour vertical profiles. The reason proved
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Fig. 66. Upper panel: SIR spectrum recorded during orbit 30 (L, = 335.7°) at 85°S. Blue is the
measured spectrum, green is the synthetic fit, red is the non-gaseous spectrum of Mars, needed to

fit synthetic gaseous transmittance to the measured spectrum. The green curve is the product of the
synthetic model with the non-gaseous spectrum. The non-gaseous albedo is plotted as reflectance in

the lower panel.
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Fig. 67. Products of SIR in nadir observations: surface albedo at 1320 nm (example wavelength),

the intensity of Oz(lAg) emission due to photo-dissociation of ozone, the equivalent width of carbon
dioxide and water ice (on the surface or in aerosol layers), and water vapour total column amount.
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Fig. 68. Slant optical depth and extinction
profiles obtained by SIR. The optical depth

is taken at wavelength 1274 nm. The lower
north polar profile stands out against the largc
extension of dust observed at mid-latitudes in
the southern hemisphere.

8. Conclusions
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to be that the data were obtained at L, =140-227° during a period when there were
large quantities of dust in the atmosphere. The vertical extent of dust during this season
has never been measured on any Mars mission, and appears to be as high as 50-70 km,
except in the north polar area, where the expected water content is low. Typically, the
slant optical opacity reaches unity at 35-50 km, and the low signal-to-noise ratio at
lower altitudes prevents measurement of water vapour concentrated beneath the aerosols
and dust. However, later in the mission, H,O vertical profiles were successfully obtained
many times, opening a new window on H,O climatology on Mars.

Solar occultations give direct information about opacity in the LOS. The quality
of IR photometry is good, and the vertical profiles of aerosol extinction have been
retrieved for all solar occultation sequences, along with the spectral behaviour
of the aerosol in the range 1-1.65 pm. Vertical extinctions were obtained with a
latitude coverage ranging from high latitudes in the south hemisphere to one north
polar profile. Figure 68 presents examples of a few extinction profiles for different
locations on Mars. These new observations of vertical profiles of H,O and aerosols
are presented in Fedorova et al. (2008).

Several of the measurements provided by SPICAM are unique; examples are listed
below:

— The (unexpected, but hoped for) discovery of two types of nightglow: aurora
and NO emission, providing insights into magnetic field and upper atmosphere
circulation.

— Ozone measurements are not included in any other current or planned missions.
SPICAM has collected the first climatology data on ozone (both total and vertical
distribution) using stellar occultations on the nightside. It is also the first time
that ozone has been detected from orbit via Oz(lAg) at 1.27 pm (dayside). The
first step to compare the data with a sophisticated model has been completed:
the gross features of the ozone field are well-captured by the model. Remaining
discrepancies are now also understood, with the role of H,O, (a scavenger of
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ozone) destruction on water-ice grains in the clouds or on the ground (Lefévre
et al., 2008). Once the model is tuned to reproduce the data (validated), it will
offer the extraordinary possibility to calculate with confidence a large number of
other species that are difficult (H,0,) or impossible to measure directly (i.e. HO,
radicals), for a full description of the martian environment. This is important for
studies to assess the sustainability of life and human exploration.

— The density/temperature profiles obtained with SPICAM provide important
constraints for building meteorological and dynamical atmospheric models, from
the surface to the troposphere. SPICAM provides the only access by remote sensing
to altitudes of 80—150 km, the region used for aerocapture and aerobraking. As
predicted (Bertaux et al., 2004), stellar occultations gave a unique chance to detect
clouds on the nightside, with the discovery of CO, condensation clouds at 90 km.

— Remote sensing of the ionosphere from natural emissions and interaction with the
solar wind is not included in other ongoing or planned missions.

— The mapping of H,O by the AOTF near-IR spectrometer has been fully
demonstrated. With a mass of only 0.75 kg, this instrument should fly as a low-
cost passenger on all future Mars missions.

SPICAM is applying to Mars the most successful methods for studying Earth’s
atmosphere: backscatter UV and IR spectroscopy, and solar/stellar occultation limb
sounding. The most remarkable thing is that all these results have been obtained with
an instrument weighing only 4.7 kg. It is fair to say that the success of SPICAM is also
due to the design of the Mars Express spacecraft, which has a marvellous capability
for orientation in any direction, at almost any time.

It is already clear that the atmosphere of Mars, as well as that of Earth, experiences
a strong inter-annual variability and its study must be pursued at every opportunity.
The approved extension of the Mars Express mission for a full second Mars year is an
excellent decision; it is hoped that further extensions will be possible.
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The Analyser of Space Plasma and Energetic Neutral Atoms (ASPERA-3)
on Mars Express (MEX) has now completed one martian year in orbit. The
experiment has performed very well and has yielded many interesting findings
about the interaction of the solar wind with the planet Mars. ASPERA-3 has
revealed that solar wind plasma and accelerated ionospheric ions may be
observed all the way down to the MEX pericentre (250-300 km) above the
dayside planetary surface. This is quite deep in the ionosphere and atmosphere,
implying strong solar wind plasma forcing. The low-altitude ion energisation and
outflow near Mars is surprisingly similar to that over the strongly magnetised
planet Earth — from narrow ‘mono-energetic’ ion beams to beams with a broad
energy distribution. The distribution of the accelerated plasma suggests both
a direct solar wind energy and momentum exchange, via for instance, waves
produced by the shocked solar wind, and an indirect solar wind interaction
inducing electric currents and fields in a magnetised plasma environment. In the
latter case we also envisage parallel (to the magnetic field) electric currents and
electric fields projected onto regions of crustal magnetisation in the nightside
ionosphere of Mars.
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1. Introduction

Using a novel measurement technique for energetic neutral atoms (ENAs),
ASPERA-3 is exploring a new dimension in the solar wind interaction with
unmagnetised planets. Mars is ‘shining’ in energetic neutral atoms. Part of
this is caused by reflections of inflowing hydrogen ENAs from the solar wind,
but a large fraction is emitted via charge exchange when hot plasma, of solar
wind and planetary wind origin, interacts with the upper atmosphere. In this
chapter we briefly review three ENA phenomena related to Mars — ENA albedo,
ENA jets and ENA occultation. We also discuss another, yet to be explained,
source of ENAs in interplanetary space. This source is most likely related to the
heliospheric boundaries, but other explanations should also be considered.

Solar forcing has a strong impact on Earth-like planets, on a long-term as well
as short-term basis. The solar electromagnetic radiation, from X-rays to infrared,
provides the highest input power to the planetary environment; for Mars, with its
elliptical orbit, the power varies between ~90 and 720 W m™2. The corpuscular
(particle flux) power from the solar wind is up to six orders of magnitude less than
that. Yet, it is known that the solar wind plays an important, if not the major, role in
the erosion of the martian atmosphere. The heating of the martian exosphere leads to
a mass loss from Jeans (thermal) escape an order of magnitude less than nonthermal
escape governed by the solar wind with an input power of just ~0.001 W m™2. This
demonstrates that physical processes matter more than sheer power for the escape
of planetary volatiles.

Thermal (Jeans) escape from an atmosphere is determined from a Maxwellian
(thermalised) particle distribution, the escape rate given by the temperature of the
distribution at the exobase and the escape velocity of the object at the exobase.
Theoretically, all particles within a Maxwellian distribution of particles having
velocities above the escape velocity will be lost. Nonthermal escape may be defined
as all other processes where the energisation and escape of particles are related to
(microscopic) nonthermal processes. In our case we define nonthermal escape as the
result of external plasma (solar wind) forcing. All other processes of catastrophic
nature, such as impact erosion by objects infalling from space, are excluded.
Nonthermal escape is not unrelated to thermal escape, because most nonthermal
escape processes are based on photoionisation, i.e. ionisation of the neutral upper
atmosphere. The electromagnetic radiation from the Sun also determines the scale
height of the atmosphere, and correspondingly also the ionosphere and target area for
e.g. solar wind forcing. However, we separate these two mechanisms mainly because
of their differences with respect to solar forcing.

A good illustration of nonthermal escape is the plasma (ion) tail of a comet. The
plasma tail is due mainly to the interaction of the solar wind with ionised cometary
matter. Despite general differences between a comet and a weakly magnetised planet
like Mars, there are many similarities. The main difference between these objects is
gravity. Mars has much stronger gravity that binds volatile substances for billions of
years before being significantly eroded away by the solar wind. The low gravity of
comets means that their atmosphere builds up and expands while approaching the Sun,
leading to rapid erosion by the solar wind. Insertion in an Earth-like orbit would in fact
completely empty a kilometre-sized comet of volatiles in typically one million years.

The direct interaction between the solar wind and the martian atmosphere contrasts
with the indirect interaction of the solar wind with Earth. The radial standoff distance
from Earth is typically 70 000 km in the subsolar region, while it is less than 1000 km
for Mars (Gringauz, 1981). While solar wind energy has only limited access to Earth’s
auroral region, it has access to essentially the entire dayside, and part of the nightside
ionosphere and atmosphere of Mars. The rate of erosion of the ionospheric plasma is
consequently lower for Earth than for Mars.

Phobos 2, launched in July 1988, was the first spacecraft that enabled a quantitative
estimate of the volatile escape from Mars. Based on the energised outflow of HT,
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O*, O} and CO7 detected by the ASPERA experiment on Phobos 2 (Lundin et al.,
1989), it was possible to estimate the volatile loss from Mars to ~1 kg s~!. Assuming
for simplicity that the outflow originates from CO, and not from water (oxygen and
proton), we obtain a theoretical atmospheric lifetime of ~200 million years. However,
as indicated by the ion escape data (e.g. Lundin et al., 1989; Norberg et al., 1993;
Carlsson et al., 2005), the dominant ions are O*, and O}, indicating a preference for
loss of water, with CO, molecules disappearing at a much slower rate even though
the CO,/H,O content ratio in the atmosphere is about 1000. Dehydration therefore
appears to be the most efficient process with regard to ion escape, to the extent that it
may even dominate the escape of volatiles from arid planets like Mars.

In this chapter we report on results from the ASPERA-3 investigation after two
years in orbit. Our purpose is not to review the entire volume of 24 papers already
published, plus some 10 more that are in the process of being published, but rather to
offer a flavour of some interesting findings by ASPERA-3. We present results from
all sensors, covering important aspects of the scientific objectives of the ASPERA-3
investigation. We focus on two themes: the solar wind interaction and the ionospheric
plasma escape — the planetary wind, and the energetic neutral particle environment
of Mars.

2.1 Scientific Objectives 2. The ASPERA-3

The scientific objectives of the ASPERA-3 experiment on Mars Express (Barabash Investigation
et al., 2004) are to study the short- and long-term effects of the solar wind interaction

with the martian atmosphere and ionosphere, by means of, first, remote sensing of

energetic neutral atoms (ENAs), enabling us to:

— image the global solar wind interaction with the martian ionosphere and
atmosphere;

— characterise quantitatively the plasma interaction with the atmosphere;

— determine the morphology of the global plasma and neutral gas outflow at Mars;
and

— determine the net outflow of ENAs from Mars.

Second, by measuring in situ the hot plasma, it is possible to:

— investigate the transfer of energy, mass and momentum of the solar wind plasma
to the martian ionosphere and upper atmosphere;

— determine the plasma acceleration/outflow from the martian ionosphere, part of
the outflow charge-exchanging to ENAs;

— provide undisturbed solar wind parameters required for the interpretation of ENA
images; and

— determine the rate of ionospheric plasma outflow, the planetary wind.

2.2 The ASPERA-3 Instrument

The ASPERA-3 instrument comprises four sensors, two ENA sensors, and electron
and ion spectrometers. The two ENA sensors are optimised for some of the scientific
objectives while at the same time complementing each other. This approach
provides the necessary redundancy as well as the independent cross-checks that
are necessary for such ‘first-ever’ measurements. The charged particle sensors not
only provide characterisation of the local plasma environment but they also support
ENA measurements in terms of charged particle background and inter-calibrations.
ASPERA-3 consists of four experiments:

The Neutral Particle Imager (NPI) provides measurements of the integral ENA
flux with no mass and energy resolution but with 5° x 11° angular resolution. The
intrinsic field of view is 9° x 344°. The sensor utilises a graphite surface to suppress
the UV background. ENAs incident on the surface at a grazing angle of 20° are

201



SP-1291

Fig. 1. The comet-like solar wind interaction
with Mars, showing some of the characteristic
features observed: the deeply corrugated
penetration of the solar wind into the dayside
atmosphere; an induced magnetosphere
boundary (IMB) with the solar wind plasma
outside and planetary plasma (the planetary
wind) inside; and the photoelectron boundary
(PEB) dominated by a cold ionospheric plasma.

3. The Solar Wind
Interaction and the
Planetary Wind
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reflected and/or cause ion sputtering. A micro-channel plate (MCP) stack detects the
reflected particles and sputtered fragments with a discrete anode.

The Neutral Particle Detector (NPD) provides measurements of the ENA
differential flux over the energy range 100 eV—-10 keV, resolving H and O with a
coarse 5° x 30° angular resolution. The sensor consists of two identical detectors,
each with a 9° x 90° intrinsic field of view. The measurement technique is based on a
principle similar to that of the NPI, but using in addition a time-of-flight technique that
gives the ENA velocity. The pulse—height distribution analysis of the STOP signals is
used to provide a rough determination of the ENA mass.

The Electron Spectrometer (ELS) provides electron measurements in the energy range
0.01-20 keV. The intrinsic field of view is 10° x 360°. The 360° aperture is divided into
16 sectors. The sensor is a standard top-hat electrostatic analyser in a very compact design.

The lon Mass Analyser (IMA) provides ion measurements in the energy range
0.01-30 keV/Q for the main ion components: H*, He™, He*, O*, O} and CO3. The
IMA has a 4.6° x 360° field of view. Electrostatic sweeping provides elevation (+45°)
coverage, thus giving coverage of half the unit sphere.

The new results obtained from the ASPERA-3 ion and electron analysers have
considerably improved our understanding of the solar wind interaction with Mars.
Lundin et al. (2004), for instance, noted that the solar wind penetrates deep into the
dayside atmosphere, accelerating ions to high energies even at very low altitudes.
This implies that the entire dayside atmosphere of Mars is under more intense solar
wind forcing than previously believed. The data also suggest that the forcing leads to
a highly corrugated contact surface between the ionosphere and the solar wind. This
may in part be due to spatial/temporal irregularities in the solar wind, but it may also
be related to the patchy crustal magnetisations at Mars (Acuiia et al., 1999) and their
associated ‘cusps’ (Krymskii et al., 2002). Ion data from the flank and tail of Mars
suggest many similarities between Mars and comets, i.e. the accelerated outflowing
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ionospheric plasma is quite structured, and the bulk of the flow follows the external
solar wind flow in the anti-sunward direction (e.g. Dubinin et al., 2006).

The morphology of the ionospheric plasma outflow from Mars is shown in Fig. 1.
Most of the accelerated ionospheric plasma outflow is contained inside the induced
magnetosphere boundary (IMB), while the cold ionospheric plasma is contained
inside the photoelectron boundary (PEB). Figure 2 shows ion and electron energy—time
spectra for a MEX dayside pericentre traverse, and illustrates how the IMB and PEB

Fig. 2. Energy—time spectrogram of ions and
electrons (top three panels) and electron
frequency spectra (bottom panel) from a
dayside pericentre (297 km) pass near local
noon, 19 December 2004, illustrating the
presence of the solar wind and energised heavy
ions down to the spacecraft pericentre. The
IMB and PEB boundaries are indicated (after
Lundin et al., 2006b).

Fig. 3. Energy—time spectrogram of electrons
for a periapsis pass into the dayside ionosphere,
showing some the characteristic features, such
as the photoelectron lines, the signature of an
electron anomaly, and the transition into the
sheath (PEB).
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Fig. 4. Morphology of the planetary ion
acceleration and outflow. MEX trajectory
traces with observations of ion acceleration
and outflow are depicted using a cylindrical
coordinate system. IMB marks the average
induced magnetosphere boundary.

Fig. 5. IMI and ELS data from a MEX
pericentre pass on June 21 2004. Right panel,
top: data (counts) of tailward-moving planetary
ions (1m/qg=16—44 amu). Left panel, centre:
downward-moving electron energy spectra
(counts) and the frequency spectra of electrons,
respectively. The ion and electron flux spectra
in the right panel were taken at 12:56 UT
(Lundin et al., 2006b).

Fig 6. (a) Energy—time spectrogram for
electrons and ions showing plasma acceleration
in the deep nightside. (b) Energy spectra of
oppositely accelerated electron and ion fluxes
in the central tail, taken at 06:55 UT (Lundin et
al., 2006b).
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were identified using ASPERA-3 data. The figure also demonstrates that solar wind
ions protrude all the way down to pericentre (here 300 km). At the same time we
observe energisation of planetary (heavy) ions.

The Electron Spectrometer (ELS) has demonstrated a unique capability to resolve
the fine structure in electron spectra, such as the CO, photoelectron peaks (Frahm
et al., 20006). In Fig. 3, as well as the photoelectron lines in the ‘cold’ ionospheric
plasma, we can also observe the ‘magnetic anomaly’ features first discovered by the
Mars Global Surveyor (MGS; Acuiia et al., 1999; Mitchell et al., 2001). The magnetic
anomalies, caused by crustal magnetisations at Mars, are of particular interest for the
solar—planetary relationship. The high energy and time resolution of the ELS is a very
important asset for understanding the plasma environment of Mars.

The energisation and escape of planetary ionospheric ions were discussed in detail
in several papers in a special issue of Icarus (vol. 182(2)) in 2006. We present here an
extract of the energisation and outflow from a study covering the dayside, flank and tail
of Mars (Lundin et al., 2006b). Fig. 4 illustrates the locations of observed energisation
and outflow; note that most of the observations are made within the average magnetic
pile-up boundary (MPB)/IMB boundary. An example of a dayside/flank ion energisation
of heavy ions associated with what was termed ‘streaming’ electrons of magnetosheath
origin is shown in Fig. 5. The outflows of H" and O* are substantially heated, with beam
temperatures reaching several hundred eV. This should be compared with ionospheric
ion temperatures of typically <1 eV. Thus, heating, possibly by waves (Espley et al.,
2005; Winningham et al., 2006), is an important ionospheric plasma energisation and
escape process in the dayside and flank of Mars.

Further downstream, inside the tail cavity of Mars, the ion energisation characteristics
are quite different from those in the dayside and flank. Observations from Phobos-2
suggested accelerated narrow/cold beams inside a ‘plasma sheet’ (Lundin et al., 1992).
Dubinin et al. (1993) considered the ion acceleration to be due to the solar wind motional
emf. ASPERA-3 measurements inside the tail cavity, as shown in Fig. 6, suggested
slightly different, more Earth-like, plasma acceleration processes. The narrowly peaked
ion and electron spectra and the ‘inverted V’-like energy—time spectra, as observed in
Fig. 6, suggested plasma acceleration by magnetic field aligned electric fields. Mars
lacks a strong intrinsic magnetic dynamo, but has instead confined magnetised regions
dispersed in the crust (Acuna et al., 1999). The multi-pole magnetisation pattern on
Mars implies that magnetic cusps are formed (Krymskii et al., 2002) that extend into
space. In analogy with Earth, it was therefore believed that magnetic field-aligned
plasma acceleration, and a discrete aurora, would occur above Mars. With Mars
Express we have now confirmed the characteristic plasma acceleration and auroral
emissions in the nightside of Mars (Bertaux et al., 2005; Lundin et al., 2006a). Mars
Global Surveyor (MGS) has also confirmed the existence of field-aligned electric
currents associated with the auroral electron acceleration above Mars (Brain et al.,
2006). Figure 7 (after Lundin et al., 2006a) shows a diagrammatic representation of the
field acceleration of ions and electrons, constituting what is known from Earth as the
‘auroral acceleration process’.

The composition of the ion outflow from Mars reflects the depth of solar forcing
in the martian ionosphere. A study of the ion outflow composition by Carlsson et al.
(2006) indicated almost equal amounts of O* and OF, with COj contributing 10% to
the outflow. More comprehensive statistics may show that the O} abundance is higher.
Figure 8 shows ASPERA-3 ion composition data (Lundin et al., 2006b) combined
with an ionospheric density and ion composition profile determined by the Viking-1
lander (Hansson et al., 1977). Note that the accelerated ion composition of the outflow
in 2004 was similar to the ionospheric composition in the altitude range 230-250
km as measured by Viking-1 in 1974. These two observations were made 20 years
apart, but both were made during the declining phase of solar activity. The general
conclusion from this, based on the composition of the ion outflow, is that solar forcing
extends down to quite low altitudes in the ionosphere of Mars, where molecular
ionospheric ions can also be accelerated.
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Fig. 7. Auroral plasma acceleration above

the magnetic anomalies at Mars. A cusp/cleft
aurora is expected to occur between adjacent
anomalies, and a halo aurora to circumscribe
the large-scale region of crustal magnetisation
(Lundin et al., 2006a).

Fig. 8. Left: Ion mass spectra illustrating

the composition of the ionospheric outflow
from Mars, with Oer most abundant, followed
by O* and CO} (Lundin et al., 2006b). The
composition is similar to that observed by
Viking 1 at an altitude of about 240 km (figure
from Hanson et al., 1977).

4. The Energetic Neutral
Environment of Mars
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From simulations of the martian ENA environment (e.g. Kallio et al., 1997; Holmstrom
et al., 2002) it was expected that the ENA environment would encompass many
interesting aspects of the solar wind interaction with Mars. The data have confirmed
some of our simulation results, but they have also revealed many novel characteristics
and new aspects. The latter is no surprise, considering how new and unexplored the
ENA environment of Mars is. In the following we present some new discoveries by
ASPERA-3 on Mars Express. The discoveries are all at such an early stage that it
will take some time before their implications can be fully revealed. Four topics are
briefly described here: (1) solar wind ENA albedo; (2) dayside ENA jets; (3) ENA
occultation; and (4) an unknown source of interplanetary ENAs. Figure 9 illustrates
the martian ENA environment based on ASPERA-3 observations (topics 1-3).
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3. ENA occult.

