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abstract

The NOMAD spectrometer suite on the ExoMars Trace GasOrbiter will map the composition and dis-tribution of Mars' atmospheric
trace species in unprecedented detail, fullling many of the scientic objectives of the joint ESA-RoscosmosExoMars Trace Gas
Orbiter mission. The instrument is a combination of three channels, covering a spectral range from the UV to the IR, and can perform
solar occultation, nadir and limb observations. In this paper, we present the science objectives of the instrument and how these
objectives have inuenced the design of the channels. We also discuss the expected performance of the instrument in terms of
coverage and detection sensitivity.
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1. Introduction

Disequilibria in the chemical composition of Mars can be
attributed to processes related to geophysical activity (e.g. vol-
canism, outgassing, water-rock interactions), exogenous input (e.g.
comets and meteorites), or biological activity, i.e. originating from
extinct or extant life. The presence of reduced gases such as
methane (CH,) in an oxidizing atmosphere could be indirect evi-
dence of life (Allen et al., 2006; Hitchcock and Lovelock, 1967; Yung
et al., 2010). Until recently however, spectroscopic compo-sition
analysis of the Martian atmosphere showed no signs of trace gas
disequilibria (see Krasnopolsky (2010) for an overview). But a
decade ago, several potential detections of CH, were reported both
from Earth (Krasnopolsky et al., 2004, Mumma et al., 2009b) and
from Mars orbit (Fonti and Marzo, 2010; Formisano et al., 2004),
which implied recent replenishment of methane. Methane on Mars
can be of either geophysical, exogenous or biological origin
(Krasnopolsky, 2006a; Sherwood Lollar et al., 2006). Pinpointing
the exact origin requires measurements of methane isotopologues
and of other trace gasesrelated to possible methane production/
sequestration processes, such as serpentinization (Atreya et al.,
2007) or release of methane from clathrates (Chasse eére, 2009).
Observational evidence that the methane destruction occurs on
timescales orders of magnitude shorter than its expected lifetime,
has not yet been fully understood (Lefevre and Forget, 2009;
Mumma et al., 2009a; Zahnle et al., 2011). Positive Earth-based
observations of methane (above a detection limit of 7 ppb) were
not repeated since 2006 (Villanueva et al., 2013) while the Pla-
netary Fourier Spectrometer (PFS)(Formisano et al., 2005) con-
tinued to measure methane (Geminale et al., 2008, 2011) from
orbit.

In 2011, the Mars Science Laboratory (MSL) (Grotzinger et al.,
2012) was launched by NASA. The rover, called Curiosity, landed
into the Gale crater and has recently revealed some contradictory
results. Its main scientic objectives are to search for traces of a
possible favourable environment (past or present) for the appear-
ance of life. One of the instruments on board Curiosity is dedicated
to the detection of carbon, oxygen, hydrogen and nitrogen, and is
sensitive to methane, i.e. the Tunable Laser Spectrometer (TLS),
which belongs to the SAM (Sample Analysis of Mars, Mahaffy et al.
(2012)) suite. The rst observation reported by the SAM team
(Webster et al., 2013) was a non-detection of methane. The mea-
sured concentration indicated a mean value of 0.1870.67 ppbv, too
low to claim detection. However the reported upper limit of 1.3
ppbv was signi cantly lower than the previous observations. Since
then Curiosity has performed new observations using in particular
the ‘methane enrichment ' methodology. The latest results show a
highly variable local methane concentration, with back-ground
values of methane of 0.6970.25 ppbv and elevated levels of
7197 2.06 ppbv (Websteret al.,2015).

Follow-up and further re nement of the existing methane
measurements with additional measurements of a broader suite of
related trace species, both in column and prole at a global scale,
will be crucial to better understand the presence or absence of
biological processes, as well as the current level of geophysical
activity on Mars. Atmospheric markers of other geophysical activity
such as volcanism and outgassing (SO, and H,S) have so far not
been detected (Khayat et al., 2015; Krasnopolsky, 2005; Villanueva
et al., 2013). Predicted abundances for gasesrelated to such activity
are very low (Wong et al., 2003). A survey at high spectral and
spatial resolution from Mars orbit may detect locally enhanced
levels e.g. at active vents not detectable by earlier surveys.

NOMAD, the “Nadir and Occultation for MArs Discovery”
spectrometer suite, was selected as part of the payload of the
ExoMars Trace Gas Orbiter mission 2016. The instrument will

conduct a spectroscopic survey of Mars' atmosphere in UV, visible
and IR wavelengths covering large parts of the 0.2—4.3 mmspectral
range. NOMAD is composed of 3 channels: a solar occultation only
channel (SO- Solar Occultation) operating in the infrared (2.3—4.3
mm),a second infrared channel (2.3-3.8 mm)capable of doing nadir,
but also solar occultation and limb observations (LNO —Limb Nadir
and solar Occultation), and an ultraviolet/visible channel (UVIS —
UV visible, 200-650 nm) that can work in all observation modes.
The spectral resolution of SOand LNO sur-passes previous surveys
from orbit in the infrared by more than one order of magnitude.
NOMAD offers an integrated instrument combination of a ight-
proven concept — SOis a copy of SOIR-SolarOccultation in the IR
(Nevejans et al., 2006) on Venus Express (VEXx) (Titov et al., 2006),
and innovations based on existing and proven instrumentation -
LNOis based on SOIRon Venus Express and UVIS has heritage from
the ExoMars lander, that will provide mapping and vertical prole
information at high spatio-temporal resolution.