4.1 Solar Wind ENA Albedo

The solar wind has an energetic neutral hydrogen component originating from two
sources, the solar ‘atmosphere/exosphere’, and via charge exchange with interplanetary
and interstellar neutrals. Energetic neutral hydrogen is always generated via charge
exchange — a process whereby an incident ion (singly charged) picks up an electron
from a (cold) neutral atom. The electron pick-up leads to a fast neutral atom and an
ionised target atom. Charge exchange is therefore an ionisation as well as a conversion
process — converting fast ions to fast neutrals. The results of solar wind ions impacting
into the upper atmosphere of Mars are to contribute to the ionisation of the dayside
atmosphere, as well as to produce a ‘radiating’ flow of ENAs. The flow of ENAs
produced by ion collision with the martian atmosphere therefore adds to the incident
solar wind ENA flow, both having the same energy as the solar wind because the
energy loss in the charge exchange process is negligible. An interesting aspect of the
ENA albedo is that it mimics the ion precipitation at Mars, enabling mapping of the
dayside particle precipitatBackscattered ENAs are produced when the incident ENAs
reach the exobase of Mars, experience elastic and inelastic collisions (Kallio and
Barabash, 2000), and some of them are scattered back into space. Kallio and Barabash
(2001) used a three-dimensional Monte Carlo model to investigate backscattered
ENAs. They found a backscattering ratio of 0.58, the average energy of backscattered
ENAs being ~60% of that of the incident ENAs.

Using the NPD instrument, Futaana et al. (2006a) measured backscattered ENAs
from the martian upper atmosphere. This was the first observation of backscattered
ENAs from the upper atmosphere of an unmagnetised planet. Figure 10 shows an
example of such an observation. The left panel gives a 3D geometry of the MEX orbit
and the NPD field of view (FOV) at 19:50 UT and 19:55 UT on 27 February 2004 in
the Mars Solar Orbital (MSO) coordinate system. The white line represents the Mars
Express trajectory, and the solid angles correspond to the NPD-2 FOVs. The right
panels in Fig. 10 display NPD-2 time-of-flight (TOF) spectra integrated over the 5 min
observation time for each direction. The dashed lines indicate the background count
levels in each direction as defined by the low-energy channel. The TOF distribution
has a broad spectrum at 150-500 ns (0.2-2.3 keV/amu), with a sharp peak embedded
at 150-300 ns (0.6-2.3 keV/amu). We note here that the shocked solar wind protons
detected by IMA during inbound into the sheath had energies of ~2 keV. This result

Fig. 9. The three main regions of ENA
generation at Mars: 1, solar wind ENA

albedo; 2, ENA ‘jets’; and 3, tail/cavity ENA

occultation.
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Fig. 10. Observations of backscattered ENAs
(from Futaana et al., 2006b). Left panel:

the MEX orbit and field of view of the NPD
measurements. Right panels: TOF spectra
for two directions integrated over the 5 min
observation period.
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is consistent with the ENAs originating from the solar wind interaction with Mars.
Futaana et al. (2006a) inferred on basis of their observations a global backscattered
ENA emission of ~107 cm™2 s\

4.2 Dayside ENA Jets

The NPD and NPI sensors also detected a substantial flux of ENAs in the azimuthal
direction (Gunell et al., 2006; Futaana et al., 2006b). They reported ENA signals coming
from the dayside IMB—magnetosheath interface. By comparing the NPI data and an ENA
generation model in the shocked solar wind, Kallio et al. (1997) concluded that they
are the ENAs of shocked solar wind origin. On the other hand, Futaana et al. (2006b)
measured the ENA flux emitted from the subsolar region using the NPD instrument, and
named the outflow subsolar ENA jets, because the flux emission is highly directional
from the subsolar region. Subsolar ENA jets may originate from two sources:

— Shocked solar wind protons charge-exchanging with planetary neutral atoms
(Holmstrom et al., 2002) — the shocked solar wind is highly deflected in the subsolar
region, and the velocity vector of the shocked solar wind flow points towards the
azimuthal direction. When converted to ENAs, they form a subsolar ENA jet.

— Accelerated protons originating from hydrogen atoms in the martian upper
atmosphere — the acceleration takes place in the exosphere by the solar wind
interaction. The accelerated protons may subsequently charge-exchange back to
ENAs (Lichtenegger et al., 2002).

In both cases, jets may be produced near local noon, in a region subject to head-on
solar wind forcing. An opportunity to reveal in more detail the geometry and the cause
of the ENA jets came during the passage of an interplanetary shock that displaced the
ENA source region (Futaana et al., 2006¢). During this event the NPD data exhibited
an extremely high-flux ENA jet. The observed flux was approximately five times
higher than typical fluxes, and decreased abruptly in a very short time, less than 10 s,
when the spacecraft crossed an outer boundary of the ENA jet. The generation region
of the subsolar ENA jet was pushed towards the planet by the interplanetary shock, as
shown in Fig. 11. Mars Express subsequently went into and out of the ENA jet region
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in a quasi-periodic fashion, suggesting a global ‘vibration’ induced by the external
interplanetary shock pulse.

4.3 ENA Occultation

ENA occultation measurements were carried out when the ENA (IMI) imager on
MEX moved into the Mars eclipse (Brinkfeldt et al., 2006). In the course of this
movement the solar wind ions charge-exchange with the extended Mars exosphere
and produce ENAs that can spread into the eclipse of Mars due to the ions’ thermal
spread. The IMI measurements showed a persistent signal from the solar direction
for several minutes as the spacecraft moved into the eclipse. The geometry of the
occultation experiment is shown in Fig. 12, which also illustrates how the data from
three NPI sectors were analysed. The UV background in the data was carefully
analysed, and the photon illumination of the spacecraft was inferred from the presence
of photoelectrons in the ELS electron data. The upper panel of Fig. 13 shows IMI
and ELS data during one occultation event; the spacecraft motion into the eclipse is
clearly evident from the drop in the UV background in IMI and a corresponding drop
in the number of photoelectrons. The remaining NPI signal in eclipse originates from
the thermal spread of solar wind charge-exchanged ENAs. The lack of correlation
between electron and NPI data in eclipse, as shown in the bottom panel in Fig. 13,
indicates that ENAs dominate the NPI signal.

The above measurements agree with simulations and a theoretical analysis by Kallio
et al. (2006) of an ENA beam propagating through the atmosphere near the therminator
of Mars. The measurements are considered a precursor to a new technique, called ENA
sounding, for measuring the properties of the solar wind and planetary exosphere by
means of energetic neutral particles.

4.4 An Unknown Source of Interplanetary ENAs

We noted above that ENAs are generated at the Sun, in interplanetary space (charge
exchange with interplanetary and interstellar neutrals), and near planets (charge
exchange with a planetary atmosphere). In principle, ENAs are generated whenever
hot plasma interacts with a neutral gas. ENAs may subsequently ‘radiate’ away like
photons, affected only by gravity (marginally) and particle collisions. At sufficiently

Fig. 12. A view of the orbit geometry with the
field of view of NPI sectors 20-22 at 11:18:30
UT during orbit 343, 27 April 2004. The plot is
in cylindrical coordinates (see text). UT hours
are included in the plot. Distances are in Mars
radii (R, = 3397 km). The area between the
bow shock (BS) and the induced magnetosphere
boundary (IMB) is referred to as the
magnetosheath (Brinkfeldt et al., 2006).
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Fig. 13. Top panel: comparison of particle
fluxes measured by NPI and ELS when entering
eclipse. The ELS flux is integrated between 5
and 10 eV, and is a measure of photoelectron
production on the spacecraft surface. It can
thus give an indication of the UV background.
Lower panel: the normalised NPI flux versus
the normalised ELS flux. No correlation is
observed (Brinkfeldt et al., 2006).
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high velocities the ENAs may travel unperturbed for very long distances. ENA
imaging, a concept that originates from Roelof et al. (1985), constitutes a means to
study remotely hot plasma processes whenever hot plasma interacts with a neutral gas.
The technique has evolved substantially since then, and has been utilised in missions
to Earth’s magnetosphere, such as Astrid 1 (Barabash et al., 1997) and Image (Burch,
2000), and now also on Mars, Venus and Titan (e.g. Mitchell et al., 2005).

The concept of plasma—neutral interaction has indeed much wider applications,
and has led to speculation about its astrophysical implications. A more ‘modest’
speculation is the generation of heliospheric ENAs. Heliospheric ENAs are expected
to be predominantly hydrogen neutrals produced on the far side of the termination
shock in the inner heliosheath, where the solar wind slows down to subsonic speed.
Heliospheric ENAs are produced by charge exchange between solar wind protons and
interstellar neutrals, resulting in a detectable flux of inward-moving ENAs from the
inner heliosheath (e.g. Gruntman et al., 2001). Imaging these ENAs and their energy
spectra may help our understanding of the interaction of the heliosphere with the local
interstellar environment.

Previous observations indicated the existence of energetic (keV) interplanetary
neutrals (e.g. Collier et al., 2004). The NPD and NPI instruments were used to
confirm and analyse the properties of such interplanetary ENA sources. An immediate
problem is to distinguish between interplanetary neutrals and other (e.g. planetary)
ENA sources. The first, and best, opportunity to study such sources occurred during
the cruise phase. Barabash et al. (2004) reported the first data on keV neutrals that
suggested a heliospheric or possibly exterior/interstellar origin. This was followed
by studies combining cruise data and data in orbit around Mars by Holmstrom et al.
(2006) and Galli et al. (2006).

Holmstrém et al. (2006) used NPI to observe ENA and UV fluxes in the shadow
of Mars in 2004 and 2005. They were able to identify one signal that shifted position
between those years, indicating that there are ENAs in this signal that are not related
to the Mars—solar wind interaction. In addition, ENAs are seen in the eclipse that do
emanate from the Mars—solar wind interaction, judging from the direction from which
they came (near the limb of Mars). Figure 14 shows the evolution of the galactic plane
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signal over time; we see a clear change in the signal at around —45° longitude. This
change is present even if we look only at counts from the hemisphere away from Mars,
excluding a Mars-related source (right).

Galli et al. (2006) used the NPD sensors to measure the energetic neutral hydrogen
over a time range of 10 months when Mars was well out of the field of view. Figure 15
shows a typical example of an energy spectrum of non-planetary origin, reconstructed
from NPD-2 data measured on 10 July 2003 during the cruise phase. A two-composite
power law characterises the energy spectra with a moderate decrease at low energies.
The break occurs close to 0.8 keV, with a steeper slope towards higher energies.

Figure 16 shows variations in the integral flux with ecliptic longitude. The Sun
is moving relative to the local interstellar medium towards 255° at about 25 km s,
This results in a stream of low-energetic hydrogen and helium neutrals flowing from
this direction towards the Sun (Witte, 2004; Lallement et al., 2005). The ENA signal
measured by ASPERA-3, in contrast, seems to increase in integral flux between 30° and
90°, around the anti-apex direction, with a low-signal zone extending from 180° to 300°.

The source of the ENA signal observed by NPD as well as NPI is yet to be
identified. There has to be a mechanism that produces neutral hydrogen fluxes in the
order of 10°-10° cm2 sr! s7!, with velocities of around 400 km s~!. These velocities
are an order of magnitude higher than the relative motion of the Sun through the local

Fig. 14. Evolution of the galactic plane signal
measured by NPI during 2005 (galactic
coordinates). Right: the signal with all
observations in the hemisphere of directions
centred at Mars removed (Holmstrom et al.,
2006)

Fig. 15. Integral ENA flux versus direction

of origin. The plot shows all measurements
whose spectral shape fits the class described

in section 4.4. The arrows at 255° and 267°
ecliptic longitude denote the arrival direction of
the interstellar neutral flow and the direction
toward the galactic centre (Galli et al., 2006).
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Fig. 16. Typical example of a non-planetary
ENA signal (TOF, top panel) and derived flux
energy spectrum, measured during the cruise
phase (Galli et al., 2006).

5. Conclusions
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interstellar cloud. The direction of highest fluxes of ENAs lies between 90° to 180°
away from the direction of the interstellar neutral flow (Witte et al., 2004) and from
the galactic centre.

ASPERA-3 has made a number of interesting new findings, most of them on the solar
wind interaction with Mars, its ionosphere and atmosphere, but one of them related
to the generation of ENAs in interplanetary space. These findings and their related
consequences can be summarised as follows:

— The solar wind plasma may penetrate deep into the dayside ionosphere and
atmosphere, 250-300 km, leading to strong solar wind forcing and the acceleration
and outflow of planetary ions.

— Despite the lack of a strong intrinsic magnetic field, the low-altitude ion
energisation and outflow from Mars are surprisingly similar to the ion energisation
and outflow over Earth — from narrow ‘mono-energetic’ ion beams to beams with
a broad energy distribution.

— The distribution of the planetary wind ions suggests two major acceleration
processes: (a) direct solar wind energy and momentum exchange, via ion pickup
and/or waves produced by the shocked solar wind, and (b) by ‘auroral plasma’
acceleration processes such as field-aligned electric fields in magnetic ‘cusps’
over nightside crustal magnetisation regions.

— Observations of plasma acceleration, ions upward and electrons downward,
in confined cusp-like regions near local midnight, confirm the existence of an
‘equatorial aurora’ at Mars.

The ASPERA-3 ENA instruments have also made it possible to study completely new
aspects of the solar wind interaction with an unmagnetised planet. Mars is ‘shining’
in energetic neutral atoms as a result of the solar wind interaction. Four aspects of the
ENA emissions have been discussed:

— The backscattered/albedo of ENAs is caused in part by a reflection of inflowing
hydrogen ENAs from the solar wind, but also via charge exchange when hot
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plasma, of solar wind and planetary wind origin, interacts with the upper
atmosphere.

— Subsolar ENA jets may originate from either shocked solar wind protons charge-
exchanging with planetary neutral atoms, or accelerated protons originating from
hydrogen atoms in the martian upper atmosphere.

— ENA occultation, representing a new technique called ENA sounding, can be used
to measure solar wind and planetary exosphere properties by means of energetic
neutral particles passing through the upper atmosphere/exosphere.

— Interplanetary/interstellar ENAs in the keV range, a completely new source of
ENAs, are possibly generated in the heliosphere outside the termination shock.
This observation introduces a new aspect of stellar objects in Universe, the
possibility of these objects emitting, ‘shining’, substantial flows of energetic
neutral atoms. This ‘ENA shine’ clearly must have an impact on astrophysics,
and on how we conceive stellar objects in general and stellar spheres in
particular.

In conclusion, we can now state that after two Earth-years in orbit around Mars,
ASPERA-3 has been a great success. Since completion of this review, 22 papers based
on ASPERA-3 data have been published in journals such as Science, Icarus, Planetary
and Space Sciences and the Astrophysical Journal, and many more are pending. In
view of the lead time involved, the number of publications after two years of data
taking can be considered outstandingly high. ASPERA-3 has been a major success for
its investigators, as well as for ESA and the Mars Express project.

The ASPERA-3 experiment on Mars Express is a joint effort involving 15 laboratories
in 10 countries, all supported by their national agencies. We thank all of these
agencies, as well as the various departments/institutes that are hosting these efforts.
We wish to acknowledge in particular the Swedish National Space Board for its
support for the main PI institute, and NASA for supporting its PI institute. Finally, we
are indebted to European Space Agency for the tremendous success of MEX, the first
ESA mission to the Red Planet.
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The Mars Express Radio Science Experiment (MaRS) started regular operations
in April 2004. The experiment employed radio occultation during two occultation
seasons in April-August 2004 and December 2004 to sound the neutral martian
atmosphere to derive vertical density, pressure and temperature profiles as
functions of height, and to sound the ionosphere to derive vertical ionospheric
electron density profiles. Both profile types were monitored as functions of
time in order to determine diurnal variations and, in the case of the ionosphere,
dependence on solar wind conditions. MaRS also determined the dielectric
and scattering properties of the martian surface in specific target areas by
using bistatic radar, determining gravity anomalies during pericentre passes at
altitudes of 250 km for investigations of the structure and evolution of the crust
and lithosphere, and sounding the solar corona during the superior conjunction
of Mars with the Sun from mid-August to mid-October 2004. This chapter gives,
as intended by the project, an overview of the observations from April 2004 to
mid-2005, and presents examples and first results.

Mars Express was injected into orbit around Mars on 25 December 2003; the
science instrument commissioning phase began in January 2004, after arrival in the
operational orbit, and lasted until June 2004. Since then, Mars Express has been
conducting regular observations of the planet and environs. The primary mission,
which ended in November 2005, was succeeded by an extended mission.

The Mars Express Orbiter Radio Science Experiment (MaRS) is employing radio
occultation (i) to sound the neutral martian atmosphere to derive vertical density,
pressure and temperature profiles as functions of height, and (ii) to sound the ionosphere
to derive vertical ionospheric electron density profiles. Both types of profiles may be
monitored as functions of time to determine diurnal and seasonal variations and, in
the case of the ionosphere, dependence on solar wind conditions. MaRS is also (iii)
determining the dielectric and scattering properties of the surface in specific target

Institut fiir Raumfahrttechnik, Universitdt der Bundeswehr Miinchen, D-85577 Neubiberg, Germany
Jet Propulsion Laboratory, California Institute of Technology, 4800 Oak Grove Drive, Pasadena,CA 91009, USA

1. Introduction
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Table 1. Expected/actual observations from January 2004 to mid-2005.
Observations
Observation Type (expected/accomplished)
Jan-Jun Jul-Dec Jan-Jun
2004 2004 2005
Radio Occultation Ingress 92/53 45/32 180/3
Radio Occultation Egress 92/0 45/0 180/0
Bistatic Radar 26/2 26/0 26/4
Gravity 20/0 30/12 60/8
Phobos 1/0 N/A 210
Solar Conjunction N/A 60/39 N/A

areas by using bistatic radar, (iv) determining gravity anomalies for investigation of
the structure and evolution of the crust and lithosphere, (v) determining the mass and
(indirectly) density of the moon Phobos, and (vi) sounded the solar corona during the
superior conjunction of Mars with the Sun.

Operational limitations imposed by reduced power output from the solar panels
and by pointing conflicts with the imaging instruments around pericentre that were
not anticipated or fully appreciated meant that the total number of MaRS observations
was significantly reduced from original estimates (Table 1). Primary factors include
limited transmitter operation while the satellite was in solar eclipse (which is highly
correlated with Earth occultation), reduced pericentre gravity coverage and Phobos
flybys to accommodate other instruments requiring nadir pointing, and scheduling
changes associated with the delayed MARSIS antenna deployment. No egress
occultations were observed, for example, because of concerns about changes in the
transmitter state while the spacecraft was hidden from view. Since some observations
such as bistatic radar required support from the heavily booked NASA Deep Space
Network (DSN) 70 m antennas, late planning changes owing to technical issues or
observation conflicts with other instruments often precluded rescheduling of those
facilities, with the loss of the experiment opportunity.

MaRS defined its own observation phases when the focus was on occultation,
gravity or the solar corona. The first occultation season to sound the atmosphere/
ionosphere lasted from April to mid-August 2004 and merged at the end with the
start of the solar conjunction phase (mid-August to mid-October 2004). From mid-
October to early December 2004, the focus should have been on gravity observations
around pericentre but competition with the imaging instruments was strong and only
a fraction of the expected observations was accomplished. The second occultation
season, starting in December 2004, had to be terminated prematurely in early January
owing to power problems during eclipses. Similarly, the observation of gravity targets
in the northern polar regions and the entire third occultation season until April 2005
was abbreviated or could not be performed, respectively.

This chapter provides an overview and examples of the observations made in
2004 and the first half of 2005. The analysis of the atmosphere/ionosphere, bistatic
radar and gravity results, for example, is an ongoing and tedious process and is most
effective when applied to the results from many observations together rather than from
single orbits.
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A Radio-Science Simulator (RSS) was developed at the Universitdt der Bundeswehr
(University of the German Federal Armed Forces) in Munich, Germany, to simulate,
plan and analyse RS experiments on interplanetary space missions. This fast
software tool is based on the programming language Matlab/Simulink. It provides
computations of expected Doppler shifts of the radio carriers and range information
crucial for the analysis of RS experiments, based on the precise determinations of
planetary and spacecrafts ephemerides data. Furthermore, reference systems and
time bases, allowing for the effects of the special and general theories of relativity,
need to be incorporated to ensure the high precision required. Similar simulations
for missions like Venus Express and Rosetta are possible without changing the
software architecture.

Since the orbit insertion of Mars Express, several hundred RS measurements,
including occultation, bistatic radar, gravity and solar corona experiments, have been
planned and analysed using the RSS software. The following fundamental calculations
are performed by the RSS:

— state vectors of spacecraft;

— planetary ephemerides;

— visibilities from the various ground stations involved,;

— time of Earth occultations and the entry and exit locations;

— attitude manoeuvres for bistatic radar and occultation experiments.

These calculations require the usage of a large number of reference systems. Examples
are the Earth-fixed geocentric International Terrestrial Reference System (ITRS) and
the inertial International Celestial Reference System (ICRS), with its fundamental
plane closely aligned with the mean Earth equator at the J2000 standard epoch. The
transformation between the two systems includes planetary and lunisolar precession,
Earth’s rotation, nutation, polar motion and plate tectonics. Further details are
discussed in Héausler et al. (2003a).

Graphical user interfaces (GUIs) were designed to facilitate the selection and
linkage of various modules. Depending on input parameters, the appropiate modules
are enabled and configured. The orbit module is one of the main parts of the software
tool; it determines the parameters of the spacecraft orbit, including the gravitational
interactions among the Sun, planets and moons of the Solar System, pressure of the
solar photons and planetary albedo, and the higher moments of the gravitational
potential of the central body. Computed state vectors (position and velocity) of the
spacecraft then serve as input for other modules. Alternatively, orbit files for mission
planning and reconstructed orbit files provided by ESA can also be read in by the
software and made available to other modules.