2. Scienti ¢ objectives
2.1. The ExoMars mission

The ExoMars (Exobiology on Mars) is the rst mission in the
Exploration program of the European Space Agency (ESA)in col-
laboration with the Russian Space Agency (Roscosmos), with the
aim to search for signs of life, past or present on Mars. It will also
serve to demonstrate quali cation of ight and in situ technologies
necessary for future exploration missions. Its technical objectives
are to demonstrate: (1) the safe entry, descent and landing of a
large size payload (Descent Module); and (2) the surface mobility
and accessto the subsurface (Rover). The mission includes several
spacecraft elements to be sent to Mars on two launches. The
ExoMars Trace Gas Orbiter (TGO) and an Entry and Descent
Demonstrator (EDM) lander called 'Schiaparelli’ are planned for
launch in 2016. In 2018, a Roscosmos-built lander will deliver the
ESA-rover to the Martian surface. The TGO orbiter of the rst
mission element (2016) will carry four scientic instruments and
will also serve ascommunication relay satellite for the NASArovers
already on the surface of Mars and for the future ExoMars rover
delivered in 2018. The timeline of the 2016 mission is based on a
launch in January 2016 and arrival at Mars in October the same
year. After EDM separation, the spacecraft enters an aero-braking
phase that will end in November 2017, when the Science Phase
starts. The nominal Science Phase will end in November 2019,
although the spacecraft will continue acting asarelay until the end
of 2022. Sciencewill be possible during that period but it will have
a lower priority.

The scienti c objectives of the payload on board the Trace Gas
Orbiter (TGO) and on the 2018 surface platform and rover are:

1. To search for signs of past or present life on Mars.

2. To investigate how the water and geochemical environment
varies, i.e. by characterizing their distributions in the atmo-
sphere, on and near the surface or as a function of depth in the
shallow subsurface.

3. To investigate Martian atmospheric trace gases and their
sources.

4. To study the surface environment and identify hazards to future
manned missions to Mars.

5. To investigate the planet subsurface and deep interior to better
understand the evolution and habitability of Mars.

Moreover, ExoMars is considered to be the
sample return mission.

rst step towards a



NOMAD corresponds to the SLNIR(Solar—Limb—Nadir IR Map-
per) instrument category which was earmarked with highest
priority in an example payload described by the ESA-NASA2016
Orbiter Joint Instrument De nition Team (Zurek et al., 2011). It
addresses 3 of the 4 mission science goals put forward in the
ExoMars Trace GasOrbiter announcement of opportunity with one
single instrument. Indeed, NOMAD will search for active geology,
volcanism and life by looking for their atmospheric markers.
NOMAD will constrain potential source regions and provide crucial
information on the nature of the processesinvolved. NOMAD will
also extend the survey of the major climatological cycles of Mars
such as the water, carbon and ozone cycles, and provide infor-
mation on their different components, including isotopic fractio-
nation and atmospheric escape processes.As a result, NOMAD will
contribute substantially to ESA'sExoMars Science and Exploration
Goals (“To search for signs of past and present life on Mars” and “To
study Martian atmospheric trace gases and their sources”).

2.2. NOMAD scienceobjectives

The NOMAD science objectives are summarized in Table 1 and
described in greater detail below.

2.2.1. The chemical composition of the Martian atmosphere

NOMAD will provide a highly detailed survey of the
atmospheric composition of Mars, surpassing the performances
of all previous and ongoing composition measurements. Indeed,
by covering UV, visible and IR spectral ranges, NOMAD ensures
that a large number of species are detectable. The Acousto-Optical
Tunable Filter (AOTF)concept, one of the key techniques used in
the SO and LNO chan-nels, gives high-speed accessover the IR
spectral domain, allowing both simultaneous and quasi-
simultaneous detection of many spectral signatures. In this
way NOMAD reduces the data rate considerably while
guaranteeing a high-level science return.

2.2.1.1. Atmospheric composition and isotopologues detection.
NOMAD covers spectral regions from UV to IR that contain sig-
natures of the following molecules, including several iso-
topologues: CQ, (incl. **CQ,, Y0OCO,*®0C0,C*0,), CO (incl. **CO,
C'®0), H,0 (incl. HDO), NO,, N0, O3, CH, (incl. **CH,, CHs;D), C;H,,
CoH4, CHg, H2CO, HCN, OCS, SG,, HCI, HO,, and H,S. With a
resolving power of 20000 ( 0.15cm?'), IR solar occultation
measurements will provide the most highly resolved spectra of
Mars acquired from orbit to date, allowing unambiguous separa-
tion of absorption lines and high-sensitivity searches for these
trace gases.The high sensitivity of NOMAD offers the possibility to
observe asyet undetected species or isotopologues. As an example,
SOIR/Vex,the precursor of NOMAD, observed an unknown band of

Table 1

12C180'0 on Venus (Bertaux et al., 2008; Wilquet et al., 2008),
which was also observed in Mars spectra both from the ground

(Villanueva et al.,, 2008b, 2008c) and by the PFSinstrument on
board Mars Express (Geminale and Formisano, 2009). The SO and
LNO channels offer the possibility to detect several isotopologues
during the same observation, either from the same spectral win-
dow, e.g. H,O and HDO (in 2860-2885 cm®' ), or from different
spectral windows. The detection of different isotopologues of CO,
and COwill lead to the determination of the **C/*?C, ¥'0/*0, and
180160 isotopic ratios. The detection of the different CH, iso-
topologues (**CH,, CHsD) is crucial for the discussion on the origin
of this species, and the simultaneous measurement of H,O and
HDO will constrain the important D/H ratio. UVISis sensitive to Os,
the most reactive gas in the Martian atmosphere, and SO,, a gas
which can be related to volcanism. The positive or negative
detection of the latter is vital to verify present or recent volcanic
activity on Mars (Wong et al., 2004b).

2.2.1.2. Atmospheric escape. Atmospheric escape processes can be
investigated when the thermal structure of the atmosphere and the
vertical transport of constituents in the lower atmosphere are well
understood. Water isotopologues are important markers for the
constraint of atmospheric transport processes.The average Martian
D/H ratio in H,Ois enhanced by about 5.5 times compared to that of
terrestrial oceans,re ecting the differential Jeansescapeof D and H
(Villanueva et al., 2008a, 2015). However, measure-

ments of H and D Lyman  emission (Krasnopolsky et al., 1998)
indicated that D/H in H, in the upper atmosphere is about 11 times
lower than near the surface. Different mechanisms can explain
much of the D/H decrease with altitude, such as reduced photo-
dissociation for HDO compared to H,O (Cheng et al., 1999) or
fractionation during evaporation and condensation (Bertaux and
Montmessin, 2001). Simultaneous vertical prole measurements of
H,0O, HDO and the atmospheric temperature will help resolve this
issue and evaluate upward uxes and vertical diffusion of the
relevant species up to the exobase.

The NOMAD sounding in solar occultation and limb modes will
supply a unigue dataset for describing the upper atmosphere and
tackle the open issue of lower—upper atmosphere dynamical and
chemical coupling, very important for the main purpose of the
mission, which is tracing the minor constituents of the atmo-sphere.
The limb and solar occultation observations, together with their
interpretation  with 1D (Daerden et al., 2010) and General
Circulation Models (GCMs) (Daerden et al., 2015), will be used to
evaluate upward uxes and the vertical diffusion of the relevant
species (H and O families) up to the exobase, using state of the art
non-LTE models of the Mars atmosphere which are directly
implemented into GCMs.

SCIEnce objectives of the NOMAD experiment.
Science objective Description

Chemical composition

Analyse the present-day chemical composition of the Martian atmosphere through the detection of a broad suite of trace gases and

key isotopes. Extend the detection to the upper atmosphere in order to constrain atmospheric escape processes relating the present-
day atmosphere to its past and future evolution. Understand the chemistry in order to constrain the methane origin (i.e. geophysical,
exogenous or biological) and destruction processes, and study gases related to possible ongoing geophysical and volcanic activity on

Mars.

Climatology and seasonal cycles Characterize the spatial (3D) and temporal variability of trace gases and dust/clouds. Provide an extension and re

nement of current

climatologies for CO ,, H,0O, CO, CH, O3, dust/clouds and other species as well as UV radiation levels at the surface. Contribute to the

understanding of

Sources and Sinks
well as atmospheric production. Re
and characterize sites of interest.

ne-scale processes and annual variability, and to the constraint of atmospheric dynamics.

Characterize the production and loss mechanisms of trace gases, including the localization of trace gas sources related to outgassing as
ne processes in the water, carbon, ozone and dust cycles. Relate this to surface mineralogy/ices




2.2.1.3. CH; chemistry and related geophysical/biogenic activity.
NOMAD will contribute to solving the current question on the
existence and persistence of Martian methane by providing
unequivocal measurements of this trace gas: its presence, varia-
bility, and the processesrelated to its origin and destruction, and
by potential discrimination of geophysical versus biogenic origin.
NOMAD will survey atmospheric methane and its isotopologues
through vertical proling and horizontal mapping of total and
fractional columns. Simultaneous detection of CH, and higher
hydrocarbons such as C;Hg will help to assessthe origin of CHy. The
photochemical depletion of C,Hg with respect to CH, is about 25
(Krasnopolsky, 2006b), so that if the source of CH,; were abio-genic
the same ratio should be observed in their respective abundance
(Onstott et al.,, 2006). Comparison of the isotopic ratios, in

particular  *C of GHg with that of CH, could distinguish
abiogenic CH, from thermogenic or biogenic sources (Allen et al.,
2006; Onstott et al., 2006). NOMAD will also measure gasesrela-
ted to serpentinization (C,H, and CH,) and species related to
clathrates (H,O and CH,, combined with observations of dust, ice
deposits and temperature pro les). In addition, NOMAD provides
high sensitivity to formaldehyde (H,CO)which is a photochemical
product of methane, as well as N,O and H,S which are potential
atmospheric biomarkers.