For various calculations within the RSS, a continuous determination of state
vectors for bodies in the Solar System is required. The algorithms use the JPL DE 405
ephemeris model based on J2000 coordinates. The module also takes into account the
effects of the light travel time to determine the light-time corrected vector between the
ground station and the spacecraft.

The ground station module determines the exact time of the start and end of
spacecraft visibility at the ground stations using the output data of the orbit and
ephemeris module. Usually, an angle of 10° above the horizon is assumed for the
beginning of the recording track. Locations of ESA’s New Norcia (NNO, Australia)
ground station and all DSN antennas are incorporated into the database. The
occultation module determines the times of atmospheric ingress and egress of the
spacecraft radio signals, assuming an elliptical shape of the planetary body.

The bistatic radar module computes the location of the specular point on the surface
of an elliptical planetary body. Target regions on the surface of the planet with special
scientific interest may be defined. The module is able to select all possible observation
periods that meet the specular reflection criteria, while allowing for special ground
station and operational constraints.

2. Planning Radio Science

Observations
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MEX Operations
FITR
ESTEC MREQ POS
MREQ Coordination MIRA Processing
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RSS Pl
Opevations Planning Scientific Dernands

Fig. 1. Planning tools and decision paths
involved in the planning and operation of
MaRS. The Principal Investigator initiates an
experiment simulation at the Radio Science
Simulator (RSS). The MaRS team generates
with the Parsifal software (developed by the
Payload Operations Service, POS) radio science
specific request files (MREQs) for ESTEC

for further coordination. The Mars Express
(MEX) Instrument Resource Analyser (MIRA)
software using the Flight Dynamics Events and
Communications Skeleton (FECS) from ESOC
was developed by POS to identify spacecraft
resource and instrument conflict situations.

In the ideal case, conflict-free experiment
operations can be carried out by ESOC.

3. Assessment of Carrier
Frequency and Range
Background Noise
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The output of the occultation, bistatic radar, gravity and solar corona modules is
used to generate request files for Mission Operations in a format defined by ESA. The
request files are checked and adjusted in a complicated and time-consuming process
to meet the specific Mars Express mission constraints defined by ESA. The result is
the input for the mission planning process (Fig. 1).

Frequency shifts in the one-way and two-way modes depend on the relative
velocity between transmitter and receiver (Doppler effect), typically of the order of
30 km/s, on perturbations by gravity potentials, other non-gravitational forces acting
on the spacecraft, and the effects from special and general relativity. The RSS Doppler
module takes into account terms up to order (B> = v/c)*> (Hiusler et al., 2003a):

?* 1 _ﬁ'(éﬁ_ﬁs)—%(ﬁf—ﬁf)—(ﬁ-ﬁs)(ﬁéﬁﬁr(ﬁ-ﬁs)2+%(¢3—¢E) 1)

assuming a system S (spacecraft) is transmitting the frequency fs, and a system E
(Earth ground station) receives the frequency f;. Here, we define 4 = v/c with i being a
unit vector pointing from (S) to (E), i.e. in the direction of the signal propagation at the
time the signal is radiated. vg is the coordinate velocity of the spacecraft S and vy, is the
coordinate velocity of the ground station on Earth at the time of signal emission and
reception, respectively. The coordinate system used is the Solar System barycentric
system. All relative velocities must be Lorentz-transformed. ¢ and ¢g are the
gravitational potentials of E and S, respectively. The potential of the ground station
contains the centrifugal potential of Earth. For one-way propagation, the contribution
of the gravitational potentials (gravitational redshift) can be significant and can reach
approximately 30 Hz at the X-band. The Doppler predictions are compared with
the received Doppler data, forming the Doppler residuals, which represent the basis
for later scientific analysis, leading to planetary atmospheric parameters such as
temperature, density and pressure.

More than a year of MaRS operations provides the opportunity to analyse the
performance of the experiment by comparing the actual measurements during
different time periods and at different Earth—spacecraft distances with predictions
based on link analyses.

As extensively discussed in Pétzold et al. (2004), the performance of a radio
science experiment at the radio frequency level can be expressed by two quantities: the
Doppler frequency and the ranging values recorded at the ground station. The quality
of these recordings determines the accuracy of sounding planetary atmospheres and
ionospheres, the accuracy of the determination of planetary gravity field coefficients,
and the detail of which effects of the propagation of radio wave propagation in the
solar corona/solar wind plasma can be studied. Several parameters have to be carefully
considered when making such a comparison: the spacecraft-Earth distance, the
configurations of the onboard transponder and the ground station.

Data were studied from three time periods (June 2005, January 2005, August 2004),
when the MaRS experiment was configured in the coherent TWOD mode (X-uplink,
X- and S-downlink) for global gravity measurements at the orbit’s apocentre. The
data were recorded at ESA’s NNO. The corresponding spacecraft—Earth distances
were 1.1, 2.1 and 2.5 AU. The radio frequency parameters of the ground station and
the spacecraft transponder are given in the MEX Space/Ground Interface Control
Document SGICD (2003). The transponder phase noise and group delay performances
as measured on the ground are summarised in Remus et al. (2001) and Héusler et al.
(2003Db).

Since the measurement made on 7 August 2004 near 2.5 AU took place only about
a month before superior solar conjunction (17 September 2004), the contribution
of the solar corona plasma to the Doppler measurement was substantial. A coarse
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Fig. 2 X-band (upper panel) and S-band (lower
panel) frequency residuals recorded in orbit
1775/1776 at orbit apocentre. The 16 standard
deviation at 1 s integration time is 5.6 mHz

at X-band and 9.4 mHz at S-band, which
correspond to 201.8 pm/s and 1227.5 pm s~
Doppler velocity noise, respectively. See Table 1
for frequency stability.
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Table 2. Doppler velocity errors and Allan Deviation values for three passes at
different Earth-Mars distances at X- and S-band in the TWOD mode.
7 ALLAN DEV ALLAN DEV ALLAN DEV
o, fumi/s] | fum/s] 1o ia@1s [10%@10s | 107" @100 s
Doppler X-Band S-Band
noise At=1s At=1s X S X ) X S
Orbit:
1775776 04 1227 7 1 2.4 17 1.1 4
DOY 154 01.8 = 8. 35 ’ . . 0.
1.1 AU
Orbit:
1282/1283
B 331.4 30434 11.4 30.1 3.6 7.6 25 4.2
21AU
Orbit:
701/702
S e 514.3 3808.7 17.8 38.3 54 10.3 27 53
25AU

estimate of the average solar contribution to the standard deviation of the Doppler
measurement error, which is based on the work of Woo & Armstrong (1979), is given
in DSMS (2000) and was included in this analysis. The predicted Doppler and range
values were substracted from the Doppler and group delay (ranging) measurements
recorded at the ground station. These residuals were detrended and used in this analysis.

3.1 Doppler Measurements

As an example, Fig. 2 shows Doppler residuals taken from orbit 1775/1776 on day-of-year

(DOY) 154 (3 June 2005) sampled at 1 s integration time over a time period of 1000 s.
The three sets of Doppler data for the above three passes were sampled at 1 s

integration time for a time period of 5000 s per pass. Table 2 shows the correspondingly

converted values of the standard deviation oy (um s!) of the velocity error. The Allan

deviation values at 1, 10 and 100 s integration times are shown for completeness.
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Table 3. Doppler noise (um/s) predicted on the basis of radio link analyses and
expected average contributions of solar corona plasma effects in comparison
with measured values.
o, [um/sf o, [um/s]
X/X-Band X/S-Band
At=1s Aft=1s
o, fum/s] Expected a, [um/s] Expected
XiX-Band Average X/S-Band Average Solfar
Doppler At=1s Solar Plasma| Al=1s Plasma
Noise Prediction  Contribution | Prediction Contribution
Orbit: 1775/1776 (£ =0 228 g
DQY 154 Predicted RSS Noise: 145 Predicted RSS Noise: 1930
1.1 AU
Measured Noise: 201.8 Measured Noise: 1227.5
Orbit: 1282/1283 i g LD v
DOY 016 Predicted RSS Noise: 276 Predicted RSS Noise: 3680
2.1 AU
Measured Noise: 331.4 Measured Noise: 3043.4
{a)
Orbit: 701/702 329 390 4380 3320 .
DOY 220 Predicted RSS Noise: 510 Predicted RSS Noise; 5496
25 AU
Measured Noise: 514.3 Measured Noise: 3808.7
" The %45 link values far the solar plasma rose cantibutions &, were denived by muliplying o, of the %7 link by 2
factor &

The measured Doppler noise can now be compared with the predicted Doppler
noise based on a radio link analysis which takes into account additional average error
contributions due to solar corona plasma effects (DMS, 2000); see Table 3. Coronal
plasma propagation values are applicable for Sun—Earth—-MEX angles of 5-27° and
are applied therefore for orbit 701/702 only. The other orbits have Sun—-Earth—-MEX
angles much larger than 27° and the solar plasma propagation contribution at X-band
is neglected against the thermal effects in the onboard transponder and the ground
station.

The radio link analysis assumed an operational configuration of the ground station
and spacecraft transponder as given in SGCID and derives the predicted carrier-to-
noise power ratio C/N of the ground station. This ratio allows us to determine the
resulting Doppler velocity noise according to (Yuen, 1983):

c / 2BN,

O = 4gmaiy C @)

At is the Doppler integration time, 2B the double-sided loop bandwidth of the receiver
at the ground station (assumed to be 100 Hz), N, the noise power density of the ground
station, C the received RF-carrier power and c the velocity of light. No telemetry
modulation was assumed for the S-band downlink. Table 2 shows both the predicted
Doppler noise (including solar plasma contributions) and the measured Doppler noise.
The transponder phase noise for the X/X configuration measured on ground during
system testing was 100 um/s (Héusler et al., 2003b). This contribution is included in
the radio link analysis and does not need to be considered separately.

The comparison of measurements with predicted (estimated) values shows excellent
agreement (within a factor 1.4) considering the uncertainties involved in such a complex
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X-band Range Residuals

time since start of file [s]

experiment as MaRS. There is also reasonable agreement with the predictions made
earlier (Pétzold et al., 2004), which did not consider solar plasma effects.

One can conclude that the solar plasma noise begins to dominate the thermal
noise contributions at Sun—Earth-MEX angles smaller than approximately 30-50°.
For future operations it seems therefore worth considering for regions >30° means
for reducing the thermal noise contributions. This can be achieved by, for example,
employing a smaller carrier loop bandwidth (30 Hz or 10 Hz) at the ground station.

3.2 Ranging observations

Ranging data taken in orbit 1775/1776 on DOY 154 (3 June 2005) are shown in Fig. 3.
The data represent detrended values for X-band with a 1 s sampling rate for a time
period of 3500 s.

The standard deviation o, (107 s) of the ranging measured during the above three
passes and sampled at 1/s for 3500 s per pass is presented in Table 4. The ranging
errors predicted by the radio frequency link analysis were derived according to Eq. (2)
(Yuen,1983) and are shown for comparison in Table 4.

o~ L 1 3)
8x/At'ﬁ v’/PR/No

At is the integration (correlation) time, determined by the ranging loop filter
bandwidth set on the ground, which results effectively in a time constant of ~10 s, f;
is the tone frequency (1 MHz), Py and N, are the available ranging signal power and
power spectral density at the ground station, respectively.

Again, there is excellent agreement between predicted and measured values.
However, no reliable models describing the solar plasma ranging noise contributions
are available in the literature that could be incorporated in the analysis. It is estimated
that, for X-band, average contributions at Sun—Earth—-MEX angles >10° do not exceed
1 ns, which would not alter the conclusions drawn so far.

The atmosphere and ionosphere can be sounded only when the spacecraft is going into
occultation as seen from Earth. Prior to occultation, the radio signals (uplink to the
spacecraft and downlink from the spacecraft) are propagating through the atmosphere.
The observations start typically 20 min before the predicted occultation time and stop
3-5 min into occultation. The frequency and automatic gain control of the received
radio signals at X-band and S-band are recorded at the ground station complexes

Fig. 3. The X-band ranging residuals recorded
on orbit 1775/1776 at orbit apocentre. The 16
standard deviation is 4.3 ns, which corresponds
to 1.3 m topocentric distance (distance ground
station—spacecraft).

Table 4. Measured and predicted
ranging noise o, (1o value).
Measured Predicted
Ranging noise o [107°s] o [107°s]
X-band X-band
Orbit 1775/1776
DOY 154 5.3 1.6
1.1 AU
Orbit 1282/1283
DOY 016 4.3 54
2.1 AU
Orbit 701/702
DOY 220 6.7 7.6
2.5 AU

4. Observations of the
Martian Atmosphere and
Ionosphere
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Fig. 4 (left). Frequency residuals at X-band (red) and S-band (blue)
starting at a radius with respect to the centre of Mars of 4200 km before
occultation (at radius 3380 km in this case). The frequency residuals are
computed from the received frequency minus the predicted frequency
based on the latest reconstructed orbit solution assuming no atmosphere/
ionosphere. All deviations from zero are considered to be caused by the
propagation of the radio waves through the ionosphere first (starting
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visibly at radius 3750 km) and finally the atmosphere (starting at

radius 3450 km). The final frequency shift at occultation is —10 Hz. This
occultation was recorded at DSN station 65 in Madrid on DOY 165, 2004
(orbit 507).

Fig. 5 (right). Same as Fig. 4 for a recording at the ESA ground station
NNO on DOY 148, 2004 (orbit 442).

of the DSN or at NNO. Frequency residuals in both bands are computed from the
observed received frequency and the predicted received frequency based on the latest
reconstructed orbit solution.
Figures 4 and 5 show the frequency residuals for two occultations recorded at
DSS 65 of the DSN (Fig. 4) and NNO (Fig. 5). The S-band has a higher noise by
a factor of five, but both frequencies clearly show the result of ray bending due
to propagation in the ionosphere first and then a large frequency decrease at the
end of the observation due to propagation in the neutral atmosphere shortly before
occultation. The frequency shift is finally up to —10 Hz at the time of occultation.
Radio occultation studies of atmospheres can be understood in terms of ‘geometric’
or ‘ray’ optics refraction of signals travelling between spacecraft and ground stations.
In a spatially varying medium, wherein the wavelength is very short compared to the
scale of variation in refractive index, the direction of propagation of an electromagnetic
wave always curves in the direction of increasing refractivity. Consequently, in a
spherically symmetric atmosphere with gas refractivity proportional to the number
density constantly decreasing with height, the radio path remains in a plane and bends
about the centre of the system. The degree of bending depends on the strength of the
refractivity gradient. This simple model approximates to a real atmosphere and is
useful for understanding the basic phenomena of radio occultation (Fjeldbo, 1964).
The geometry is illustrated in Fig. 6, where the atmosphere is represented by the
refractivity as a function of radius from the centre, p(ry) = (v(rp) — 1) x 106, where v(r,)
is the refractive index and the bending can be described in terms of a total bending
angle, a, and a ray asymptote, a. The variation of the bending angle, ray asymptote
and refractivity are linked through an Abel transform (Fjeldbo & Eshleman, 1968):

where 7-
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In this last expression, a, represents the asymptotic miss distance for a ray whose
radius of closest approach is ry;. Thus, for spherical atmospheres, if a(a) is known,
then the corresponding refractivity profile can be found exactly. For non-spherical
geometry, alternative numerical solutions are available. The bending angle and
the ray asymptote can be determined accurately by radio occultation to create an
experimentally derived table of a versus o, or a(a). For the two-way case, as for MEX,
the method as described in Lipa & Tyler (1979) was used.

The atmospheric/ionospheric refractivity as a function of height p(#) (Fig. 7) depends
on the local state of the atmosphere (density, temperature, pressure, electron density):

_ ~p(h) N.(h)
U(h) = C O Cs 7 (6)

where p(h) and T(h) are the pressure and temperature as a function of height A,
respectively. C; =1.3077 x 10® (Hinson et al., 1999) depends on the actual
composition of the neutral atmosphere, and

2
Ci=10°-%=4031-10"°

Eom 3 Ne(h)

b
m

N,(h) is the electron density of the ionosphere and f'is the sounding frequency of the
radio carrier wave.

In the neutral atmosphere, refractivity is linearly related to the mass density of the
atmospheric constituents (Fjeldbo & Eshleman, 1968) and follows

Fig. 6. Planetary occultation geometry
assuming a radially symmetric atmosphere.
The bending of the microwave ray is caused
by the gradient of the atmospheric refractivity
n ().
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Fig. 7. Refractivity profile recorded on 12 June
2004 at NNO. The profile covers an altitude
range of 400 km. Positive refractivity is from
the neutral atmosphere, negative refractivity
from the ionosphere. There is a short range
between 50 km and 70 km altitude of zero
refractivity where the neutral atmosphere is too
thin and the ionisation is too low to be sensitive
for microwaves. The ionosphere region is
enlarged in the inset. The refractivity in the
ionosphere is directly proportional to electron
density (L = 46.1°, solar zenith angle = 18.5°,
local time = 17:09; coordinates 271°E, 24°N).
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Fig. 8. Footprints of the occultation profiles from the first occultation season (white crosses) and the
second occultation season (black crosses).

,u(h) = K:N(h) = ClkBN(h) (7)

where « is the refractive volume, N(%) is the molecular number density and kg is the
Boltzmann constant. The refractivity of free electrons is given by the third term in
Eq. (6), which allows easy conversion of refractivity into electron number densities.
In order to interpret the refractivity in terms of gas parameters, the pressure and
temperature are calculated assuming hydrostatic equilibrium, for example, from

ph) =<m> [ g ®)
and
_ p(h)
T = N ©)

where g(h) is the acceleration of gravity and <m> is the mean molecular mass. Formal
use of these equations requires a priori knowledge of the atmospheric composition.

The separation of the effects of the ionosphere and the neutral atmosphere on the
radio link is feasible by (a) using a dual-frequency downlink, (b) the opposite sign
of the refractive index if the radio signal propagates in ionised or neutral media,
and (c) the fact that the peak heights of the ionosphere and the detectable neutral
atmosphere are well separated. Negative refractivity results from the ionised plasma in
the ionosphere and is proportional to the electron number density; positive refractivity
is a property of the neutral atmosphere (Fig. 7).

It is feasible to retrieve two refractivity profiles with Mars Express for each radio
carrier frequency at S-band and X-band. S-band is expected to be more sensitive to the
negative refractivity (ionosphere) by a factor (11/3) compared with X-band, while the
positive refractivity (neutral atmosphere) is essentially independent of the frequency.

The spacecraft-Earth radio ray path will cross through the sensible ionosphere
quickly (in about a minute) before entering occultation (Figs. 4 and 5). The variation
in Earth’s ionosphere and the interplanetary medium is assumed to be slow for time
scales shorter than a minute, so the observed changes in radio carrier properties are
assumed to be due to and dominated by the martian ionosphere.
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During the first occultation season, from April to mid-August 2004, MaRS
retrieved about 100 profiles of pressure, temperature, neutral number density from
the neutral atmosphere and electron density from the ionosphere. Another 32 profiles
were obtained during the second occultation season (Fig. 8).

The dataset from the first occultation season may be divided into two parts: 13
profiles obtained in April 2004 (solar longitudes L, = 13-21°) covering solar zenith
angles from 108° to 85° at local morning times of about 04:30 to 05:15, and a second
part of about 86 profiles (L, = 32—74°) covering solar zenith angles from 70° to 84° at
local late afternoon times at about 17:00.

Thirty-two profiles of the second occultation season were observed from
8 December 2004 to 4 January 2005. The observations in this season had to be
terminated prematurely owing to the eclipse situation; two-thirds of the maximal
possible occultations could not be observed.

4.1 Profiles from the Neutral Atmosphere

Vertical profiles of pressure, temperature and number-density of the neutral
atmosphere from near to the surface to about 50 km altitude were obtained at 05:00
local time at high latitudes in the Northern Plains (L, = 13-21°, early spring in the
northern hemisphere) during sunrise and at local times of 17:00 from mid-latitudes
in the northern hemisphere to the equator (L, = 32—74°). MEX occultations therefore
reach other latitudes and areas than Mars Global Surveyor (MGS) and provide
valuable input for general circulation models (GCMs) of the atmosphere.

An example is shown in Fig. 9 from a low-latitude region at 74°E, 6.6°N in mid-spring
at 17:30 local time. The profiles range from the surface at 3397 km radius to about 40 km
altitude. There is a gradual decrease in temperature from 230K at the surface to 140K at
40 km altitude. The error bars mark the confidence limits from the derivation process.
The relative error in general for all profiles is 0.1% at the surface (fractions of a kelvin)
to 10% at the top of the profile (15K). The blue open circles in Fig. 9 are temperatures
and number-densities from the GCM derived at Laboratoire Météorologique Dynamique
(LMD) in Paris (Angelats i Coll et al., 2005). The LMD GCM follows the observations
well for profiles from the equator to the mid-latitudes in both hemispheres.

Strong deviations from the GCM can be identified in all observed profiles at polar
latitudes during both local spring over the northern hemisphere (Fig. 10) and local winter
(polar night) over the southern hemisphere (Fig. 11). These first-ever observations of the
high latitudes at different local times to MGS observations provide valuable information
for improving the GCMs of the martian atmosphere. Two examples from the early
morning during local spring and from the polar night during local deep winter, at high
northern and southern latitudes, respectively, are discussed below.

The temperature profile in Fig. 10 from 290°E, 74.5°N in the Northern Plains at
L,=21° and 05:17 local time shows a very cold near-surface temperature of 156K at
2 km altitude; the atmosphere warms up to 168K at 6 km. An inversion layer at that
altitude is present. The GCM follows essentially the same trend but at temperatures of
about 10K higher. At 35 km altitude, a strong depletion of CO, is experienced, as seen
from the comparison of the GCM with the observed neutral number density.

Figure 11 shows profiles from high southern latitudes (47°E, —81°S) at local
winter (Lg = 136°) at 14:30 local time. This is the polar night; the Sun is below the
horizon for the entire sol and the atmosphere cools extremely during the polar night.
The temperature is almost constant at 142K from the surface up to 35 km altitude.
However, it is warmer than the atmosphere in the early morning at local spring
(Fig. 10) at altitudes above 15 km. The GCM does not reflect the situation at all.

4.2 Profiles from the Ionosphere

The electron density profile of the ionosphere is easily converted from the refractivity
(the third term in Eq. 6). One observes a stable two-layer ionospheric structure
(Fig. 12) at peak altitudes of approximately 110 km and 130 km for the M1 and M2
layers (the designation of layers follows Rishbeth & Mendillo, 2003), respectively,
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Fig. 9. Derived pressure, temperature and
number-density profiles from the surface (black
line) to approximately 40 km altitude observed
in orbit 570 on DOY 183, 2004, at (74°E, 6.6°N),
L, =54.5° local time 17:30. The blue circles are
temperature and density values extracted from
the Mars atmosphere general circulation model
from the Laboratoire Météorology Dynamique
(LMD), Paris.

Fig. 10. As Fig. 9, observed on orbit 314,

DOY 109, 2004, at 290°E, 74.5°N, L, = 21.1°,
local time 05 :17. This is the very early morning
in early spring in the northern polar circle.

The Sun is 5° above the horizon.

Fig. 11. As Fig. 9, observed on orbit 1219, on
DOY 364, 2004, at 47°E, —81°N), L, = 136.2°,
local time 14:30. This is an observation in
high southern polar latitudes during the polar
night (deep local winter). The Sun is below the
horizon for the entire sol.
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during the daytime. The peak electron densities are of the order of 10!! el m~ for
the M2 main layer (depending on the solar zenith angle) and approximately 50% less
for the M1 layer. An ionopause can be identified at altitudes of 350 km (see Fig. 12),
characterised by a strong gradient in electron density. The altitude of the ionopause is
not the same for all profiles but changes in a range between 280 km and 650 km. In a
few profiles, no ionopause can be identified at all.

Photochemical processes control the behaviour of the martian ionosphere around
and below the main peak. In situ measurements made by the Viking landers showed
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that the principal ion species in the ionosphere is O3 (Hanson et al., 1977), although
the main neutral constituent is CO,. COj is the ion generated by photoionisation in
the extreme-UV but molecular processes form O} rapidly and dominantly. The CO}
ion species contributes to the total ion density by 1% at the altitude of the main peak
(135 km) and by 10% below the main peak. Transport processes become important in
the topside ionosphere above the main peak for altitudes higher than 170 km.

The ionospheric profiles observed by Mars Express extend from 60 km altitude to
about 1500 km. The MGS profiles range up to a maximal altitude of 400 km owing to
the circular orbit radius; the MEX orbit is extremely elliptical and higher altitudes may
be assessed. This allows the first in-depth study of the boundary between the topside
of the ionosphere and the lower base of the solar wind interaction region within a
complete electron density profile by the radio occultation method.

At Venus, this interaction region between the solar wind and the topside ionosphere
is characterised by a strong gradient of electron density; it is called the ‘ionopause’.
If we apply the same definition to Mars, two different ionopause features can been
identified: (a) a strong electron density gradient of about 1000 el m~ km™' over an
altitude range of 20 km and (b) an electron density gradient of 100-200 el m km™!
over an altitude range of 80 km.

Two Chapman functions MC1 and MC2 were fitted to the electron profiles
(Fig. 12, right panel):

_ =
Ne(z.x) = Ne(z,o)exp{ec(l ~ S sy )} (10)

where gc = 0.5 for an ideal Chapman description, z,,,, = altitude of the peak density,
H = kT/mg the scale height of the neutral gas at temperature 7' and molecular mass m,
x = solar zenith angle and N,(z,0) = electron density at solar zenith angle y = 0°.

The combination of the two Chapman functions MC1 plus MC2 fits the afternoon
lower ionosphere and parts of the topside very nicely (Fig. 12). This is achieved for
all afternoon profiles observed by MaRS. Electron density fluctuations are yielded

Fig. 12. Typical afternoon ionospheric profile
recorded on DOY 171, 2004; solar zenith

angle 80°, local time 17:00. Clearly identified
(left panel) are the main peak M2 at 130 km
altitude, the secondary peak M1 at 110 km,
and an ionopause as the upper boundary of the
ionosphere at 350 km altitude (in this case).
The right panel shows the ionospheric layers in
more detail. Two Chapman functions MC1 and
MC?2 are fitted to the individual layers M1 and
M2, respectively (solid blue lines). The black
solid line is the combination of MC1 and MC2
and fit the data of the lower ionosphere nicely.
The fit is subtracted from the data in order to
assess the electron density fluctuations of the
lower ionosphere (open circles).
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Fig. 13. Ionspheric peak density versus solar zenith angle from the
profiles of the first occultation season. The dashed lines are the fits
according to the Chapman theory (with fixed € = 0.5). The solid lines
are the best fits through all data.
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Fig. 14. Observation of the meteor layer below the lower layer on DOY 109,
2004, orbit 314. The black solid line is a combined Chapman fit to the data

of the lower ionosphere. The open circles are the electron density residuals

after substracting the fit from the data. This fluctuation is smaller than the
amplitude of the meteor layer.

by substracting the Chapman fit from the observed electron density in the lower
ionsophere. These fluctuations are of the same order of magnitude as the density
fluctuation values at 600—700 km altitude, well outside the ionosphere and atmosphere.
Although wave-like structures have been reported in the topside ionosphere (Wang &
Nielson, 2003), it is concluded that these fluctuations are connected to inherent noise
of the radio subsystem and/or radio signal propagation in the turbulent solar wind
between spacecraft and Earth.

According to the Chapman theory, the peak electron density and altitude vary with
solar zenith angle:

N.(Zwas ) = Ne(Zuar, 0) cOS™

an
Zoax (%) = 2w (0) + H,In(cos x)
Figure 13 shows the dependence of the M1 and M2 peak densities as a function of
solar zenith angle for all afternoon profiles of occultation season 1. From Viking
observations, Zhang et al. (1990) found & = 0.4, while Bauer & Hantsch (1989)
found 0.3 < gc < 0.6. The best fits through the M1 and M2 peak density data points are
achieved for ec = 0.44 and g. = 0.4, respectively. In fact, the fits are indistinguishable
for solar zenith angles greater than 75°. A clear deviation from Chapman theory can
be identified only for solar zenith angles smaller than 75°.

Significant ionisation was observed well below the secondary peak M1 in about
10 out of 120 electron density profiles (Patzold et al., 2005). This layer (Fig. 14)
was predicted to be formed by ablation of metallic atoms from meteors entering
the atmosphere (Molina-Cuberos et al., 2003). These metallic atoms are ionised by
charge exchange. This layer, now called the ‘meteor layer’, appears to be local and
sporadic for the MaRS observations. The amplitude of the meteor layer is many
times larger than the standard deviation of the electron density fluctuations. The
altitude of the meteor layer seems to be correlated with the altitude of the peak
M1, suggesting that the ionosphere and the formation of the layer are related. The
altitude of the peak ionisation of M1 moves to lower altitudes with decreasing solar
zenith angle, the meteor layer follows the same trend. The martian atmosphere is of
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sufficient density between 70 km and 100 km altitude to provide drag needed to heat
and ablate meteorites. The density in Earth’s atmosphere above 95 km, where the
meteoritic layer has been found to be permanent (Kopp, 1997), is slightly higher than
the neutral density of the martian atmosphere at 75 km and is an order of magnitude
greater than the martian atmosphere at 95 km. This would explain the similar ablation
effect of meteors on Mars and Earth. The slightly thinner atmosphere at this level on
Mars implies that meteors of larger kinetic energies than on Earth are required for
significant ablation to occur above 75 km. The latter would then explain the sporadic
occurrence of the meteor layer at its observed altitude.

The gravity field of a planet is the result of its internal mass distribution and rotational 5. Observations of the
state. Rapidly rotating planets bulge at the equator as a result of centrifugal forces. V[ artian Gravity Field
Consequently, the associated redistribution of mass to the equatorial plane results
in a stronger gravitational acceleration of a spacecraft when it is near the pole than
when it is at the same altitude over the equator. Similarly, anomalies in the internal
distribution of mass are expressed as departures of the external gravitational field
from that of a uniform sphere or a stratified spherical distribution. Space probes in
the vicinity of planetary bodies follow trajectories that deviate from the ideal orbits
described by Kepler’s laws in response to these gravity anomalies.

The goal of the gravity observations is the study of the state and evolution of the
martian crust and lithosphere with important implications for the tectonic evolution
and mantle convection of Mars. The targets of investigations are the hot-spot areas
Tharsis and Elysium, large single volcanoes such as Alba Patera and Olympus Mons,
the large impact craters and basins such as Huygens, Argyre and Hellas, respectively,
rift structures like Tempe Fossae and Claritas Fossae, and the highland-lowland
boundary. The investigation of impact basins must be viewed in the context of
similar studies on other planetary bodies, including Earth, in the sense of comparative
planetology and studies of the impact mechanisms that are not yet fully understood,
especially for large basins. Studies of the highland-lowland boundary will contribute
to the open question of this dichotomy.

Up to June 2005 there were 21 successful target gravity observations in total
(Table 5 and Fig. 15). This low number results from the fact that the imaging
instruments had priority for high-gain antenna Earth pointing and instrument nadir
pointing when requesting the same pericentre target observation as radio science.

The gravity measurements consist of Doppler data along line-of-sight (LOS) near
the pericentre above the selected target areas of geophysical interest (Pitzold et al.,
2004), as summarised in Table 5. The altitude of Mars Express at pericentre, between
265 km and 330 km, is lower than the minimum altitude (370 km) of the circularised
orbit of MGS (Lemoine et al., 2001; Yuan et al.,, 2001). Short-wavelength orbital
perturbations due to gravity are thus significantly larger on MEX than on MGS, so
that MEX gravity data are useful for improving knowledge of the short-wavelength
gravity anomalies over the observed targets.

Starting from the observed Doppler shift frequencies, LOS Doppler velocity
residuals were computed using the latest reconstructed orbit solution provided by
ESA’s European Space Operations Centre (ESOC); see Fig. 16 for orbit 1144 over
Olympus Mons as an example. Since the reconstructed orbit solution computed by
ESOC is based on the global gravity field JGM85F02 up to degree and order 50, the
resulting Doppler residuals do not include variations caused by gravity harmonics
lower than degree and order 51.

The noise of the Doppler velocity residuals may be estimated from the high-altitude
part of the pericentre pass where short-wavelength gravity anomalies have a negligible
effect on the spacecraft orbit. For an integration time of 10 s, we obtain a mean
value of 0.02 mm/s, which agrees well with the mean noise (0.03 mm/s) on the LOS
velocity residuals during the Gravity Calibration Orbit of MGS. The signal-to-noise
ratio is thus better than for the MGS LOS data. The pericentre pass is defined by an

231



SP-1291

Fig. 15. The Olympus Mons/Tharsis Ridge area
with the locations of the pericentres and tracks
recorded for gravity studies.
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Table 5. Orbits of target gravity observations from October 2004 to June 2005.

Target Orbits in 2004 Orbits in 2005
{Oct—Dec) (first 6 months)

Alba Patera - 1228, 1239,1294 1338

Olympus Mons 1067, 1144, 1166, 1199

Tempe Fossae'™ — 1290

Elysium Mons 1013, 1035, 1163,1174 =

Tharsis volcanoes 990,1074, 1151, 1162, 1173 -

Valles Marineris 953, 960, 993 -

Hellas - —

North Polar Cap® — —

:_’”nol obtained in 2004 owing to a peinting conflict with the Omega instrument
“Impst of the pericantres over the North Polar Cap could not be observed because the eclipse coverad the pericentra pass;
the observations of the remaining two oriits start after the pericentre

LATITUDE

LONGITUDE (EAST)

observation time of £20 min around the pericentre (i.e. an altitude of 1375 km), but
the perturbation due to gravity anomalies beyond harmonic degree 50 is negligible
with respect to the noise level above an altitude of 500 km. Thus only the low-altitude
part (< 500 km) is kept for the comparison with the predictions from the gravity field;
the upper part is used for the noise reference.

LOS velocity residuals are differentiated into accelerations which can be compared
to accelerations predicted by the spherical harmonic global field JGM85F02, and by
the uncompensated topography at each spacecraft position and projected along the
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Fig. 16. Velocity residuals translated from the Doppler frequency
residuals at X-band. The Doppler frequency residuals were computed
from the received frequency at X-band minus the predicted frequency
for the reconstructed orbit. Shown here are the velcoity residuals from
pericentre pass 1144 over Olympus Mons.
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Fig. 17. Filtered acceleration residuals computed from the velocity
residuals from orbit number 1144 (thick black continuous curve),
acceleration due to the uncompensated topography (red dotted curve),
prediction of the global gravity field JGM85F02 at the altitude of MEX
(blue continuous curve) and at the altitude of MGS (dashed blue curve).
The noise level on the filtrated acceleration residuals of this profile is
indicated by the dash-dotted curve.
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Fig. 18. As Fig. 17, but for orbit 1166.

line-of-sight direction. Figures 17-19 are examples of the acceleration above Olympus
Mons (computed from tracks similar to those shown in Fig. 16). The acceleration
observed by Mars Express (thick continuous black curve) can be compared with
the acceleration predicted by the global gravity field JGM85F02 (blue continuous
curve) as well as with the acceleration that would be felt if the spacecraft were at
the minimum MGS altitude of 370 km with the same groundtrack. The residual
gravitational acceleration can be seen to be several times larger for Mars Express
than for an MGS-like orbit. The observed acceleration has a good correlation with the
acceleration from the uncompensated topography (red dotted curve), except at high
frequency because the observational noise is present at all frequencies, whereas the
acceleration computed from the topography can be considered as noiseless. The power
of the observed acceleration is larger than the power of the acceleration from the
uncompensated topography, which might suggest a higher crustal density at Olympus

20

Fig. 19. As Fig. 17, but for orbit 1199.
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6. Bistatic Radar
Observations

Mons. The confidence in such geophysical predictions is. however, limited by the
presence of noise, and only the accumulation of several parallel orbits above a target
improves the quality of the prediction by statistically decreasing the noise. In the three
examples shown in Figs. 17-19, orbits 1144 and 1199 support the high crustal density
hypothesis, whereas orbit 1166 has a too-high noise level to be useful.

In their analysis of MEX gravity data, Beuthe et al. (2005) performed a comparative
spectral analysis of the MEX and MGS accelerations and the theoretical acceleration
from a model of the topography. They computed the coherences between the MEX
and topography accelerations, between the MGS and topography accelerations, and
between the MEX and MGS accelerations. The average coherence MEX/topography
is optimal down to a wavelength corresponding to the altitude of the spacecraft at
pericentre; it rapidly decreases for much smaller wavelengths because of the presence
of noise in the MEX residuals. This behaviour corresponds to expectations based on
the rule of thumb that the smallest detectable wavelength is given by the minimum
altitude of the spacecraft. The global MGS gravity solution shows a coherence with the
topography comparable to MEX or better, because the global gravity field is obtained
as a statistical average over thousands of MGS profiles. The MEX/MGS coherence
is similar in shape to the MEX/topography coherence, though a little smaller at large
wavelengths because of unmodelled effects in the MEX orbit. This coherence remains
at a high level down to a wavelength of 300 km.

The gain factor between MEX and MGS is 1 within the error bars, except again at
the largest wavelength, where the coherence is lower. This analysis of the coherence
and gain factor shows that MEX can be used as an independent check on the quality
of the existing gravity solutions such as JGM85F02 in the target regions analysed at
an altitude lower than MGS orbits. Conversely, the good agreement between MEX
and MGS also provides confidence in MEX gravity data.

Several parallel pericentre tracks over a target area, if available, will be used for a
refined analysis of the local structure of the crust and the lithosphere, in order to obtain,
for instance, the local crustal density. Just this local crust density has a very strong effect
on the acceleration signal at short wavelengths and MEX is very sensitive to that.

In parallel, gravity data from MEX apocentre passes are used to derive temporal
variations of the gravity field from seasonal mass exchange. A large amount of data
is required in order to be able to observe seasonal effects. From October to December
2004, 36 passes of up to 3 h could be obtained, with another 135 passes in the first
half year of 2005. These data are being processed with the GINS software package
in Brussels and will be grouped and averaged in monthly or quaterly batches to
derive a mean C,0 and C;0 over the respective time span. Changes in the averaged
coefficients will give indications on seasonal mass exchange between the poles, and
variations in rotation.

These apocentre data will also be used in an attempt to determine the k2 Love
number. This number represents the non-rigid Mars response to the tidal potential
and can be seen from the orbit of Mars Express. A strategy to separate the various
parameters has been developed and will be applied to all data.

Two bistatic radar experiments were conducted during the first year of Mars Express
operations. Four more were conducted during the first half of 2005, and others were
made at the rate of approximately two per month through the remainder of 2005. The
first was carried out on 21 January 2004 when the spacecraft was near apoapsis on
orbit 36; it yielded no S-band surfaces echoes (12.6 cm wavelength) but had strong
echoes at X-band (3.6 cm). Unfortunately, the ground calibrations failed, and it has
been impossible to obtain results that are quantitatively meaningful. After overhauling
the calibration procedures, the second experiment was conducted on 21 May 2004
(orbit 422). This yielded very weak S-band echoes despite an Earth-Mars distance of
more than 2 AU, but there was nothing at X-band because of a receiver tuning error.
No further experiments were attempted during the remainder of 2004 as Mars passed
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Table 6. Bistatic radar observations in 2005.
Specular Point Digfectric Constani ¢
Graund Target Longitude Latitude Incidence S-hand X-hand
Date Orhit Station location E. (dag) M. jdegl angle (deg) (a=13cm) (A=3.6cm)
22 May 04 426 DSS 14 Vasfitas a0.1 64.1 59.9 2.7 NIA
Borealis
27 Feb 05 1430 DS5343 Argyre 321.4 —-57.3 61.7 2.14 2.02
SE rim
3 Apr05 1555 DSS43  Souhtern 289.9 -50.8 51.11 3.52 3.19
Highlands
10 Apr 05 1583 DS5843 Hellas 63.7 427 51.9 TBD TBD
24 Apr 05 1631 DSS14 South of 261.7 13,9 638.0 TBD TBD
Hellas
06 Jul 05 1893 D35543 South of 74.9 —650.9 64.9 2.75 2.58
Hellas
24 Jul 05 1956 D35514 MNorthern 155.9 49.4 T0.0 TBD TBD
Plains
26 Aug D5 2075 D35 14 South Pole —45.16 —87.36 75.31 TBD TBD
27 Aug 05 2078 D85 14 South Pole 33.20 —-87.39 7496 TBD TBD
31 Aug 05 2091 DSBS 63 South Pole —86.72 —-89.75 76.95 TBD TBD
6 Sep 05 2113 D35 63 South Pole —52.90 -87.10 T6.66 TBD TBD
1 Oct 05 2202 D33 14 Utopia 118.87 49,54 81.15 TBD TBD
Planitia
19 Oct 05 2267 DSS 14 Arcadia -151.20 47.41 80.58 TBD TBD
Planitia
TBD: to be determined
DSN NDM
ANTENNA
SPACECRAFT FLksps IQ
TRANSMITTER SRCP = o pcp
S-LCp FFPMMHz- FHem
S-RCP S-LCP |—» FLksps 1Q
X-RCP S-LCP
S-RCP
X-RCP SURFACE
REFLECTION
FLksps IQ
» X-RCP X-RCP
QA FDMHz- HMcm
FLksps IQ
XRCP > x.Lcp

through superior solar conjunction. Nearly a dozen experiments were conducted in
2005; all were successful (Table 6).

For the experiment on 21 January 2004, the spacecraft's high-gain antenna (HGA)
was pointed toward the martian surface from a distance of 12 800 km, radiating 5 W
and 60 W at the S- and X-band, respectively, while NASA’s 70 m DSN antenna near
Canberra, Australia, captured the echoes. The microwave signals were translated
into audio frequencies, sampled at 25 000/s (complex), and stored for later digital
processing (Fig. 20).

During surface reflection, right-circularly polarised (RCP) signals from the
transmitter are converted into a combination of RCP and left-circularly polarised
(LCP) echoes. The relationship between RCP and LCP may be used to infer properties
of the surface material at each frequency, such as through the Fresnel reflection

Fig. 20. Signal flow for Mars Express bistatic
radar. RCP signals are transmitted; the
reflection process converts some of the RCP to
LCP.
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Fig. 21. The specular point track is the locus

of boresight intercepts with the surface

had the HGA pointing been optimised for
maximum echo strength as a function of

time. For this experiment, HGA pointing was
fixed in inertial space for the duration of the
experiment. The boresight swept across the
surface approximately as shown by the red
line, intersecting the specular track at 05:50
Earth-receive time (ERT). The half-power HGA
footprint on the surface at 05:50 was an ellipse
of semi-major axis 400 km oriented 60°W of N
and towards Mars Express; Earth was towards
the ESE. The semi-minor axis was 150 km.
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Table 7. Geometrical and performance parameters for the bistatic radar.

Carrier Frequency f, {MHz)
Carrier Wavelength i (m)
Incidence/Reflection Angle (deg)
Transmitted Power P; (w)
Transmit Antenna Gain Gy (dBi)

Spacecraft to Specular Point
Distance R, (km)

Specular Point to Earth
Distance Ry (km)

Receiving Antenna Gain Gy, (dBi)

Effective Receiving Aperture
Ar=h2*Ggldm (m?)

Receiver System Temp T, (K}

Receiver Noise Power
Ny = kT, (W/HZ)

X-RCP XA CP S-RCP SLCP
8420 8420 2296 2206
0.036 0.036 0.131 0.131
68.1 68.1 68.1 68.1

60 0 5 0
40 _ 28 _
12800 12800 12800 12800
1.94x10%°  1.94x10°  1.94x10°  1.94x10°
741 741 63.3 63.3
2600 2600 2900 2900
30 30 20 20
414x10%2  414x102  414x102  4.14x10%

coefficients (Simpson, 1993; Simpson & Tyler, 2001). For example, a dielectric
constant of 3.0 would show equal power in orthogonal echo polarisations if reflection
occurred at the Brewster angle ¢ = 60°.