2.2.1.4.Volcanism. The main cluster of volcanoes and lavas lies in
Tharsis, another smaller one in Elysium. Based upon images from
the ConTeXt camera on Mars Reconnaissance Orbiter (Robbins
et al.,, 2011), the activity in Tharsis has been estimated to have
ended around 150 Myr ago. However, although recent active vol-
canism on Mars has not been observed, the presence of active
outgassing vents may still be possible (Langevin et al.,, 2005;
Neukum et al., 2004). Major gas releases associated with volcanic
outgassing are expected to be sulphuric, i.e. SG, and H,S. The
relative proportions between the sulphur bearing species are
indications to the conditions of their formation, but also of pro-
cessestaking place after release, such as photochemistry (Wong et
al., 2003, 2004a, 2005).

2.2.1.5. Upper atmosphere climatologies. The upper atmosphere is
the least described region of the Martian atmosphere, and is of
paramount importance for aerobraking manoeuvres and escape
processes. NOMAD is particularly suited to measure the low den-
sities and temperatures of the upper tenuous atmosphere of Mars.
Solar occultation has proven to be the most accurate strategy to
sound thermospheric altitudes, in the caseof Venus (Mahieux et al.,
2010, 2012, 2015a, 2015b; Vandaele et al., 2008). Also the NOMAD
limb emission capabilities can be exploited at high alti-tudes
improving the solar uorescence of molecules like CO, and CO.
Non-LTE models will be used to exploit such data, including
absorption in hot bands and rotational non-LTE. Energy balance in
the IR, from CO, non-LTE emissions will be validated and used to
improve GCM at high altitudes.

2.2.2. Mars climatology and seasonalcycles

Prior missions such as Viking, Mars Global Surveyor (MGS),
Mars Odyssey (MOD), Mars Express (MEx), Mars Reconnaissance
Orbiter (MRO) and Phoenix, have characterized the seasonal and
global variations (climatology) of the current Martian atmosphere.
Distinct and generally repeatable patterns occur in pressure, car-
bon dioxide deposition, temperature, aerosol (dust and water ice
cloud) optical depth, and gas abundance, but there are also sig-
ni cant interannual variations. Continued observations are needed
to better quantify the interannual variability and understand the
physical mechanisms that govern the current climate. The most
striking interannual variation is associated with global dust storms,
which occur roughly every three Martian years (MY). Many

aspects of the aerosol climatology are not yet well characterized,
such aslocal time variation, the vertical distribution of aerosols and
water vapour, and wind velocities. An example of are nement in
the water cycle was provided by the Phoenix mission, which
contributed to the understanding of the condensation of water
vapour to the surface throughout the polar summer and fall season
(Daerden et al., 2010; Whiteway et al., 2009). The seasonal varia-
tion of non-condensable gases such as CO, Os;, and CH, are also
important (Lefevre and Forget, 2009; Smith, 2009). Characteriza-
tion of their seasonal and spatial variations will constrain atmo-
spheric dynamics and the timescales for mixing in the atmo-
sphere. In general, these gases are not yet well characterized.
CRISM/MRO provided a CO climatology (Smith et al., 2009a), but
with no vertical information.

The SPICAM/MExclimatology of total ozone columns (Perrier et
al., 2006) conrmed the standard photochemical picture of the
Martian atmosphere (Lefevre et al., 2004). Still the widely varying
conditions over latitudes, local times and seasons present chal-
lenges to our understanding of the ner-scale processesgoverning
the ozone photochemistry (Krasnopolsky, 2010; Lefevre et al.,
2008; Montmessin and Lefévre, 2013) and require a continued and
rened survey of ozone, both in total column and vertical pro le.
This will also allow derivation of a surface UV climatology, which is
relevant for assessingthe habitability conditions at the Martian
surface and for future Mars exploration.

2.2.2.1.Extend existing atmospheric climatologies. NOMAD will

extend the existing atmospheric climatologies for CO,, CO, H,O
and other trace species, but also for temperatures and total den-
sities. The retrieval of temperature, of pressure and of total density
have been proven from the spectra obtained by SOIR/VEXx
(Mahieux et al., 2010, 2012, 2015a). The same approach will lead
to similar measurements of the Martian atmosphere. Several
aspectsof the existing climatologies are not yet well characterized,
such as local time variation, the vertical distribution of aerosols
and water vapour.