To simplify spacecraft operations, the HGA was pointed in a fixed direction such that the
specular point on Mars would be along the HGA boresight at transmit time #,, = 05:39:14
(incidence angle ¢; = 68.1°). At receive time z,, = 05:50:00 the corresponding reflected
signal reached Earth. More than 30 min of data were recorded both before and after,
showing the rise to and decay from the specular condition. At #,, the 3 dB HGA footprint
on Mars was an 800 x 300 km ellipse centred on 10.0°N, —173.5°E (Fig. 21).
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The 25 kHz bandwidth from each receiver may be processed to arbitrary frequency
resolution; the spectral shape may be ‘equalised’ to correct for characteristics of filters
in the receiving system, and the background radiothermal noise may be calibrated.
The last step is critical to correct inference of the surface dielectric constant.

For each frequency and polarisation, the echo power Py reaching Earth may be
derived from the bistatic radar equation

PR = (PTGT/47TRTZ)O-(AR/47TRR3) (12)

where Pr is the power transmitted by the spacecraft, Gt is the gain and radiation
pattern of the HGA, Ry is the distance of the spacecraft from Mars’ centre of mass, Ag
is the effective aperture of the receiving antenna, Ry is Earth-Mars distance, and o is
the target radar cross section, which is proportional to the Fresnel reflectivity:

pr = 0.25 (Ry + Ry)* RCP received, or
pL =0.25 (Ry — Ry)* LCP received

The ‘horizontal’ and ‘vertical’ reflection coefficients are, respectively,

Ry = (cosd; — (& — sin’(;)"?)/(cosd; + (€ — sin’d;)"?)
Ry, = (g cosd; — (g — sin’d;)"?)/(ecosd; + (€ — sin’;)"?)

where ¢ is the dielectric constant of the surface material.

If the echo power can be measured accurately, Eq. (12) may be worked backwards
to obtain € using values such as those in Table 7. The functional form of ¢ and the
radiation pattern of the HGA (Gy) are not well known, but they are common to
the evaluation of Py for either polarisation. Similar comments apply to Pr and Ag.
Calculation of the ratio of Py for RCP to Pp for LCP simplifies the process at the
expense of needing well-calibrated measurements in both polarisations.

In the typical output from a bistatic radar receiver (Fig. 22), there are spectral
ranges with only noise power that is produced by the cosmic background, the
atmosphere (especially clouds and precipitation), the antenna structure and the
receiving electronics. Although not used routinely in spacecraft telecommunications,
instrumentation and procedures exist for determining the level of this noise and for
apportioning it to each source.

For purposes of the bistatic radar 25 kHz bandwidths, the background noise is
constant across the spectrum and can be characterised by a system temperature 7

such that the noise power at any frequency is Py = k7B, where B is the measuremerit
resolution in frequency. From a data spectrum, Py is the height of the noise pedestal
upon which the surface echo and residual carrier ride; the absolute powers in the echo
and carrier can be determined relative to Py.

In Fig. 22 the bandpass filter characteristics have been compensated for, the noise
pedestal has been removed, and the echo and carrier powers have been normalised
by Py. Unfortunately, the calibration procedure for determining Py was not executed
correctly on any of the receiver channels, so values of Py are uncertain by factors of
at least 2. To illustrate the technique and its application in more recent experiments,
the remaining steps in the procedure are continued with, but the quantitative results
for 21 January must be considered as highly suspect.

Figure 23 shows the integrated X-band surface echo power as a function of time
for RCP and LCP. A default 7y, =30K was assumed for both polarisations, but
experiments in 2005 returned values closer to 20K for both. There is also evidence
that a calibration source, which could have added as much as 30K to the apparent
background noise in one channel, may have been accidentally left on during the
January 2004 observations. With the default 7, =30K we find almost identical
RCP and LCP powers, which translates to € = 5.8 at the specular angle ¢ = 68.1°. If
the measured RCP to LCP power ratio is too small by a factor of 2.5, the inferred
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Fig. 22. A 60 s average spectrum from the X-band LCP receiver on

21 January 2004. The broad signal centred on 5500 Hz has been
specularly reflected from near (10.0°N, —173.5°E); the narrow signal near
18 000 Hz is a directly propagating carrier residual radiated via an HGA
sidelobe. The two signals are separated in frequency because the Doppler
effect along the direct and carom paths is different.
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Fig. 23. Total echo power in RCP (red) and LCP (blue) estimated using
a default 7, = 30K. At 05:50 (21 000 s) ERT, the HGA boresight
intersected the specular point track and echo power reached its
maximum. The relative power in the two channels is likely in error by a
factor of two or more because of a failure in the calibration system during

the observations.

7. Phobos Observations
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dielectric constant is € ~3, which is much closer to values reported elsewhere
(Pettengill, 1978; Simpson, 1993).

Extensive revisions to the calibration procedures were carried out between January
and May 2004. The procedure implemented for the bistatic radar experiment on 21 May
appeared to be accurate at a level of about 5% in T. Given the failure to detect S-band
echoes in January, the weak S-band signals found in the May data were surprising. By
averaging all of the signal in each polarisation, a dielectric constant of € ~ 2.7 is inferred
from these data, but the error bars are almost as large as the value itself. The target was at
64.1°N, 60.1°E and was observed at an incidence/reflection angle ¢ = 59.9°. An X-band
echo may have been present, but an error in tuning the ground receiver left it outside
the window that was sampled and recorded in both polarisations. These and more recent
results are summarised in Table 6 and Simpson et al. (2005).

The scientific objective of observing Phobos is to determine precisely its mass and
its low-order gravity field harmonics. The current values of the Phobos mass vary by
40% (Table 8). The first mass determinations were obtained by Tolson et al. (1977)
and Christensen et al. (1977) using the flybys of Viking-1. Since then, many efforts
have been made to improve these mass determinations. Combinations of flybys have
been used, involving the Viking-1 and Phobos-2 spacecraft. Although the studies
did converge on an unexpectedly low value, no real agreement between the various
values could be found. A better determination of the mass (and thus the density) would
be of great importance towards solving the puzzling origin of the martian satellites.
Moreover, current estimates of Mars’ internal dissipation, deduced from Phobos’
orbital acceleration, are directly dependent on the accuracy of Phobos’ mass.
Obviously, as can be deduced from Table 8, knowledge of the mass is not very
precise. Although Kolyuka et al. (1990) constrained their mass determination within
an error bar of only 0.69% (using exclusively the Phobos-2 data), none of the three
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Table 8. Phobos mass, volume and density determinations.

Author GMePhogJ(_)zs Volu.r;?e Densfgv

(107 km's™} k) (g/cor)

Tolson et al., 1977 0.73 + 0.07 - -
Christensen et al., 1977 0.66 + 0.08 - -
Williams et al., 1988 0.85 + 0.07 Bifad 22102
Kolyuka et al., 1990 0.722 £ 0.005 - -
Duxbury et al., 1991 - 5680 + 250 1.90 = 0.05
Thomas, 1993 - 5748 = 190
Smith et al., 1995 0.587 + 0.033
Yuan et al., 2001 0.714 + 0.019

values published in Kolyuka et al. (1990), Williams et al. (1988) and Smith et al.
(1995) fits within a range of 40%. Some bias has to be considered in the processing,
especially as different values of Mars’ mass may have been used. The observation by
Kolyuka et al. (1990) has to be considered as unverified and the measurement error
as highly unrealistic.

The martian gravity field is now better constrained than it was during the Viking
and Phobos-2 missions. This error can be avoided in future data processing and
analysis, so that the Mars Express flybys can be used to their full potential.

The shift between the centre of mass and the centre of figure (J; coefficient in the
expansion of the gravity potential) can be determined by a very close flyby. Mass
displacements inside the moon (especially following the Stickney impact) would be an
indication of internal stress. Such data would bring into question the key point of an
assumed (but still not demonstrated) homogeneous density. The higher harmonics, like
the J, and C,, coefficients, may also be analysed because their dynamical effects have
already been observed (but not studied) in Viking residuals (Williams et al., 1988). This
will resolve the question of homogenous density versus an internal density distribution.
Images from the High Resolution Stereo Camera (HRSC) of Mars Express will provide
a precise value for the volume of the body, leading to a precise determination of the bulk
density with an accuracy of the order of the volume accuracy.

The latest Phobos observations by HRSC show a 12 km shift between the observed
and expected positions of the moon. The Royal Observatory in Brussels, Belgium,
is working on new ephemerides from HRSC observations combined with other
astrometric observations in order to correct this discrepancy.

Future RS observations during Phobos flybys, in combination with other instrument
observations, will improve knowledge of the moon’s mass and density by at least an
order of magnitude. This will give important clues for the explanation of the origin
of Phobos and improve the precision of the martian internal dissipation factor. The
observations will also provide with high probability the J; coefficient and therefore a
measure of the difference between the centre of mass and centre of figure.

To achieve this goal, MaRS requires a very close flyby of Phobos. During the prime
mission, this occurred only on orbit 756, with a closest approach of 140 km. In that
instance, the optical instruments received priority for this extraordinary flyby, and
no radio observations were obtained. All the other comparable opportunities in 2004
and into 2005 occurred behind the planetary disc as seen from Earth and so were not
visible from a ground station. Two other opportunities in June 2005 were identified to
come within 300 km and be visible. Unfortunately, the first had to be cancelled owing
to deployment of the MARSIS antenna. The second occurred at a distance of 900 km
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Fig. 24. Geometry of the first MEX solar
conjunction, from 15 August to 15 October 2004
within 40 solar radii of the solar disc. The red
solid line is the track of Mars in the plane of
sky; the blue dots mark the tracking of Mars
Express. The blue and the dark red lines show
the fields of view of the SOHO LASCO C3 and
C2 coronagraphs, respectively.

view onto the plane of sky

Solagradij, o

=

]
[

solar radii

because the spacecraft orbit had drifted after the first MARSIS antenna deployment
and was not corrected before the full MARSIS deployment.

8. Observations of the 1n addition to the investigations of the atmosphere and gravitational field of Mars,
Solar Corona the experiment is also characterising the Sun’s corona. This type of radio-sounding
investigation was carried out by several spacecraft in the past and has significantly
contributed to understanding the Sun (Bird et al., 1994; Pitzold et al., 1995; Pétzold

et al., 1996; Pitzold et al., 1997; Karl et al., 1997).

The radio instrumentation aboard Mars Express is ideal for solar corona
studies. With dual-frequency downlinks (simultaneous and coherent S- and X-band
downlinks) and the clear detectability of RCP and LCP in both frequency bands
(designated X-RCP, X-LCP, S-RCP and S-LCP), estimates of the electron density can
be made, along with broad characterisations of average values of the magnetic field as
a function of distance from the Sun’s disc.

Mars went into superior solar conjunction on 15 September 2004; the Earth-Mars
distance was its maximum 2.6 AU. As seen from Earth, Mars appeared to be located about
3.7 solar radii above the north pole of the solar disc in the plane of the sky (Fig. 24).

Solar corona RS data were acquired during a 39-day period from 18 August to
22 October. Fig. 24 shows the positions of the observations in the plane of sky. On all
but five of the observation days, recordings were performed by the 70 m DSN antenna
near Madrid, Spain. At this station, typically, four recording channels were available
and it was possible to record both the RCP and LCP at X- and S-band. On the other
five days, recordings were taken at a 34 m antenna at the Goldstone, California DSN
complex (DSS-15), where only RCP channels were available.

The MEX radio signals propagated through the hot, dense and turbulent plasma
of the solar corona. The propagation causes a phase advance in frequency and a
propagation delay of the ranging signals according to:

Earth
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where Af'is the recorded Doppler shift consisting of the classical Doppler shift (first
term) and the propagation in plasma (second term), T is the propagation time of the
radio signal between the spacecraft and the ground station consisting of the vacuum
light time (first term) and the propagation delay in plasma (second term), and N, is the
electron density in the solar corona, dN,/d¢ is the temporal change of electron density
at time scales of the integrated sampling time, f, is the radio carrier frequency, v, is
the relative velocity between the receiver on Earth and the spacecraft transmitter, and
s is the distance (range) between the ground station and the spacecraft.

By using two frequencies, e.g. X-band and S-band, simultaneously and forming the
differential Doppler and differential range, the contribution of the plasma to the one-
way downlink at the lower frequency is yielded, here at S-band

o - ran=-403UL Ll [ s

(14

T-T=2 - '[Neds

s

3]

Earth
_ 4031 { 11

spacecraft

From the Ulysses superior solar conjunctions in 1991 and 1995 (Bird et al., 1994;
Piétzold et al., 1995) and the experiences gained in these experiments, MaRS defined
the solar conjunction phase within a range of 40 solar radii (10° elongation) about
the solar disc in the plane of sky. Mars entered this range on 15 August and exited on
15 October 2004.

MaRS requested one tracking pass per day with the spacecraft transponder and
ground station configured as S-band uplink, X-band and S-band simultaneous
downlink; dual-frequency ranging where feasible (DSN only). Although the first
passes in August were conducted at S-band uplink, ESOC switched back to X-band
uplink for operational reasons after a few passes. The total number of passes was 34
(instead of the 60 projected), each of a few hours but sometimes only 20 min. They
were performed exclusively by the DSN, with the majority at the 70 m station DSS-63
in Madrid. The recording bandwidth in DSN’s open-loop RS Receiver was 2 kHz,
allowing capture of signal dynamics not modelled in the frequency predictions and
signal broadening resulting from propagation through the solar corona.

Spacecraft signal parameters sensitive to changes in the propagation medium
include frequency Doppler shift, ranging, bandwidth, amplitude/phase scintillations
and Faraday rotation (Bird, 1982). The MEX 2004 solar corona experiment data will
be processed in full to examine all these effects.

Figure 25 shows six SOHO LASCO C3 images centred about solar conjunction.
The varying coronal structure with streamers and holes is prominent. The position of
Mars is a faint spot indicated by arrows in the first and last two images. Mars entered
and left the field of view of the LASCO C2 images (6 solar radii) on 11 September
and 19 September, respectively. Figure 26 shows the four LASCO C2 images, which
correspond to the four observations within 6 solar radii.

The change in electron content as a function of solar offset also clearly shows
the sounding of coronal streamer and coronal hole structures (Fig. 27). From the
SOHO images it can be seen that the position of Mars in the field of view coincided
with streamer structures at distances between 20 and 10 solar radii during ingress.
While passing over the northern pole within 10 solar radii, less plasma was found
and the electron content decreased. This can be followed in Figs. 25 and 26. During
superior conjunction, polar rays must have been sounded because the electron content
increased again, only to drop again when another coronal hole was encountered
(Fig. 26, lower row).

It is concluded from the signature in the differential Doppler and the electron
content time series on 21 September 2004 that a coronal mass ejection (CME) may
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Fig. 25. LASCO C3 coronagraph images (FOV 30 solar radii) showing the coronal Fig. 26. LASCO C2 coronagraph images (FOV 6 solar
structure for the days noted. Mars is marked by arrows. On 13 and 17 September, Mars radii) from 11-18 September, the four days when Mars
was behind the inner C3 cover that masks the solar disc. The bright spot in these images Express was tracked within 6 solar radii. The location of
is Venus. Mars is indicated by arrows.
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9. Outlook for the
Extended Mission

have intersected the radio ray path. Unfortunately, no LASCO images were available
for a period of 62 h from 20 September to 23 September to cover that event.

The CME signature is easily extracted from the X-band and S-band residuals and
the differential Doppler (Fig. 28). A fast-moving plasma shock front crossing both
uplink and downlink can be identified:

— in the downlinks because both frequencies are affected;

— in the differential Doppler representing the downlink at S-band;

— on the uplink at X-band and a time Af later again on the X-band downlink
repeating the signal;

— not on the S-band downlink after A¢ seconds because the uplink frequency is
downconverted by a factor of 240/749.

The integration of the differential Doppler yields the change in electron content along
the ray path since the start of the measurement. A strong increase in electron content
by 8000 hexem can be seen for the duration of the signature at X-band starting at
1600 s (Fig. 28); this is in comparison to typical changes in electron content in the
solar corona by a few hundred hexems.

With these data it is possible to study the morphologies of CMEs in the microwave
bands, to determine the position where a CME hits the ray path, its speed and the
density of the shock front. These studies continue.

The Mars Express Radio Science Experiment has shown that the spacecraft is an
efficient and sensitive tool for gravity studies, atmospheric/ionospheric/coronal
sounding and bistatic radar. The experiment has achieved outstanding results and
made important discoveries despite operational constraints and pointing conflicts.
Atmospheric and ionospheric sounding can be done at locations and local times
on Mars that are inaccessible to MGS, thereby complementing the numerous MGS
observations. The gravity signal is a factor of four stronger during MEX pericentre
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passes than for MGS. Bistatic radar observations were performed on a regular basis
during 2005 and all show strong return echo signals.

The ambitious goals of the MaRS experiment, however, could not be met during
the prime mission. This was firstly due to the power situation during eclipses, which
resulted in a large number of lost occultations, and, secondly, to the pointing conflicts
with the imaging instruments for pericentre gravity observations. The loss of all
feasible Phobos observations due to these pointing conflicts was very disappointing.

The mission is in its second extension at the time of this publication, encompassing
more occultation seasons and one solar conjunction in 2006. Gravity studies and
bistatic radar experiments are being planned as individual events, hopefully at a higher
rate than during the prime mission, although constraints and conflicts still remain.
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Mars Express is the first ESA planetary science mission to be fully operational
in orbit, and has been a remarkable success since science operations started in
January 2004. The instruments on Mars Express have diverse science goals and
science operations requirements, which vary in terms of pointing requirements,
illumination conditions and distances to the Mars surface. The elliptical orbit
of Mars Express was chosen in such a way that these diverse requirements
would be met during different periods of the nominal and extended missions.
As a consequence, the scientific opportunities and mission constraints on science
operations (resources available, power considerations and thermal constraints)
vary considerably throughout the mission. In order to maximise the science
return for Mars Express under these diverse and variable conditions, a science
operations concept was developed that is characterised by its flexibility. At the
root of this concept is the ‘frozen orbit’, which is accurately predicted typically
six months ahead. Medium-term science planning is carried out on a monthly
basis, with iterative planning of the pointing and instrument operations within
the modelled resource envelopes. During the short-term weekly planning cycle
the science planning and the up- and downlink schedule to ESA and DSN ground
stations are finalised and executed.

The Mars Express instruments collected their first scientific data while the spacecraft
was orbiting Mars on 14 January 2004. Since then the seven orbiter payload experiments
have acquired outstanding scientific data. The scientific achievements are based on a
science operations scheme characterised by its variability, flexibility and diversity.

Planning the science operations for Mars Express is a challenging process. The
science goals for all instruments are ambitious, especially in view of the changing
observation conditions over the course of the mission. The elliptical orbit of Mars
Express provides ideal science opportunities for the instruments, which range from
monitoring the plasma environment (ASPERA-3) to high-resolution surface imaging
(HRSC and OMEGA). The variation in pericentre latitude throughout the nominal
and extended missions ensures the possibility to obtain global coverage by the
imaging instruments, as well as seasonal and local time coverage by the instruments
measuring the atmosphere and the Mars environment. The diversity of the science
goals for the various instruments, plus the continual variability in the combinations
of the main mission parameters (pericentre latitude and illumination, occultations,
eclipses and data rate) add to the complexity of the Mars Express science operations.
Further driving elements in the design of the science operations include the need for
high accuracy in the science pointings, limited resources with regard to downlink
capabilities and spacecraft power, and the fixed high-gain antenna, excluding
combined science pointings and data relay.

1. Introduction
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2. Mars Express
Spacecraft, Payload and
Orbit

From mission design to science mission planning, several methods have been
applied in order to maximise the science return. One of the key elements in planning
is the concept of the ‘frozen orbit’, which warrants highly accurate long-term orbit
predictions and thus a detailed long- to mid-term planning cycle. Another element is
the two-step planning approach, consisting of an iterative process at the instrument
mode level to ensure the optimal use of resources for the given scientific tasks in a
particular period, followed by a process of checking and fine-tuning at the instrument
command level.

This chapter describes the science planning for the nominal mission and the
first extension. While the general concept, requirements and constraints remained
unchanged, details of the planning process and the teams responsible for science
planning were modified later in the mission during the second extension.

The Mars Express orbiter instruments have been designed to meet a broad range of
science objectives, concentrating on:

— the surface: global high-resolution photogeology and global mineralogical
mapping;

— the subsurface: investigation of the subsurface structure, down to a few kilometres
into glacial deposits;

— the atmosphere: global atmospheric composition and circulation studies, surface—
atmosphere interactions, and interaction of the upper atmosphere with the solar
wind;

— general goals, such as making an inventory of water in the atmosphere,
understanding the geological evolution and searching for traces of biological
activity; and

— global physics, such as investigations of gravity anomalies.

These diverse objectives result in very different requirements for each instrument
regarding the observation conditions in terms of spacecraft altitude and pointing,
illumination conditions, and the frequency and duration of observations (see Fig. 1).

The Mars Express spacecraft has been designed to perform the following general
science pointing modes: nadir pointing, inertial pointing, spot pointing and specular
pointing. In addition, it is possible to modify these basic pointing modes by applying
a series of three rotations around the spacecraft axes. The nadir pointing is carried out
with a yaw correction to compensate for the rotation of Mars and has two sub-modes:
across-track and along-track nadir. For example, in across-track nadir the spacecraft is
tilted about the roll axis, creating a ground track parallel to the sub-spacecraft ground
track. The inertial attitude is used to point a payload towards a fixed direction, while
the attitude of the spacecraft is kept constant with respect to an inertial reference frame,
i.e. one axis of the spacecraft is oriented towards a fixed point in space. The direction
of the remaining axis can be selected as either power-optimised or predefined. The
spot pointing mode is aimed at pointing the optical instruments to a surface feature on
Mars and to track it, whereas the specular mode is aimed at pointing the spacecraft’s
fixed-mounted high-gain antenna to the surface point that results in specular reflection
of the radio wave being directed to Earth.