2.2.2.2.Improve UV and Oz climatology. The UVIS channel (200-650
nm) will provide measurements of Oz in solar occultation (vertical
proles) and nadir (total columns). An improved Os cli-matology
will advance our understanding of photochemical pro-cessesin the
Martian atmosphere, through the wuse of radiative transfer
modelling of the atmosphere. These measurements should also
solve the discrepancy between the SPICAMO; values (Perrier et al.,
2006) and values obtained by Earth ground-based instruments
(Krasnopolsky, 2009) or by photochemical models of the Mars
atmosphere (Krasnopolsky, 2010; Lefevre et al., 2008), and will also
to investigate if heterogeneous chemistry processesare playing an
important role on Mars (Lefevre et al., 2008).

2.2.2.3.Dust and clouds climatology. While vertically extended dust
aerosols are present in the atmosphere of Mars throughout the
year, atmospheric dust lifting and column loadings vary strongly in
location, season, and Mars Year (e.g., Cantor et al.,, 2001; Smith,
2004). Generally northern spring and summer exhibit minimum
conditions of dust loading compared to northern autumn and
winter, when peak global surface and atmospheric heating is
associated with Mars perihelion. In this perihelion season dust
storms of different sizes and duration interact to produce regional
and/or planet encircling major dust events (Cantor, 2007). Such
perihelic dust storms are characterized by high altitudes of dust
lifting (e.g.,Clancy et al., 2010) and strong interannual variability in
seasonaltiming and global extent (Smith, 2009). Evidence of global
vertically stratied dust distributions in northern summer as well
as regional dust layering over volcano topography indicates the
importance of locally forced dust



injection on dust vertical distributions (Daerden et al., 2015;
Heavens et al, 2015). Recently, Montabone et al. (2015)
have updated the known climatology of dust using multiple
datasets of retrieved or estimated column optical depth for the
Martian years 24-31. The datasets are based on observations
of the Martian atmosphere from March 1999 to July 2013 by
different orbiting instruments.

The water cycle is closely coupled to the dust cycle in several
ways. Dust aerosols absorb solar ux and so heat the atmosphere
and impact water vapour saturation conditions. Conversely,
background levels of ne dust aerosols serve as condensation
nuclei for ice cloud formation. The distribution of dust therefore
highly inuences the location and also the microphysical proper-
ties of the clouds. Conversely, the dust cycle is inuenced by
sedimentation and sublimation of the cloud particles This inter-
play between dust and ice aerosols and the vertical distribution of
water vapour couples with the global Hadley circulation to create
signi cant seasonal forcing of the global water cycle (Clancy et al.,
1996). Dust particles both absorb and scatter light, primarily
absorbing in the visible and radiating in the infrared, and so
inuencing the thermal and dynamical state of the atmosphere as
well as surface temperatures (e.g., Gierasch and Goody, 1972). The
infrared radiative properties of clouds also play an important role
in the radiative equilibrium of the Martian atmosphere and surface
(e.g., Wilson et al., 2008). Slant aerosol optical depths are derived
routinely from solar occultation observations, from which vertical
proles can be derived, as has been demonstrated with SOIR/VEXx
(Wilquet et al., 2009, 2012). Measurement of the aerosol opacity
across a wide wavelength range (i.e. UV to IR) also allows the
optical properties and size distribution of the suspended aerosols
to be derived through modelling of the phase function (Wilquet et
al., 2009). The presence of ice (both H,O and CG,) clouds will be
measurable through wavelength-dependent scattering in the
observed UV and IR spectra.

The knowledge of aerosol optical depth is important for accu-
rate retrieval of gasabundances under nadir viewing, asit tends to
“Il in” — reduce the apparent strength of — the spectral features.
Over dark surface regions (e.g. Acidalia, Syrtis Major), dust aerosols
can also produce a noticeable brightening that can in principle be
used to estimate their optical depth. However, over bright regions
(e.g. Arabia, Tharsis) this effect is not signi cant and so it is dif -
cult to estimate dust optical depth from nadir visible/near IR
observations in general (Mateshvili et al.,2007). On the other hand,
ice clouds and their optical depths can be quantitatively
determined from nadir blue and ultraviolet observations, due to
their high single scattering albedo (1.0) and very low albedos for all

non-ice surface regions (Mateshvili et al., 2009; Wolff et al., 2010).

2.2.3. Sourcesand sinks of the Martian atmosphere

The inventory of trace gasesand the characterization of their
spatio-temporal distribution and variability will provide a global
picture of the composition of the Martian atmosphere. While the
major climatologic patterns are now well understood, more work is
required to re ne the various components which play arole in the
seasonal cycles. An example of such a re nement is, for the water
cycle, the precipitation of large ice crystals as detected by Phoenix
(Daerden et al., 2010; Whiteway et al., 2009). For methane, the
variability detected by MSL (Webster et al., 2015) requires
substantial further investigation in order to understand the
processesobserved. Toimprove our understanding of the processes
controlling these trace gases,correlations between them aswell as
with dust, clouds and atmospheric state variables (temperature and
others) need to be investigated. In the case of outgassing, sources
must be localized and possibly related to (sub) surface composition
or mineralogy. Global circulation models with

interactive atmospheric chemistry (Neary et al., 2014) will provide
support critical to this search.