Furthermore, the orbit of Mars Express (Fig. 2) was tailored to the diverse instrument
observation requirements. The elliptical orbit provides optimal observing conditions
for all scientific experiments, namely, instruments measuring the atmosphere and the
Mars environment from high altitude, and surface observing instruments that acquire
their data primarily around pericentre. The average pericentre altitude during the
nominal mission was 287 km. The apocentre altitude was reduced in May 2004 from
11 560 km to 10 100 km, changing the orbital period from 7.566 h to 6.721 h.

Fig. 2 illustrates the ‘pericentre window’ of about 20 min with the best observation
conditions below 500 km orbit height for the surface and subsurface instruments
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(HRSC, OMEGA and MARSIS). Within this window, however, the actual observation
time is further narrowed by the amount of data that can be downloaded.

A significant segment of each orbit is used to turn the fixed-mounted spacecraft
antenna to Earth for data downlink and command uplink. These ‘downlink windows’
cannot be used for pointed science observations. The location and duration of the
downlink windows depend on the availability of ground stations, and can be selected
by the scientists within certain constraints. The average downlink duration per day is
8—10 hours, spread over several sessions of about three hours each. Typically, one out
of four pericentre windows is blocked for Earth communications.

The illumination conditions for the pericentre window vary over the mission.
During the nominal mission, three periods of 136, 179 and 140 days with the
pericentre window on the dayside were interspersed with 131- and 111-day periods
with pericentres on the unilluminated side for night-time observations, mostly by
MARSIS. This corresponded to a 60:40 share of day- and night-time pericentres for
the nominal mission.

The sub-spacecraft point at pericentre varies during the course of the mission.
During the nominal mission all latitudes were covered twice, and twice during the first
extended mission. Thus, targets at the same latitude can be observed during different
seasons.

Figure 3 shows the evolution of the main orbit characteristics over the nominal
mission, in particular the variation in the solar elevation angle at the sub-spacecraft
point at pericentre, the latitude coverage and downlink rate representing the Mars—
Earth distance.

The sub-pericentre points for a certain period are grouped into 11 clusters as a
result of the 3:11 orbit resonance. For each cluster a new adjacent ground track is
added after 11 orbits or three days. This resonance has been designed specifically
for HRSC to ensure the ability to build mosaics for surface mapping. The longitude
shift from one orbit, #, to its adjacent orbit n+11 is driven by the HRSC requirement
for overlapping image strips: for all sub-pericentre points between +60° the longitude
shift is controlled by a side-overlap of adjacent HRSC image strips of about 10%. The
pericentre time (and thus also the ground track) control is achieved by small corrective

G3=U
TICKS EVERY 10 MINUTES LE3-B
MARS
. -0 50 o 5.0
¥ flerm) il

251



SP-1291

Fig. 3. Evolution of Mars Express downlink
rate, pericentre latitude, illumination conditions
and local time since the nominal mission.

3. Operational Constraints
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spacecraft manoeuvres using the regular reaction wheel off-loadings. In this way, the
actual orbit is flown to the reference orbit or ‘to the long-term plan’. This concept of
orbit control, called the ‘frozen orbit’, is a key element of the Mars Express observing
strategy because it allows for a long lead time in the planning process.

A number of operational constraints are derived from the technical design of the
spacecraft, and in turn from the amount of power available, battery size, thermal
limitations, details of the operations of spacecraft units (such as the transmitter), etc.
Many of these constraints change over the mission time because of their dependence
on the distance between Mars and the Sun, or other orbit-related parameters. In order
to retain flexibility in the planning process many of these constraints are expressed
in terms of available resources rather than as predefined operational scenarios. For
example, the thermal limitation for solar illumination on the spacecraft +Y panel is
given as 450 W/m?, rather than a fixed observation duration per pointing mode. Some
of these crucial operational constraints are described in the following.

The maximum duration of an inertial pointing window in one orbit is 90 min. For
nadir and nadir-like observations, the maximum duration is 68 min per orbit. No more
than two science pointings per orbit are allowed.

Eclipses (when Mars is between the spacecraft and the Sun) and occultations (when
Mars is between the spacecraft and Earth) impose specific operational constraints.
During eclipses the spacecraft batteries are the only source of power. Due to a
failure in the solar panel circuitry design only 70% of the planned solar array power
is actually available on Mars Express. This leads to longer battery recharge cycles
and, as a consequence, to operational limitations for eclipses lasting longer than
40 min. During the nominal and the first extended missions there were five eclipse
periods. The eclipse duration in each of these periods reached up to 90 min. During
occultations, communication with Earth is not possible, and this imposes constraints
on the selection of the downlink windows within an orbit.

The available downlink volume is another major operational resource. It is defined
by the downlink rate, which varies from 28 to 184 kbit/s, depending on the Mars—
Earth distance and on the allocated downlink time. Mars Express uses ESA’s ground
stations New Norcia in Australia and Cebreros in Spain and as well NASA’s Deep
Space Network (DSN) stations. Thanks to the support of the DSN, Mars Express has
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a much higher ground station coverage, which increases the downlinked science data
volume and also gives the scientists greater flexibility in planning science pointings
and downlinks.

The science planning comprises three levels:

— Long-term planning: science priorities are defined by the Principal Investigators
and the Project Scientists for each instrument, for a period of six months, based
on the mission and instrument science objectives, on the mission phase (with
implications for resources such as power and downlinks), and on previous
measurements.

— Mid-term planning: based on the long-term science priorities and the resources
actually available, a plan is drawn up covering four weeks or 100 orbits.

— Short-term planning: the four-week mid-term plan is subsequently converted
to commands covering four periods of one week each, taking into account the
most recent orbit predict and modifications due to changes in the availability of
resources.

The mid-term planning (see Fig. 4) is the major planning level. The requests from all
instruments have to be harmonised with respect to each other and to the operational
constraints (i.e. spacecraft resources and downlink availability). This harmonisation
process is executed at instrument mode level using the MEX Instrument Resource
Analyser (MIRA) software developed by the Rutherford Appleton Laboratory in the
UK. This software simulates the orbit, the spacecraft power balance, the data downlink,
and checks for violations of constraints and flight rules (e.g. spacecraft illumination).

Inputs for the mid-term planning are provided by the European Space Operations
Centre (ESOC) in Darmstadt and the European Space Research and Technology
Centre (ESTEC) in Noordwijk (orbit and event files, ground station availability) and
by the instrument teams (instrument requests), some of which use their own software
to plan the observations. The harmonisation process typically starts 10-11 weeks
before the execution of the four-week plan.

The result of this process is a mid-term plan (MTP) covering four weeks and
containing the following files: a pointing request file, a timeline of all spacecraft

Fig. 4. Overview of the Mars Express mid-term
planning cycle, covering a four-week period
(=100 orbits).

4. Science Planning Cycles
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pointings, and a timeline of instrument requests at the mode level. This output is
delivered to ESOC eight weeks before the execution of the four-week plan. ESOC
checks the plan with more detailed models and implements changes if necessary. The
mid-term plan is finally frozen four weeks before execution.

The updated and finally frozen mode level instrument plans are semi-automatically
converted into instrument commands. This task is split up into four command periods
of one week each. The instrument command file is generated by the Rutherford
Appleton Laboratory in a feedback loop with the instrument teams so that they can
confirm the final command files. Once confirmed, the instrument command files
(covering one week) are sent to ESOC ten days before execution. ESOC integrates
the payload and spacecraft commands. Up to this moment all instrument requests
at mode and command levels were relative to pericentre. During the last processing
steps ESOC converts these relative times to absolute times using the most recent
orbit predict, which is typically 2—3 days ‘old’. The final combined command files
are uploaded to the spacecraft 2-3 days before execution, and are then carried out in
accordance with the time-tagged timeline. The process is depicted in Fig. 4.

In the period between its first full orbit around Mars on 4 January 2004 and
31 December 2006, the Mars Express spacecraft orbited the Red Planet 3832 times,
with 3—4 orbits per day. Of these orbits, about 60% were used for science observations,
25% for communications, and 15% for specific spacecraft needs (commissioning,
eclipses, conjunction, etc.).

During this period, 34 mid-term and four-week cycles were successfully planned.
The mid-term planning concept proved to be effective and gave the instrument teams
a very high level of control and flexibility in using spacecraft and ground station
resources. The major resources such as the pericentre window time and the available
downlink time were used close to 100%. In addition, new science pointing modes
have been implemented that were not foreseen at the beginning of the mission, such as
spot pointing, specular pointing, and the combination of more than one cross-pointing
angle in a nadir pointing window. The original flight baseline has been expanded by
controlling resources rather than using predefined scenarios. The problem of the 70%
power has been fully incorporated into the mid-term planning process.

The Mars Express spacecraft has shown excellent performance that has partly
exceeded the numbers originally specified:

the orbit position of the spacecraft can be measured with an average accuracy of
better than 200 m;

the average difference between the position predicted one week in advance and
the real position is 2 km, where the main component of the error is along the orbit
trajectory and corresponds to about 0.5-1 s; and

the attitude of the spacecraft is known to an accuracy of 0.01°.

In addition to the ‘nominal’ science plan, a number of special observations and
activities have been conducted. These included observations of Phobos and Deimos
and of the shadow of Phobos on the surface of Mars, communication tests and joint
observations with NASA’s Mars Exploration Rovers Opportunity and Spirit, and the
deployment of the MARSIS antenna after a year of routine operations.

During these 3800 orbits about 2300 Gbit of raw (for some instruments compressed)
science data were acquired. These data were analysed by the instrument teams and can
be accessed by the public via the ESA Planetary Science Archive. Since the arrival of
Mars Express at Mars in December 2003, the instrument teams and their associated
science teams have published more than 200 papers.

ESA approved the first Mars Express mission extension for a second Mars year
until October 2007. The main science objectives were to accomplish the remaining
global coverage, to achieve the original MARSIS science goals, to study periodic time
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variations of atmospheric parameters and variable surface phenomena, and to revisit
areas of Mars Express science discoveries.

The lifetime of Mars Express will depend on its fuel reserves — 35 kg of fuel
remained at the end of the nominal mission (the spacecraft consumes about 2.0-2.5 kg
of fuel per year) — and by the rate of battery degradation.

Figure 5 gives an overview of the orbit and resources of the first mission extension
compared with those of the nominal mission. Figure 6 shows the long-term evolution
of the Mars Express orbit.

Mars Express has a high degree of complexity, with multiple types of science
pointings, a fixed high-gain antenna, multiple ground stations, and high variability in
both science opportunities and mission constraints. The science operations concept

Fig. 5. Timeline for the Mars Express nominal
mission and the first extension. The coloured
bars show the average expected downlink
volume per day; the colours indicate the
illumination conditions from red (dayside
pericentres with the Sun’s elevation higher than
60°) to magenta (nightside pericentres with the
Sun’s elevation less than —15°).

Fig. 6. Mars Express long-term orbit evolution
taking into account the orbit manoeuvre in
November 2007 increasing the orbital period
and changing the resonance from 11:3 to 18:5.
The lower panel shows the eclipse season: the
y-axis indicates the eclipse duration per orbit.

6. Conclusions
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and practice for Mars Express have evolved into a highly flexible system. The
flexibility is driven by the diverse science requirements and science opportunities
(specific ground targets) of the instruments, and the high variability in the conditions
(e.g. illumination) and the resource envelope (e.g. energy, data rate).

The excellent science return of Mars Express is the end result of close collaboration
and interaction between the various teams (seven Principal Investigator teams, ESA
science operations and operations teams, Rutherford Appleton Laboratories), all of
whom aim to make the best possible scientific use of the Mars Express spacecraft.
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The success of a scientific mission is determined by the quality of the scientific
results. The prompt delivery of instrument and ancillary raw data to the
instrument teams and of reduced and calibrated data to the scientific community
is therefore a key element in the mission design. This chapter describes the flow
of data from the spacecraft through the ground segment via the instrument
teams to the final scientific archive. Several software tools and standards are
used to support data dissemination. The functionality of the individual tools is
explained, the interfaces to the individual groups are discussed, and examples
of the graphical user interfaces are shown. Finally, the chapter provides a brief
introduction to each of the currently available datasets.

A large number of teams and individuals are involved in processing data from the
byte packages on the Mars Express (MEX) spacecraft, to provide scientifically
useful, reviewed datasets to the scientific communities. Although the various teams
have different responsibilities, all of them aim to deliver complete, accurate sets of
information. The information dealt with is diverse, covering, for example:

— spacecraft and instrument documentation;
— ancillary data such as spacecraft event information, instrument mounting
alignments;

1. Introduction
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Fig. 1. The data flow from the ground station
in New Norcia, Australia, to the scientific
community. The numbers above the arrows
indicate the data processing levels. Iterations
that might occur in the data flow are not
indicated.
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— spacecraft orbit and attitude information;

— environment information such as spacecraft temperature or electron densities;
— spacecraft anomalies;

— instrument housekeeping and scientific data;

— instrument calibration information;

— science operations planning information; and

— geometric and positional information.

The ground segment includes the receipt of the spacecraft data, delivery to the
Missions Operations Team at the European Space Operations Centre (ESOC) in
Darmstadt, Germany, and the provision of all spacecraft and instrument data to the
instrument teams. ESOC provides data that have been corrected to remove any errors
arising during transmission from the spacecraft to the ground station.

Each instrument team obtains spacecraft and ancillary data of interest and
instrument data from the Data Distribution System (DDS) located at ESOC. The
ongoing data distribution, analysis and validation depend on the internal structure
of each team, the data volume and the type of housekeeping and scientific data. The
data path varies for each team, and is described individually in the relevant chapters
of this volume. The instrument teams reformat their raw and calibrated data into more
user-friendly formats following the Planetary Data System (PDS) standard (JPL,
2006). Also the ancillary data originating from the Mission Operations Centre (MOC)
is formatted following the PDS standard by the archive team of the Mars Express
Payload Support Team (MEXPST). The datasets are delivered online to the ESA
archive team. After a first syntactical check, the datasets are peer-reviewed and are
ingested into the Planetary Science Archive (PSA) after they have been successfully
reviewed. Scientists, engineers and the public can access and search the PSA server
and retrieve datasets or individual data products.

Figure 1 illustrates the flow of data between the relevant parties. The darker
shaded boxes within the MOC and SOC PST represent software applications that are
available online, in the case of the DDS for the experimenter teams, and in the case of
the PSA for the entire scientific community. The numbers above the arrows indicate
the data processing level of the data products, as defined in Table 1. The processing
levels indicate the level of data reduction.

The handling and flow of data from the Beagle 2 instruments were planned to be
in parallel to the Mars Express orbiter instrumentation data flow (Pullan et al., 2004).
The Beagle 2 Lander Operations and Control Centre (LOCC), Leicester, UK, was
prepared to process all instrument data into PDS-compatible format after downloading
from the DDS at the MOC. After a proprietary period, it was planned to enter all the
data into the PSA.

This chapter provides an overview of the flow of data from level 1 to level 3. As
the processing of data at levels 2 and 3 are instrument dependent, see the individual
instrument chapters in this or earlier ESA publications for details. Section 2 gives an
overview of the processing of level 1 data and the Data Distribution System (DDS)
that allows the experiment teams to download level la data on request. Section 3
introduces the science archiving process and the PDS standard. Section 4 describes
the dissemination of scientific data to the scientific community, and finally, Section 5
summarises the datasets available at the time of writing.
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Table 1. Data processing levels as used within the Mars Express archive plan (ESA, 2001).

Data processing level Data processing level description Created by CODMAC level PDS type

Level 0 Raw telemetry data as received at the Spacecraft 1 Raw
ground receiving station or ground test
GSE

Level 1 Level 0 data that have been cleaned and Telemetry processor 1 Raw
merged, time ordered, and in packet
format

Level 1a Level 1 data that have been separated by As requested by the DS 1 Raw
instrument

Level 1b Level 1a data that have been sorted by Experiment team 2 Edited
instrument data type and instrument mode.
These data are in scientifically useful
formats, e.g. as images or spectra that are
still uncalibrated.

Level 2 Level 1b with calibration and corrections Experiment team 3 Calibrated
applied to yield to scientific units

Level 3 Higher-level data products developed for Experiment team, 4 Resampled
specific scientific investigations Interdisciplinary scientists, 5 derived

other teams
2.1 Overview 2. The Ground Segment

Mars Express was launched on 2 June 2003 on a Soyuz—Fregat from the Baikonur
Cosmodrome in Kazakhstan. After a cruise phase of about six months, the spacecraft
was captured by, and later orbited the planet with an inclination of 87°, an orbiting
period of 7.5 h and a pericentre of about 250 km.

The definition, design and implementation of the Mars Express ground segment
are the responsibility of ESOC in Darmstadt. The Mars Express data processing
system is part of the ESOC Operations Control Centre (OCC), which is the central
facility responsible for operating the spacecraft. In order to reduce costs, risks and
development time, Rosetta, Mars Express and Venus Express share nearly identical
data management systems.

The major components of the data processing system are as follows (see Fig. 2):

— The Mission Control System (MCS), which supports the exchange of telemetry
and telecommand data between the OCC and the spacecraft via dedicated
communication lines and appropriate interfaces with the ground stations.

— The MCS, which is based on the ESOC SCOS-2000 infrastructure, provides the
capability to process housekeeping (HK) data in real time for spacecraft control
purposes. This includes command verification and out-of-limit detection. The MCS
timestamps the telemetry (TM) data by converting the onboard time to Coordinated
Universal Time (UTC), with an accuracy below 2 ms. Housekeeping and telemetry
data, including parameters and event messages, are processed by the MCS using
calibration curves to convert them into the engineering and/or functional parameter
values needed to monitor the status of the spacecraft platform and payload, and to
recover from anomalies if any. It also provides a command system that is capable
of controlling the spacecraft. During nominal operations, commands are calibrated,
pre-transmission validated and transmitted to the ground station(s) for uplinking
in real time. The OCC maintains a complete history of all commands requested,
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Fig. 2. The Mars Express Operations Control
Centre (OCC).
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transmitted and verified. The MCS also has facilities for managing the operational
database and for maintaining the onboard software.

— The Data Distribution System (DDS) is based on the Generic Data Disposition
System (GDDS), and allows remote access by the scientific community for the
near-real-time and/or offline inspection of mission data. The system also provides
facilities for the regular daily production of raw data media (RDM) for the
permanent archiving of raw telemetry and auxiliary data. For Mars Express the
DDS will be used to store instrument telemetry data on recordable compact discs
(CD-Rs), which are sent to authorised members of the Mars Express scientific
community. The DDS system is described in more detail below.

— The Mission Planning System (MPS) is an offline system that provides tools
for the advance planning of the mission operations, based on inputs from the
Principal Investigators, the Science Operations Centre (SOC) and the operations
staff at ESOC. The final outputs of this system take the form of machine-readable
schedules for commanding the spacecraft and the two ground stations. Unlike
other data system components, the MPS is mission-specific.

— The Flight Operations Procedure (FOP) system is used by the Mission Operations
Team to prepare spacecraft operational procedures and command sequences,
which can then be imported into the operational database.

2.2 Collection of Telemetry Data

The Mission Control System interfaces with the ground stations to receive and
transmit telemetry (TM) and telecommand (TC) data in a controlled and error-free
manner. A no-break data link connection is always established when the ground
station is in real-time contact with the spacecraft.

The Mars Express MCS receives the telemetry data from the ground stations via a
generic infrastructure system called the Network Controller and Telemetry Receiver
System (NCTRS), which serves as the ground station interface with the MCS.

The NCTRS receives the telemetry data as delivered by the ground station
equipment, which has already performed some basic checks and has ‘time stamped’
it with Earth Reception Time (ERT). It then passes the housekeeping and science
telemetry data to the relevant MCS for more specific processing and for archiving.
The NCTRS gathers all the telecommands sent from the MCS and forwards them to
the relevant ground station.

The NCTRS is also used for acquiring and locally storing tracking data such as
antenna angles, range and Doppler measurements made at the ground station. These
are then made available to the Flight Dynamics System via the File Transfer System
(FTS) and to authorised Principal Investigators (PIs) via the DDS system.

The files generated by the OCC, such as antenna pointing information and ground
station schedule files, are also transferred via the NCTRS to the ground station.
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Fig. 3. Generic Data Disposition System
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2.3 Dissemination of Raw Data

The Mars Express OCC offers telemetry, both housekeeping and scientific data, and
auxiliary data in near-real-time and/or offline mode to the PlIs. Following receipt or
generation at the OCC, the data can be accessed from remote computers on a call-up
basis.

Mission products include payload science data, all platform and payload
housekeeping data and auxiliary data (e.g. TC history, station visibility, spacecraft
orbital position, attitude, etc.; DDID, 2002). HK and science TM data (both real-time
and playback) are extracted and stored as raw data, which are chronologically ordered
and sorted by spacecraft and payload. They include quality data and additional timing
data so that the PIs are able to correlate the data with respect to UTC.

In addition, the science data, housekeeping data and consolidated auxiliary data
are transferred onto CD-ROMs, which are mailed to each PI on a weekly basis.
A common data interchange standard based on the Standard Formatted Data Unit
(SFDU) concept is used in order to allow for efficient data distribution.

Finally, the OCC archives all Mars Express level 1 data for all payloads for a period
of ten years after the end of the mission. Archived data include all raw telemetry and
auxiliary data.

The MCS is on the operational LAN and can be accessed by operational staff
at ESOC (i.e. there is no remote access). External access to mission data is via the
DDS, which allows a secure connection between the outside world (such as the Mars
Express PIs) and the ESOC-protected operational LAN.

2.3.1 Dissemination of Mission Raw Data via the Mars Express DDS
The DDS is based on the Generic Data Disposition System (GDDS, 2002). It enables
PIs and other external users to submit requests for data to be extracted from the
mission archives supported by the SCOS-2000 spacecraft control system kernel.
These requests are expressed in a format based on XML (extended mark-up language;
Thompson et al., 2001). Figure 3 provides an overview of the GDDS.

The Mission Control System, based on SCOS-2000, maintains a mission archive
comprising two main elements: a packet archive containing historical telemetry,
telecommand and derived data, and a file archive that typically includes flight dynamics
and planning data. A file generation process within SCOS-2000 can also be invoked to
generate file-based summary data from packet data, e.g. command history reports.
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Fig. 4. Sample screenshot from the GDDS web
interface.
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Requests for data to be extracted from the mission archive may originate in three
ways:

— scheduled ‘standing orders’;
— submission via a web-based interface; or
— request files sent using the File Transmission Protocol (FTP).

All requests comprise a list of items to be retrieved, and are expressed in a recursive
query language defined in XML, which is used internally within the system, and also
exposed to the user on the FTP interface. This allows multiple filters to be applied
to the data being retrieved. The requested data can be from three sources: telemetry,
auxiliary and catalogue data.

These requests are managed by a central DDS server, which interfaces with the
MCS to initiate archive retrievals via a Common Object Request Broker Architecture
(CORBA) based interface. Archive retrievals performed on the MCS interface are
relatively low level, and several individual retrievals may be performed to satisfy a
single request. The GDDS server maintains a request list, and collates the retrieved
data for a single delivery in response to each request.

Requests must be identified as originating from a previously authorised external
user. The DDS maintains a database of these authorised users, together with address
information for the delivery of retrieved data.

Three methods of archive data delivery are supported: online via a web-based
interface; via an FTP server; and on CD-ROM (only available for Mars Express PlIs,
and following agreed recording and distribution schemes).

The DDS web-based user interface is designed to allow authorised users to view
the catalogue of data held in the mission archive, and to generate and submit retrieval
requests, for delivery using the FTP server or online. Figure 4 shows a screenshot of
a data request.
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All responses from the DDS server to the web-based interface are also transferred
as XML files. These may include request acknowledgements, catalogue data and
online data retrieval.

Online data retrieval is only available in response to a request originating from
the web-based interface, and is designed for previewing small amounts of data only.
This enables a user to verify that it is the required data, before requesting a full FTP
transfer. The data are embedded as a byte stream in the XML response.

3.1 Overview

Following the success of the visits of the Giotto spacecraft to the comets P/Halley and
P/Grigg—Skjellerup (during its extended mission), Rosetta, Mars Express and SMART-1
are ESA’s next planetary missions. All the data from the International Halley Watch
campaign — including the Giotto data — have been archived using NASA’s Planetary
Data System (PDS) standard. The PDS is the de facto standard for most US planetary
missions. It was therefore decided early in the mission development to use the PDS
standard for Rosetta, Mars Express and SMART-1.

To ensure maximum commonality, ESA has introduced the Planetary Science
Archive (www.rssd.esa.int/PSA) for all planetary missions. The PSA is the official
interface of all engineering, housekeeping and scientific data for the scientific
community after the experimenters’ proprietary period has come to an end. All
necessary services are offered to the scientific community via an online interface.

The initial requirements, system tests and further development of the PSA are
basically driven by the PSA Scientific Advisory Group, a mission-independent group
representing a range of instrument categories and disciplines within the European
scientific community.

This section describes the PDS standard and the PSA system and gives an outline
of the planned archive process.

3.2 The Planetary Data System (PDS) Standard

The PDS standard is a set of guidelines published in the PDS Data Standards Reference
(JPL, 2006). The guidelines cover the archive process as well as details of predefined
data types, an object description language, a data dictionary, rules on labelling data
products, catalogue templates and the organisation of logical or physical volumes. The
PDS standard is compliant with the reference model of the Open Archival Information
System (OAIS; CCSDS, 1999).

As a general rule, each data product must be labelled and linked to a data file. The
label is either attached to the data file itself or detached in a separate file, called a label
file. Documents are classified as products and a label is required. Each self-contained
unity, called a dataset, must contain a default set of documentation in ASCII format,
referred to as catalogue files. Figure 5 sketches the parts of the standard, and indicates
the hierarchical structure of the standard.

The glue for all data products is the standard grammar, the object description
language (ODL). The ODL requires that all metadata be given as a keyword = value
pair. For example,
is a valid description of the spacecraft name. The keywords on the left side of the

INSTRUMENT_HOST_NAME = MARS_EXPRESS

pair must be defined in the Planetary Science Data Dictionary (PSDD; JPL, 2002). A
lookup for the keyword instrument host_name results in

3. Scientific Processing and
Data Archive Preparation
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Fig. 5. Hierarchy of the Planetary Data System
(PDS) standard.
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NAME = INSTRUMENT_HOST_NAME

STATUS_TYPE = APPROVED
GENERAL_DATA_TYPE = CHARACTER
UNIT_ID = NONE
STANDARD_VALUE_TYPE = STATIC
MAXIMUM_LENGTH =60
DESCRIPTION = “

The instrument_host_name element provides the full name of

the host on which an instrument is based. This host can be

either a spacecraft or an earth base. Thus, the

instrument_host_name element can contain values which are

either spacecraft_name values or earth_base_name values.”
STANDARD_VALUE_SET = {

“ROSETTA”,

“ROSETTA LANDER?”,

“MARS EXPRESS”,

“BEAGLE 2”,

“SMART 17,

“2001 MARS ODYSSEY”,

“24-COLOR SURVEY”,

“AMES MARS GENERAL CIRCULATION MODEL”,

“ARECIBO OBSERVATORY”,

“CLEMENTINE 17,

The basic elements of the archive are of course the data products. The standard
foresees a small number of simple, predefined data types for these products, but also
allows the definition of user-defined structures or combined structures. Bearing in
mind that one of the purposes of the archive is the long-term preservation of the data,
the reduced number of available data types can seen as an advantage, as it enhances
the simplicity of the data in the long term. Data producers are forced to design easy
data types and structures, which in turn simplify access to data products. These data
types include matrix, image, spectrum, table and histogram, to name just a few.

The standard description foresees a label for each data product. This label contains
keyword = value pairs that describe the data type, structure and any another meta-
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information necessary to access the data and to interpret it. The following block shows
an excerpt from the OMEGA data product label:

PRODUCT_ID = “ORB1879_2_DATA”
PRODUCT_TYPE = EDR
STANDARD_DATA_PRODUCT_ID = “OMEGA DATA”
PI_PDS_USER_ID = BIBRING
MISSION_NAME = “MARS EXPRESS”
MISSION_PHASE_NAME = “MR Phase 6”

INSTRUMENT_NAME
PRODUCER_INSTITUTION_NAME
INSTRUMENT_ID
INSTRUMENT_TYPE
AINSTRUMENT_DESC
AINSTRUMENT_CALIBRATION_DESC

DATA_QUALITY_ID
DATA_QUALITY_DESC

“Observatoire Mineralogie, Eau, Glaces, Activite”

= “IAS”

OMEGA

= “IMAGING SPECTROMETER”

= “OMEGA_DESC.TXT”
= “OMEGA_CALIBRATION_DESC.TXT”

3

= “from 0 to 3 depending on

missing lines and compression errors”

MISSING_SCAN_LINES =0
CHANNEL_ID = (IRG,IRL,VIS)
SOFTWARE_VERSION_ID = “OMEGA 4.5”
TARGET_NAME = MARS
ORBIT_NUMBER =1879

PRODUCT_CREATION_TIME = 2005-09-14T23:57:13.000
START_TIME = 2005-07-02T20:41:36.043
STOP_TIME = 2005-07-02T20:51:38.091
SPACECRAFT_CLOCK_START_COUNT = “68351355.13762”
SPACECRAFT_CLOCK_STOP_COUNT = “68351957.00685”

MAXIMUM_LATITUDE =-54.238
MINIMUM_LATITUDE =-70.102
EASTERNMOST_LONGITUDE = 184.354
WESTERNMOST_LONGITUDE =161.580
SLANT_DISTANCE = 2526.525

The PDS standard also requires a set of catalogue files. A catalogue file is a label
file that contains textual information in ASCII format for at least:

— dataset description (dataset catalogue file);

— spacecraft description (instrument_host catalogue file);

— instrument description (instrument catalogue file);

— mission description (mission catalogue file);

— references (reference catalogue file);

— personnel information (personnel catalogue file);

— dataset collection description (dataset collection catalogue file, optional); and
— target information (target catalogue file, optional).

In addition, the standard requires a well defined directory structure. All catalogue
files, for example, need to be accessible from a directory named CATALOG. The top-
level directory must contain a file named VOLDESC.CAT that describes the whole
archive volume. The next block gives an example of a typical VOLDESC.CAT file:
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PDS_VERSION_ID = PDS3

RECORD_TYPE = STREAM

RELEASE_ID = 0001

REVISION_ID = 0004

OBJECT = VOLUME
VOLUME_SERIES_NAME = “MISSION TO MARS”
VOLUME_SET_NAME = “MARS EXPRESS ASPERA3”
VOLUME_SET_ID = “USA_ESA_PSA_MEX_ASPERA3”
VOLUME_NAME = “MARS EXPRESS ASPERA-3 VIRTUAL VOLUME”
VOLUME_ID = “MEXASP_3100"
VOLUME_VERSION_ID = “Version 1”
PUBLICATION_DATE = 2005-01-31
VOLUMES =1
MEDIUM_TYPE = “ONLINE”
VOLUME_FORMAT = “ISO-9660”
DATA_SET_ID = “MEX-M-ASPERAS-2-EDR-NPI-V1.0”
DESCRIPTION ="

Data from the Neutral Particle Imager (NPI) instrument of the Analyzer

of Space Plasmas and Energetic Atoms experiment, 3rd edition (ASPERA-3),
aboard the Mars Express spacecraft. The ASPERA-3 Principal Investigator
is Dr. Rickard Lundin, Swedish Institute of Space Physics (IRF), Kiruna,
Sweden. The primary source for ASPERA-3 data is the ESA Planetary
Science Archive (PSA).”

OBJECT = DATA_PRODUCER
INSTITUTION_NAME = “SOUTHWEST RESEARCH INSTITUTE”
FACILITY_NAME = “N/A”

FULL_NAME = “N/A”
ADDRESS_TEXT = “6220 CULEBRA RD., SAN ANTONIO, TX 78238”

END_OBJECT = DATA_PRODUCER

OBJECT = CATALOG
AMISSION_CATALOG = “MISSION.CAT”
AINSTRUMENT_HOST_CATALOG = “INSTHOST.CAT”
AINSTRUMENT_CATALOG = “ASPERAS3_INST.CAT”
ADATA_SET_CATALOG = “ASPERA3_NPI_EDR_DS.CAT”
APERSONNEL_CATALOG = “PERSON.CAT”

ADATA_SET_RELEASE_CATALOG = “ASPERA3_NPI_RELEASE.CAT”

AREFERENCE_CATALOG = “REF.CAT”
ASOFTWARE_CATALOG = “ASPERA3_SOFTWARE.CAT”
END_OBJECT = CATALOG
END_OBJECT = VOLUME
END

Documentation is found below the directory named DOC and software is archived
below the SOFTWARE directory. Software products might include visualisation,
analysis or calibration routines.

The standard is also intended to overcome operating system dependencies and to
direct the archive designers towards human readability.

To test a dataset against these standard rules, a software package was provided to
all instrument teams to ensure the accuracy of datasets for keywords, keyword values
used, file names, directory names and other constraints.

3.3 The Scientific Archive Process

The archive process starts with discussions and agreement on the Archive Generation,
Validation and Transfer Plan, also called the Mars Express Archive Plan (ESA,
2001), which is based on the Science Management Plan (ESA, 1997) and ESA’s
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general archiving rules (ESA Council, 1989). The Archive Plan gives the scope of the
scientific data archive in relation to the overall mission, and summarises the mission,
experiments and groups involved in the archiving efforts. It lists the datasets that are
produced by each team, together with contact information for the team members.

Within the Mars Express mission, the experimenters are responsible for the design
and implementation of the scientific datasets. The initial version of the Mars Express
Archive Plan, which contained a first draft of the data types and the expected data
volume, was prepared by ESA’s archive team and was issued one year before launch.

As the PDS standard gives enough information for the experimenter teams to start
preparing their archive design, the ESA archive team acts as a consultant for the
experimenters. Each experimenter team defines its archive design in the Experimenter
to Archive Interface Control Document (EAICD), which contains full details of the
archive’s directory structure, the data types and the label keywords used. The EAICDs
were issued soon after launch and updated when required.

Throughout the entire process of data preparation and archiving, members of the
Data Archive Working Group (DAWG) hold regular meetings and teleconferences to
discuss issues of common interest and to keep each other informed on the progress in
design and implementation.

The volume of the scientific archive of Mars Express was originally estimated to be
of the order of 1 terabyte (TB;10° bytes) for the nominal mission phase, but this has
already grown to 2.5 TB.

Electronic data handling is the aim, for the ingestion of data from the experimenter
teams into the PSA, and the delivery of data from the PSA to the scientific community.

The members of ESA’s archive team keep in close contact with their PDS
colleagues in the United States. The PDS Geosciences Node in St Louis and the PDS
Navigation and Ancillary Information Node (NAIF) at the Jet Propulsion Laboratory
(JPL) in Pasadena, support MEX-related archive and ancillary activities. For Mars
Express, the archive will contain the NAIF auxiliary data kernels that will be produced
by NAIF software from the corresponding ESOC auxiliary files.

Besides the spacecraft data prepared by several teams at ESOC and the experimental
scientific data, the PSA contains geometric, positional, illumination and mission phase
information. Individual working groups discuss these topics, and agree on the content
and format of corresponding data products, which are often implemented by the
experimenter teams and delivered as part of their instrument datasets.

Because the continuous (e.g. daily) delivery of data from the instrument teams to
the archive team would require tremendous technical and data validation efforts by all
the parties involved, the delivery schedule is based on longer time periods. The three
archive phases, as they are known, are the data collection, archive preparation and
archive validation phases.

During the data collection phase, the experimenter teams receive their data from the
DDS, distribute the data among their co-investigators and other team members, and
perform data analysis and validation. The data collection phase will never be longer
than the proprietary period, which is usually six months for ESA’s planetary missions.
All the data from one collection phase are processed into PDS-compliant datasets
over the next three months, the archive preparation phase. After automatic data pre-
validation, the experimenter team will ingest its datasets electronically into the PSA.
The ESA archive team will run software validation tools to check for syntax errors and
ensure that the delivered datasets are complete. The archive team will also manually
check the completeness of the delivered documentation and calibration information.
For the first and last deliveries of a mission, a team of ESA internal and external
scientists and engineers will be called in to conduct an independent scientific peer
review of the completeness and accuracy of the delivered datasets. For intermediate
deliveries, scientists will get together via teleconferences to conduct ad hoc reviews
of individual deliveries. Three months after delivery to the PSA, the datasets will be
made available to the scientific community. It will be obvious to scientific users of the
PSA whether or not a dataset has been successfully peer reviewed.
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4. Planetary Science The Planetary Science Archive (PSA) is an online archive where users can search for
Archive Services @and access data via the internet.

Several experiment teams expressed the need to offer additional data services on
top of the delivery of PDS-compliant datasets. Investigations into the potential of
online data archiving showed that re-using the ISO and X-ray Multi-Mirror Mission
(XMM-Newton) scientific data archive architecture would have several advantages.
In particular, the architecture has been used for several years by hundreds of scientists
around the world, and would cost considerably less than it would to develop a new
one. Thus the decision was made in 2002 to build on the expertise of the Research and
Scientific Support Department (RSSD) Science Archives Team at the European Space
Astronomy Centre (ESAC) in Villafranca, Spain.

In April 2002, a PSA user requirements workshop was held for 2.5 days, resulting
in a well defined set of requirements (PSA, 2002). To guarantee the balanced capture
of the requirements of the different scientific fields involved in planetary missions,
scientists and engineers from a range of disciplines were invited: spectroscopy,
plasma, lander, radio science, radar, atmospheres, dust, imaging, probe/lander orbiter
coordination and science operations. The members of the User Requirement Working
Group will form the PSA Scientific Advisory Group.

The PSA will support several user groups. Standard users, typically scientists or
engineers, can query the PSA to find data on a specific topic, a dedicated instrument
keyword or a location on a planetary body. Standard users have full access to all
public data in the database. Expert users can access a restricted set of scientific data,
e.g. experimental data that are not yet open to the public, perhaps due to a proprietary
period, for example, or uncertainties in the data validation. Potential expert users
include members of experiment teams or of the Science Operations Team. The
third group of potential users includes members of the general public who may be
interested in using simple queries to find the most interesting and easy-to-interpret
data. Educators are supported in this group of users.

Besides the technical objectives of the PSA — covering the electronic ingestion of
data from the experimenter teams and the delivery of data to the scientific community
— there are several major scientific objectives, including:
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Fig. 8. The postcard image (quicklook) that is
displayed when the user selects the icon in
Fig. 7.

Fig. 9. The map-based results panel. It
corresponds to the query defined earlier and
the parameter-based result panel shown in
Fig. 7. The footprints of the products are
plotted near the equator at about 25°E.

— increasing the scientific return of the mission;

— central organisation and long-term preservation of all data;

— easy access and search functionality;

— single entry point to information on all of ESA’s planetary missions;

— compliance with the PDS;

— direct data download;

— delivery basket download; and

— interoperability with other planetary archives, e.g. the PDS online archive, and
with other documentation databases.

The PSA offers the following user-support functionalities:

— automatic ingestion and validation support;

— single entry page for all planetary missions;

— common look-and-feel for all planetary missions;
— dataset browsing tool (FTP-like);

— 2D map search and view; and

— notification management.

Figures 6-9 provide screenshots of the available PSA user interfaces, demonstrating
some of the capabilities of the services available. To locate data of interest, a user
can use the parameter-based interface (see Fig. 6), a map-based interface or a dataset
browser interface. A parameter-based query leads to parameter-based listing of results,
as shown in Fig. 7. A map-based query leads to a map-based display of resulting
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5. Available Mars Express

270

Datasets

footprints, as shown in Fig. 9. The user can toggle between the available result displays.
If quicklook information is provided within a dataset, the individual quicklook images
can be immediately accessed from the result panels. The dataset browser interface
provides FTP-like access to all available Mars Express data. A more detailed user
manual is available from the PSA web page.

5.1 General Dataset Characteristics

All datasets have an identical top-level directory structure as required by the PDS
standard explained in section 3. Due to the common archive approach, including
discussions and agreements with the instrument teams, a minimal set of keywords is
used within all data labels.

The INDEX directory of each dataset contains a minimum set of ASCII index files
formatted as PDS TABLE objects, to be used for information lookup or further data
processing. The file INDEX.TAB contains a single line for each data product of a
dataset, with basic identification information. The GEO_MARS.TAB file contains
geometrical information for each data product, providing a representation/projection
of each data product/observation on the surface of Mars (i.e. footprint). A common
concept was developed for all instrument types (ESA, 2007) to allow uniform data
retrieval. The BROWSE.TAB file is optional and present in case browse images are
available in the dataset. It provides the mapping between the data products and their
corresponding browse products.

The DOCUMENT directory of each dataset contains the Experiment to Archive
Interface Control Document (EAICD). This is the basic document of each dataset and
should be the entry point for new users. The file MEX ORIENTATION DESC.TXT
defines the different orientations of the Mars Express spacecraft and their use within
the datasets. The file MEX POINTING DESC.TXT defines the spacecraft pointing
modes and their uses. Individual datasets might contain other documents; users are
advised to read the EAICD for detailed information. The file AAREADME.TXT at
the root of each dataset provides further high-level information, which new users are
also advised to read.

Changes, updates, corrections of errors and other important information are
documented at several locations, especially in the file ERRATA.TXT in the root
directory of each dataset. Information is appended to the ERRATA.TXT to ensure that
modifications to the dataset are fully transparent to users.

The planetocentric coordinate system is used for all Mars Express datasets, with
longitudes increasing from 0° to 360°E, and latitudes between —90° and +90°. The
reference frames of the spacecraft, instruments and detectors are defined in the frame
kernels of the SPICE datasets (see section 5.8). In the following, the terms ‘reduced’
and ‘calibrated’ are used synonymously.

5.2 ASPERA-3 (Analyser of Space Plasmas and Energetic Neutral Atoms)
ASPERA-3 comprises four sensors: the Electron Spectrometer (ELS), the Neutral
Particle Imager (NPI), the Neutral Particle Detector (NPD), and the Ion Mass
Analyser (IMA; Barabash et al., 2004). Data from each sensor are archived in
individual datasets. The following datasets are currently available from ASPERA-3
and are produced at the Southwest Research Institute, San Antonio, Texas. All sensor
data are stored in ASCII format with a varying, sometimes large, file sizes.

The dataset MEX-M-ASPERA3-2-EDR-ELS-V1.0 contains the raw experimental
data records of the ELS sensor from launch to the end of the nominal mission. It
provides the in situ electron measurements in the energy range 0.05-20 keV in two
kinds of data product: the ELS Science low-range data and the ELS Science high-
range data, both given in counts per accumulation unit. A data quality indicator based
on the state of the instrument is available for each set of scan measurements. The
data structure for all products is a spreadsheet in ASCII format, which is effectively a
table containing comma-separated columns. The CALIBRATION directory contains
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the high-range and low-range calibration tables providing for each ELS sensor
the conversion values from counts to number fluxes. Deflection voltages to centre
energies for the scan values are also given. The DOCUMENT directory contains
supplementary information on flight performance, sensor frame definitions and usage,
sensor numbering and calibration reports.

The dataset MEX-M-ASPERA3-3-RDR-ELS-V1.0 contains the reduced
experimental data records of the ELS sensor from launch to the end of the
nominal mission. The values are given as Differential Number Flux (DNF) as a
SPREADSHEET object. The CALIB directory again contains the high- and low-range
calibration tables with details explained in the file CALINFO.TXT.

The dataset MEX-M-ASPERA3-2/3-EDR/RDR-NPI-V1.0 contains the raw as well
as the reduced experimental data records of the NPI sensor from launch to the end
of the nominal mission. The measured energetic neutral atoms (ENA) count rates per
second in the range 0.1-60 keV are given in a single type of data product, again using
the SPREADSHEET structure. The provision of count rates allows for the analysis
of the ENA as well as the UV signal, which are intermixed. The CALIBRATION
directory contains a calibration table defining the values for converting from count
rate to number fluxes for the ENA component only.