It is also possible that trace gases are produced in the atmo-
sphere by (photo-)chemical processes or by processes related to
dust and/or ice, such as heterogeneous chemistry (Lefevre et al.,
2008), triboelectricity (Atreya et al., 2011) or release from polar
ices (Atreya et al., 2011). Trace gasesmay be destroyed by similar
processes, through phase transitions or interaction with the
regolith or airborne dust (Knak-Jensen et al., 2014).

Specically for methane, analyses of PFS/MEx NIR spectra
revealed high methane abundances in the northern polar region at
the end of summer, when the CO, seasonal ice has completely
sublimated and the remnant H,O-ice cap is exposed (Geminale et
al., 2011). The near polar orbit of the spacecraft does not allow for
observations beyond 80° latitude, i.e. the edge of the perma-nent
water ice cap (see Fig. 7 which indicates that solar occultation
observations will allow probing most latitudes up to 80°, with only
afew at higher latitudes, while nadir observations will be restricted
to 74° latitude due to the inclination of the orbit). Nevertheless if
NOMAD conrms such a temporal evolution of methane at high
northern latitudes, this will provide further evi-dence that the
northern perennial ice might be a possible source of methane. The
observations of Mumma et al. (2009b) seem rather to indicate
release from local sources at low latitudes (Mischna et al., 2011).
Lefevre and Forget (2009) provided theoretical evi-dence that the
observations by Mumma et al. (2009b) indicate that the lifetime of
methane in the Martian atmosphere is heavily reduced compared
to the lifetime estimated from standard pho-tochemistry. Similarly,
the use of GCM modelling to interpret the NOMAD observations
will help to con ne the lifetime of CH, on Mars and will contribute
to the search for possible hitherto unknown sinks for @H

2.2.3.1.Atmospheric production and loss mechanisms.By measuring
aerosols, clouds, surface ices, and vertical temperature pro les,
together with H,O and HDO, NOMAD will directly assessall the
components of the water cycle. In addition CO and CO, will be
measured simultaneously. Although, no direct measurement of
atomic oxygen will be possible, the fact that NOMAD will give
access to a wide variety of constituents, will help validate the
current understanding that scientists have of the so-called CO,
stability problem. Indeed several catalytic cycles have been pro-
posed to explain why CO, remains the major component of the
Martian atmosphere knowing that it is rapidly destroyed by pho-
tolysis and that the direct recombination of its products is negli-
gibly slow (Krasnopolsky and Lefévre, 2013; McElroy and Dona-
hue, 1972; Parkinson and Hunten, 1972).

This will allow us to investigate important production and loss
processes for the major cycles: water, carbon, and dust. More
generally, source and sink processesfor all trace species measured
by NOMAD can be investigated in correlation with each other and
with dust, ice and temperature pro les, whether they are related to
photochemistry, gas phase chemistry, physical processes (e.g.
phase transitions), electrochemical processesin dust storms (tri-
boelectricity), heterogeneous chemistry, or atmosphere-surface/
regolith interaction. The NOMAD team has expertise in terrestrial
modelling for ozone destruction (Daerden et al., 2007) through
heterogeneous chemistry in a 3D model with detailed online
microphysics. This will be extended to the GEM-Mars model
(Daerden et al., 2015; Neary et al.,, 2014) to simulate possible
heterogeneous chemistry effects on ozone but also on methane and
other species.Routines describing interactions with the sur-face or
triboelectricity can also be implemented in GEM-Mars. For more
detailed studies involving clouds, the microphysical model
developed for the Phoenix mission (Daerden et al., 2010) will be
applied.



2.2.3.2. Localization of sources. The nadir channels of NOMAD have
a spatial footprint between 30 and 1000 km?, depending on the
integration time. With an almost global sampling of the planet
within 7 sols (Martian days), NOMAD will be able to detect any
outgassing source region, e.g. plumes of CH,. Slow seeping will
likely lead to a more continuous replenishment pattern originating
from the same source region.

The localization of sources will be critically supported by 3D
model simulations using the GEM-Mars GCM (Daerden et al., 2015).
Forward simulations of tracer emissions and plumes will be
performed using GEM-Mars (Viscardy et al., 2015). In an ensemble
of forward simulations emerging from various source regions and
emission scenarios, the most likely source region and scenario can
be con ned.

Back trajectory calculations will be performed to track back the
wind elds from the site of detection to the regions of origin or to
speci ¢ atmospheric patterns, e.g.local dust storms. The GEM-Mars
model has proven its suitability for such calculations (Daer-den et
al., 2015). With the Global Variable (mesoscale) non-hydrostatic
mode of GEM-Mars (Moudden et al., 2005), simula-tions will be
possible down to ascaleof 1km 1 km. Other techniques such
as inverse modelling (to estimate the emission uxes), and
dynamical data assimilation (to provide improved wind elds by
constraining the model calculations using dust and temperature
measurements, Lewis et al. (2007)), as well as che-mical data
assimilation (Errera et al., 2008; Steele et al., 2014), will also be
considered.

The NOMAD SOand LNO solar and limb observations will be of
particular interest to search for possible sources in the vertical
domain, given their high vertical resolution (o 1 km) by studying
correlations of trace gas pro les with proles of temperature, and
with dust layers and ice clouds.

3. The NOMAD instrument

NOMAD is a compact, high-resolution, dual channel IR spec-
trometer (SO and LNO) coupled to a highly miniaturized UV-—
visible spectrometer (UVIS), capable of operating in different
observation modes: solar occultation, nadir and limb. As shown in
Fig. 1, the -Y face is pointed towards the planet during nadir
observation, sothat the nadir Lines of Sight (LOS,shown by orange
cylinders) point towards the centre of Mars. The Sun pointing LOS
(yellow cylinders) are inclined with respect to the nadir direction
by 67.07° through the addition of periscopes protruding from the —

Fig. 1. The NOMAD instrument, with the SO (1), LNO (2) and UVIS (3) channels, and
the electronics (4). Lines of sight towards the Sun (yellow cylinders) and the nadir
direction (orange cylinders) are also indicated. (For interpretation of the references
to color in this  gure legend, the reader is referred to the web version of this
article.)

Y surface of the instrument. The SO and LNO channels are built
upon the SOIRinstrument that was developed for the ESAVenus
Express mission (Nevejans et al., 2006) and that operated suc-
cessfully in orbit around Venus untii end 2014. Only modest
modi cations have been introduced for the nadir mode. The UVIS
heritage is directly from developments on an instrument which
was part of the ExoMars lander. The three channels have each their
own optical bench, but share the same single interface to the
spacecraft (S/C).In the following each of the channels is described,
but we refer to Neefs et al. (2015) and Patel et al. (in preparation)

for more technical details on the IR and UVIS channels respectively.

The main characteristics and performances of the 3 channels
are summarized in Table 2. These values will be further described
and discussed in the following sections.

3.1. The SOchannel

The design of the SOchannel has been inspired by the existing
SOIRinstrument (Nevejans et al., 2006), which is part of the SPI-
CAV/SOIRspectrometers suite (Bertaux et al.,2007) on board Venus
Express (Svedhem et al., 2007). The SOchannel has been optimized
for solar occultation observations, i.e. looking at the Sun during
sunset and sunrise. It operates at wavelengths between 2.3 and 4.3
mm (2320-4550 cm?'), using an echelle grating with a groove
density of approximatively 4 lines/mm in a near Littrow
con guration in combination with an Acousto-Optical Tunable
Filter for spectral window selection. Fig. 2 illustrates the sche-
matics of the SO channel. The width of the selected spectral
windows varies from 20 to 35 cm?® depending on the selected
diffraction order. The detector is an actively cooled HgCdTe Focal
Plane Array and is made up of 320 pixels along the spectral axis and
256 rows. During the ten minutes before an occultation starts, the
detector is cooled down to a temperature of about 88 K. SO
achieves an instrument line prole resolution of 0.15 crh, cor-
responding to a resolving power / of approximately 20,000.
The slit of the spectrometer is a 2°(spectral direction) by 30°(spatial
direction) rectangle. The wavenumber range is divided into several
diffraction orders, whose de nition and limits are presented in
Neefs et al. (2015).

The instrument entrance slit is projected on 30 detector rows.
Different binning options can be selected depending directly on
the number of different AOTFsettings that will be used, knowing
that at maximum the equivalent of 24 spectra can be downloaded
per second. This will be further discussed in the next Section. In
most of the observations 6 different values of the AOTFfrequency
are chosen to record spectra in different spectral intervals
per second, hence increasing the number of species potentially
detectable quasi-simultaneously. The duration of 1s has been
chosen as the default cycle of observation performed by SO.It can
be changed by telecommand if needed.

3.2. TheLNOchannel

The optical layout of LNOis identical to that of SO(AOTF- echelle
spectrometer-cooled detector, see Fig. 3). LNO will be measuring in
the wavelength range between 2.3 and 3.8 mm(2630-4550 cm * ). To
ful | the Signalto Noise Ratio (SNR)requirement, anumber of low risk
and easy-to-implement measures were considered to increase the
signal throughput aswell asto reduce the thermal background of the
instrument, e.g. decreasing the highest wavelength limit of the
sensitivity of the detector to reduce the impact of thermal noise
(from 43 m for SO to 3.8 m for LNO); increasing the length of
the slit from 30°to 150° using a larger AOTFcrystal, and using longer
integration times, appropriate pixel binning, and accumulating
spectra. Forthe LNOchannel, the width of the slit hasbeen increased



Table 2
NOMAD characteristics and performances.