The dataset MEX-M-ASPERA3-2/3-EDR/RDR-NPI-EXT1-V1.0 contains the NPI
data described above from the extended mission phase 1.

The dataset MEX-M-ASPERA3-2-EDR-IMA-V1.0 contains the raw experimental
data records of the IMA sensor from launch to the end of the nominal mission. The
measured ion count rates per accumulation are given in a SPREADSHEET structure.
The CALIBRATION directory contains the mass channel data calibration table
providing background noise values and the correction ratio for each of the mass
channels. The energy step table provides the centre energy for each energy step, and
the fraction of noise dependent on the energy step. The azimuth sector table provides
the efficiencies and geometric factors for each of the sectors. The use of the calibration
tables is described in the CALINFO.TXT file.

5.3 HRSC (High Resolution Stereo Camera)

The HRSC instrument consists of two cameras, the Super-Resolution Camera (SRC)
and the High Resolution Stereo Camera. The HRSC is a push-broom scanning
instrument with nine CCD line detectors mounted in parallel in the focal plane
(Neukum et al., 2004; Jaumann et al., 2007). The scan line data from each orbit and
for each line detector are collected and stored in one IMAGE object.

The SRC is a framing device and the resulting observations are stored in an IMAGE
object, one for each observation. All HRSC and SRC data are stored in VICAR format
with an attached PDS label. The BROWSE directory contains a JPEG image of each
data product. As the data products can be of considerable size (up to 5 GBytes), users
are advised to check the browse images before downloading. All HRSC datasets
contain this browse information.

All HRSC datasets are produced at the German Aerospace Center (DLR) in
Berlin, Germany, in cooperation with the Department of Earth Sciences at the Freie
Universitit Berlin.

The dataset MEX-M-HRSC-3-RDR-V2.0 contains the radiometrically calibrated
data from orbit 10 to the end of the first mission phase extension. The SOFTWARE
directory contains the source code of MINIVICAR, a small subset of the VICAR
image processing system with additions to allow for HRSC data processing. The
MINIVICAR package provides a functionality to display the HRSC images, and
convert them into other image file formats, and can process the radiometrically
calibrated images to higher data processing levels.

The dataset MEX-M-HRSC-5-REFDR-MAPPROJECTED-V2.0 contains the
geometrically calibrated and map projected data from orbit 10 to the end of the
first mission phase extension. Images are presented in a sinusoidal equal-area map
projection for latitudes between —85° and +85°E. Images at the poles are presented in
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stereographic projection. More detailed information can be found in the file DSMAP.
CAT in the CATALOG directory, and in the references provided there.

The dataset MEX-M-HRSC-5-REFDR-DTM.V1.0 contains the Digital Terrain
Model (DTM) as 8-bit orthoimages for the nadir channel and the four colour channels,
and 16-bit DTM, the latter with a height resolution of 1 m. The spatial resolution of the
DTM is about twice the stereo resolution (up to 50 m). The map projection is polar-
stereographic for polar areas, and sinusoidal elsewhere.

5.4 MaRS (Mars Express Radio Science) Experiment

The dataset approach for the radio science experiment differs from those for the other
instruments. The MaRS team provides one dataset including several data processing
levels for each observation. For example, the dataset MEX-M-MRS-1-2-3-PRM-
0117-V1.0 contains all data levels for an observation with sequence number 117
obtained during the nominal (prime, PRM) mission. Several hundreds of datasets are
available for the nominal mission. More information about the MaRS experiment can
be found in Pitzold et al. (2004).

The data processing levels provided in the datasets are as follows. The first data
level contains the raw tracking data from either New Norcia or the Deep Space
Network for both closed- and open-loop. The next data level contains the reformatted
and further processed data in ASCII format. The third data level contains calibrated
data products: distance to the target, observed and predicted frequencies, residuals of
both frequencies, corrections for Earth’s atmosphere, signal level and the differential
Doppler. For bistatic radar products coordinates are also available.

The data from each of the different processing levels, and from each of the ground
stations used, are included in separate directories with appropriate naming.

The CALIBRATION directory contains calibration information for the ground
stations used, both open- and closed-loop. The BROWSE directory contains JPEG
images containing four-panel plots that allow preliminary data quality checks. The
DOCUMENT directory contains a large amount of supplementary information
ranging from the operational notebooks to ground station antenna documents.

5.5 OMEGA (Observatoire pour la Minéralogie, I’Eau, les Glaces et I’ Activité)
The dataset MEX-M-OMEGA-2-EDR-FLIGHT-V1.0 contains the raw experimental
data records as well as geometry data from launch to the end of the nominal mission.
The data records from the two mapping spectrometer channels (Bibring et al., 2004),
the visible and near-infrared channel and the short-wavelength channel, are three
dimensional and physically stored using the QUBE object comprising two spatial and
one spectral dimension. The backplane of the QUBE contains dark current information
for each CCD pixel. Several sideplanes of the QUBE contain supplementary
instrument housekeeping information such as temperatures, voltages, scan mirror
positions and more detailed timing information. One QUBE corresponds to one
observation. A geometry data product is provided for each observation, providing the
observation geometry of each pixel for each of the OMEGA channels. Explanations
and definitions of the 51 geometry parameters can be found in the EAICD.

The SOFTWARE directory contains all versions of a data reduction pipeline to
calibrate the raw data records into radiances and several other data structures. Users
of OMEGA data are advised to check regularly for software updates. The software
package contains necessary calibration data such as bias, flat field and photometric
data, and explains instrument-specific and environmental aspects and takes them into
account during the reduction.

The OMEGA dataset has been produced at the Institute d’Astrophysique Spatiale
(IAS), Orsay, France.

5.6 PFS (Planetary Fourier Spectrometer)
The dataset MEX-M-PFS-2-EDR-NOMINAL-V1.0 contains the raw experimental
data records from the PFS spectrometer (Formisano et al., 2004) from launch to the
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end of the nominal mission, produced at the Istituto Nazionale di Astrofisica (INAF-
IFSI) in Rome, Italy. The data from the short-wavelength channel (SWC, 1.2-5 mm)
and the long-wavelength channel (LWC, 5-45 mm), are contained in this dataset
and separated via an appropriate directory naming scheme described in detail in the
document MEX-PFS-PSA-ICD-25.pdf (EIACD for the PFS instrument).

The two channels can be operated in instrument calibration and instrument
measurement modes. For each mode, the raw measurements, the housekeeping data
and geometry information are provided in separate files using the TABLE structure.
Data files, comprising calibration, housekeeping and measurements, from both the
SWC and LWC, are stored in separated subdirectories of DATA directory, while the
geometrical information for each scientific measurement is stored in the GEOMETRY
directory, which has an identical structure.

The DOCUMENT directory contains extensive calibration documentation for both
the SWC and the LWC. It discusses the calibration steps as well as external influences
on the measurements, and includes the user manual for the PFS instrument.

5.7 SPICAM (Spectroscopy for Investigation of Characteristics of the
Atmosphere of Mars)

The raw data from the infrared (IR) and the ultraviolet (UV) spectrometers of
SPICAM (Bertaux et al., 2004) are archived in two different datasets, all produced at
the Service d’Aéronomie, IPSL, CNRS in Verriéres-le-Buisson, France.

The datasets MEX-Y/M-SPI-2-UVEDR-RAWXCRU/MARS-V1.0 and MEX-Y/
M-SPI-2-IREDR-RAWXCRU/MARS-V1.0 contain the raw experimental data records
from the UV and IR channels, respectively, from launch to the end of the nominal
mission. The instrument data are stored in an ARRAY of COLLECTIONS containing
for each record a header and the data. The data part of a UV record represents five
bands of the UV CCD, recorded during one measurement. The data part of an IR
record represents the spectrum points recorded by each of the two detectors during one
measurement cycle. The DOCUMENT directory contains a calibration document for
each sensor, explaining how to process the data, and referring to the calibration files
in the CALIB directory. The BROWSE directory contains PNG quicklook spectro-
temporal images for each UV band and each IR detector. Both datasets provide
further geometry parameters in the GEOMETRY directory for each observation. The
parameters include, for example, line-of-sight information for specific CCD locations,
specific operational modes and specific targets. Detailed information can be found in
the SPICAM_GEOMETRY and SPICAM_POINTING files within the DOCUMENT
directory.

5.8 MARSIS (Mars Advanced Radar for Subsurface and Ionosphere Sounding)
The raw experimental data records of MARSIS (Picardi et al., 2004) are processed at
the INFOCOM Department of the University of Rome ‘La Sapienza’ to produce the
MEX-M-MARSIS-2-EDR-V1.0 dataset. This contains data that have been edited to
remove corrupted or duplicated packets, and provides auxiliary information to locate
them in space and time.

The data products in MEX-M-MARSIS-2-EDR-V 1.0 are made by an aggregation of
frames, which are a collection of received echoes with or without onboard processing
applied. Each data product contains frames acquired through a single operational
mode, instrument status and onboard processing scheme. The storage representation
is a binary TABLE object containing timing, housekeeping and measurement values.

Users of this dataset are mainly radar scientists interested in redoing the entire
processing of the received signal. The fact that unprocessed subsurface sounding
echoes do not show any obvious indication of subsurface interfaces means that they
are of little use to geologists.

Subsurface sounding data are further processed at the INFOCOM Department
to produce the MEX-M-MARSIS-3-RDR-SS-V1.0 dataset, i.e. data that have been
calibrated, range-compressed and corrected for ionospheric distortion. They are
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therefore the dataset of choice for geological analysis of the structure and layering
of the martian subsurface. Data products in this dataset have the same structure as
those in the MEX-M-MARSIS-2-EDR-V1.0 dataset, with ground-processed frames
substituted for instrument raw frames.

These datasets contain data from the deployment of the antenna in May 2005 to
the end of the nominal mission. Data acquired in the extended phases of the mission
are named MEX-M-MARSIS-2-EDR-EXTx-V1.0 for experiment data records and
MEX-M-MARSIS-3-RDR-SS-EXTx-V1.0 for subsurface sounding processed frames,
where ‘x’ denotes the number of the extension (1’ for the first extension, and so on).

The Department of Physics and Astronomy of the University of lowa provides the
calibrated data relating to the ionospheric soundings.

The data products of MEX-M-MARSIS-3-RDR-AIS-V1.0 are calibrated
ionospheric sounding data stored in binary format using the TABLE object.
One data product contains a list of vectors representing the power received by
the instrument in time after transmission. The BROWSE directory contains one
overview frequency—time spectrogram for each pericentre pass, as well as several
delay time versus frequency plots covering all transmit/receive intervals of one
pericentre pass.

5.9 SPICE (Navigational and Ancillary Information)

The dataset MEX-M-SPICE-6-V1.0 contains navigation and ancillary data in the
form of SPICE kernel files (Semenov et al., 2005). The instrument description kernels
(IK) give descriptive and operational data for an instrument. I-kernels are available
for all ASPERA-3 sensors, the HRSC camera, the OMEGA spectral imager and the
PFS spectrometer. The frame definition kernels (FK) contain information to define
reference frames, sources of frame orientation data and interconnections between
these and other frames within the SPICE system. F-kernels are available for the Mars
Express spacecraft, its instruments and most of its subsystems, such as the solar arrays
and the high-gain antenna. The spacecraft clock kernel (SCLK) contains the onboard
clock calibration data required to perform a mapping between ephemeris time and
the onboard time. The leap seconds kernel (LSK) is a non-mission related kernel and
provides the leap seconds and other constants required to perform transformations
between UTC and ephemeris time.

The C-kernels describe the spacecraft pointing, containing a transformation
traditionally called the C-Matrix, which is used to determine the time-tagged pointing
angles. For Mars Express, the flight dynamics team provides one predicted attitude
data file that is continuously updated in precision and time interval. Only in very rare
cases is a reconstituted attitude file provided. These files are converted to C-kernels
by the MEXPST team, with the support of the NAIF team. The filenames of these
kernels are prefixed with ‘ATNM_P°. The reconstituted C-kernel is prefixed with
‘ATNM_RECONSTITUTED’.

SPK-kernels describe the ephemeris of one object against another. One SPK kernel
prefixed with ‘ORHM’ describes the ephemeris of the spacecraft during cruise.
During the nominal mission, there is typically one orbit file provided per month,
prefixed with ‘ORMM’. Several Phobos and Deimos ephemeris kernels are provided,
originating from ESOC, JPL or the HRSC instrument team. Ephemeris data for the
ESA New Norcia station and the NASA DSN stations are also provided.

The DOCUMENT directory contains further information on the processing and use
of the kernels provided.

The data flow and data integrity from the spacecraft to the payload team and to the
scientific community are well defined. All the tools and services from the OCC to the
PSA are operational, stable and in continuous use. The PSA released the first scientific
data to the scientific community at large, and will provide a continuous support to
scientists worldwide.
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The data path from the spacecraft to the scientific users is accompanied by hundreds
of engineers and scientists, including — and our apologies to those we have forgotten
to mention — Pedro Osuna, Jesus Salgado, Guillermo San Miguel, Aurele Vrata Venet,
Esther Parrila, Markus Fels, Phil Brabbin, Alessandro Ercolani, Angelo Rossi and
Maud Barthelemy.
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ADU
AOCS
AOTF
APS
APXS
ASI
ASPERA
AU

BBA
BDR
BEE

CCD
CDPU
CI
CME
CMOS
CNES
CNR
CNRS

Co-1
CORBA
COSPAR
CRISM

CSW
CTX
CUL

DAWG
DDS
DEM
DES
DESPA

DHA
DLR

DM
DN

DNF
DPU
DSN
DTM
DVD

EAICD

ELS
ELM
EMCD
ENA
EO

analogue to digital (conversion) unit

Attitude and Orientation Control System
acousto-optical tunable filter

Auxiliary Power Supply

Alpha Particle X-ray Spectrometer

Agenzia Spaziale Italiana

Analyser of Space Plasma and Energetic Atoms
astronomical unit

bundle block adjustment
bi-directional reflectance
Back End Electronics

Charge Coupled Device

Command & Data Processing Unit

Context Imager

coronal mass ejection

Complementary Metal Oxide Semiconductor
Centre National d’Etudes Spatiales

Consiglio Nazionale della Ricercha (Italy)
Centre National de la Recherche Scientifique
(France)

Co-Investigator

Common Object Request Broker Architecture
UN Committee on Space Research

Compact Reconnaissance Imaging Spectrometer
for Mars

common software

Context Imager

close-up lens

Data Archive Working Group

Data Distribution System (ESOC)

Digital Elevation Model

Digital Electronic Subsystem

Observatoire de Paris, Département de
Recherches Spatiales (France)

Detector Head Assembly

Deutsches Zentrum fiir Luft- und Raumfahrt
(German Aerospace Center )

Development Model

Data Number (pixel intensity on a scale of
0-255)

Differential Number Flux

data processing unit

Deep Space Network (NASA)

Digital Terrain Model; data-transmission mode
digital video disc

Experimenter to Archive Interface Control
Document

Electron Spectrometer (ASPERA)
Electronics Module

European Mars Climate Database
energetic neutral atom (ASPERA)
exterior orientation

EPF
EPROM
EQM
ERT
ESA
ESAC

ESOC

ESS
ESTEC

EUV
EW

FFT
FIR
FM
FOP
FOV
FTP
FTS
FUV
FWHM

GCM
GC-MS
GDDS
GDS
GFDL

GOMOS

GUI

HCP
HGA
HiRISE
HK
HRSC
HST

IAS

ICA
ICD
ICRS
IFSI

IKI
IFOV
IMA
IMB
IMEWG
INAF
IPSL

emission phase function

erasable programmable read-only memory
Electrical Qualification Model

Earth Reception Time

European Space Agency; electrostatic analyser
European Space Astronomy Centre, Villafranca
(Spain)

European Space Operations Centre, Darmstadt
(Germany)

Environmental Sensor Suite

European Space Research and Technology
Centre, Noordwijk (the Netherlands)

extreme ultraviolet

equivalent width

Fast Fourier Transform
far-infrared

flight model

Flight Operations Procedure
field of view

File Transmission Protocol
File Transfer System
far-ultraviolet

full width at half maximum

general circulation model

gas chromatograph-mass spectrometer
Generic Data Disposition System

global dust storm

Geophysical Fluid Dynamics Laboratory
(NOAA)

Global Ozone Monitoring by Occultations of
Stars

graphical user interface

high-calcium pyroxene

high-gain antenna

High Resolution Imaging Science Experiment
housekeeping

High Resolution Stereo Camera

Hubble Space Telescope

Institut d’ Astrophysique Spatiale, Orsay
(France)

Ion Composition Analyser (Rosetta)

Interface Control Document

International Celestial Reference System
Istituto di Fisica dello Spazio Interplanetario
(Ttaly)

Institute for Space Research (Russia)
instantaneous field of view

Ion Mass Analyser (ASPERA)

induced magnetosphere boundary
International Mars Exploration Working Group
Istituto Nazionale di Astrofisica

Institut Pierre Simon Laplace (CNRS, France)
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IR
IRIS
ISIS
ISM
ISO
ISSI

ITRS
IUE

JPL

LAN
LASCO

LCP

LDA
LMD
LOCC

LOS
LTE
LVF
LWC
LWIR
LESIA

MAG/ER
MARCI
MaRS
MARSIS

MCO
MCP
MEDUSA

MEP
MER
MEX
MSG
MGS
MI
MIC
MIPL

MLI
MMF
MNP
MO
MOC

MOLA

MoU
MPB
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infrared

Infrared Interferometer Spectrometer
Integrated Scientific Information System
imaging spectrometer (Phobos mission)
Infrared Space Observatory (ESA)
International Space Science Institute
(Switzerland)

International Terrestrial Reference System
International Ultraviolet Explorer

Jet Propulsion Laboratory (NASA)

local area network

Large Angle Spectrometric Coronagraph
(SOHO)

low-calcium pyroxene;

left-hand circular polarisation

lobate debris aprons

Laboratoire de Météorologie Dynamique (Paris)

Lander Operations and Control Centre
(Beagle 2, Leicester, UK)

line of sight

local thermodynamic equilibrium

lineated valley fill

long-wavelength channel

long-wavelength infrared

Laboratoire d’Etudes Spatiales et
d’Instrumentation en Astrophysique (France)

Magnetometer and Electron Reflectometer
Mars Color Imager

Mars Radio Science

Mars Advanced Radar for Subsurface and
Ionosphere Sounding

Mars Climate Orbiter (NASA)
micro-channel plate

Miniaturized Electrostatic DUal-top-hat
Spherical Analyzer

Mars Exploration Program (NASA)

Mars Exploration Rover (NASA)

Mars Express

Meteosat Second Generation

Mars Global Surveyor (NASA)
Microscopic Imager

microscope

Multimission Image Processing Laboratory
(JPL)

multi-layer insulation

Medusae Fossae formation

Mars nearest point

Mars Odyssey

Mission Operations Centre; Mars Observer
Camera

Mars Orbiter Laser Altimeter (MGS)
Memorandum of Understanding

magnetic pile-up boundary

MPF
MPS
MRO
MRS
MSO
MSM
MSL
MSP
MTF

NCID
NCTRS

NEB
NPD
NPI
NPLD

OAIS
OBDM
OoCC
ODL
OMEGA

PCWG

PDS
PFS
PI
PIMap
PLD
PM
PEB
POS
PRF
PROM
PSA
PSDD
PSLA
PSSL

px

RCL
RCP
RFS
rms

RSS

SCIAMACHY

SFD
SFDU
SFS
SGICD

Mars Pathfinder (NASA)

Mission Planning System

Mars Reconnaissance Orbiter
model reference spectrum

Mars Solar Orbital

Mass Stiffness Model

Mars Science Laboratory (NASA)
Master Science Plan

modulation transfer function

normalised cumulative intensity distribution
Network Controller and Telemetry Receiver
System

noise equivalent brightness

Neutral Particle Detector (ASPERA)
Neutral Particle Imager (ASPERA)

north polar layered deposits

Open Archival Information System
onboard data management

Operations Control Centre (ESOC)

object description language

Observatoire pour la Minéralogie, 1’Eau, les
Glaces et I’ Activitié

Photogrammetry and Cartography Working
Group

Planetary Data System (NASA)
Planetary Fourier Spectrometer
Principal Investigator

Planetary Image Mapper

polar layered deposits

Project Manager

photoelectron boundary

Payload Operations Service

Pulse Repetition Frequency
programmable read-only memory
Planetary Science Archive
Planetary Science Data Dictionary
Project Service Level Agreement
Planetary Science Sample Library
pixel

Recognised Cooperating Laboratory
right-hand circular polarisation
radio-frequency subsystem

root mean square

Radio Science Simulator

Scanning Imaging Absorption Spectrometer for

Atmospheric Cartography (ESA)
size—frequency distribution

Standard Formatted Data Unit

shape from shading

Space/Ground Interface Control Document
(Mars Express)
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SHDOM
SIR

S/N; SNR
SOC
SOHO
SOWG
SPICAM

SPLD
SRC
SST
SUV
SW
SWIR

spherical harmonic discrete ordinate model
SPICAM Infrared (channel)
signal-to-noise ratio

Science Operations Centre (ESOC)

Solar and Heliospheric Observatory
Science Operations Working Group
Spectroscopy for the Investigation of the
Characteristics of the Atmosphere of Mars
south polar layered deposits
Super-Resolution Channel (HRSC)
Science Support Task

SPICAM UV (channel)

short wavelength

short-wavelength infrared

SWS
SZA
TEC
TES
TGCM
THEMIS
TOF

UTC
USGS
UV-IR

VICAR
VIS/NIR; VNIR

Short-Wavelength Spectrometer (ISO)
solar zenith angle

total electron content

Thermal Emission Spectrometer
thermospheric general circulation model
Thermal Emission Imaging System
time-of-flight

Coordinated Universal Time
United States Geological Survey

ultraviolet—infrared

Video Image Communication and Retrieval
visible/near-infrared
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ESA Member States
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