SO Channel LNO Channel UVIS Channel

Detector 2D HgCdTe 320 256 pixel FPA 2D HgCdTe 320 256 pixel FPA 2D 1024 256 pixel CCD

Detector temperature 88 K 88 K N/A

Line of sight Periscope lining up with Sun Periscope for lining up with Sun direction — Nadir view- 2 telescopes lining up with Sun and nadir
direction ing entrance directions

Spectral range 2.3-4.3mMm 2.3-3.8mm 200-650 nm

Resolving power 20,000 10,000

Resolution 015-0.22cm * 0.3-0.5cm * 1-2 nm

FOV (spectral spatial) 2 arcmin 30 arcmin 4 arcmin 150 arcmin 2 arcmin (solar occ)

1km ( z atlimb) 1km ( z atlimb)
0.5km 17 km

180 m to 1 km

Spatial resolution
Instantaneous footprint

Vertical sampling 180 m to 1 km

43 arcmin (nadir)
1km ( z atlimb)
5km  5km (Nadir)
0 300m

Fig. 2. Schematics of the SO and LNO channels: (1) the entrance optics, (2) the
AOTF lter, (3) the spectrometer entrance slit, (4 and 6) folding mirrors, (5) the
echelle grating, (7) the detector.

Fig. 3. View of the LNO channel and its components: (1) the entrance optics,
(2) the solar occultation periscope, (3) the ip-mirror mechanism, (4) the AOTF
Iter, (5) the spectrometer entrance slit, (6) the folding mirror, (7) the echelle

grating, (8) the detector.

to 49, leading to a higher throughput and signal to noise ratio (SNR),
but a reduction in resolution to 0.3 —0.5cm * and a resolving power
of / 10,000.

The detector of LNO is similar to the one chosen for the SO
channel (320 256 pixels). Since the slit is larger, more rows will
be illuminated. For the sake of compatibility in data processing
between SO and LNO, also in LNO the equivalent of 24 detector
rows can be acquired per measurement cycle. This has a direct
impact on the binning possibilities that LNO can access. The dif-
ferent possible combinations for LNO will be further discussed in
the next Section.

As for SO, up to 6 different AOTF frequencies can be selected
per measurement cycle. Since the light level will be far more
reduced when using LNO in nadir mode compared to solar
occultation viewing, the integration time is increased. The cycle of

Fig. 4. Schematics of the UVISinstrument: the entrance slit (Slit), the aperture (A),
the collimating mirror (M1), the diffraction grating (G), the focusing mirror (M2), the
2nd order lter (F) and the detector (CCD).

LNO has therefore been de ned on a 15 s basis. As for SO, the
duration of this cycle can be changed by telecommand.

The LNO channel is equipped with a movable mirror that can be
ipped in and out of the optical path. When the mirror is ‘in’ the
optical path, it is pointed towards nadir (Y). When the mirror is
‘out’ of the optical path, it is pointed towards the limb and can
perform measurements during solar occultations. The ip mirror,
that is normally driven by a motor, has a fail-safe system that puts
it permanently ‘in’ the optical path (nadir setting) in caseof motor
failure.

3.3. The UVISchannel

The UVIS channel operates in the wavelength domain between
200 and 650 nm. It is a full copy of the instrument designed for the
ExoMars lander, with additional telescopic entrance optics for
application in orbit. The spectrometer is based on the conventional
Czerny—Turner con guration. The main components of the UVIS
channel (see Fig. 4), are the entrance slit, the aperture (A), the
collimating mirror (M1), the diffraction grating (G), the focusing
mirror (M2), the 2nd order Iter (F) and the detector (CCD).The
light is delivered by an optical bre. The spectrometer is an ima-
ging system with a magni cation equal to 1. More details on the
instrument can be found in Patel et al. (in preparation). The
spectrometer con guration  combines simplicity and high-
performance. In particular, the spectral range is very broad with
optimized performance in the UV range. Blaze angle and incidence
angle achieve the highest re ectance of the rst diffraction order at
220 nm. The 2nd order lter solves the issue of the overlap
between the 1st diffraction order and the 2nd diffraction order of
the grating. Indeed, due to the wide spectral range of the observed
signal, rst diffraction order rays and second diffraction order rays



overlap on the detector. Hence a high-pass Iter has been placed in
front of the detector to block the second order rays. The slit width
is 65 m which corresponds to a spectral resolution better than
1.5 nm. This width results from an optimisation of the resolution
and the SNR.

UVIS has one periscope for the solar (narrow eld) telescope
and a cut out hole in the NOMAD cover for the nadir viewing
telescope, see Fig. 5. UVIS switches between nadir and solar
viewing angles by alternating which optic bre cable is placed at
the input of the spectrometer — the one coming from the solar
telescope (narrow eld) or from the nadir telescope (wider angle).
The selector mechanism is a rotating motor mechanism quali ed
on several space missions that drives to two hard stops — one of
which is the solar bre and the other the nadir bre.

4. Science implementation

In the following section we discuss how the NOMAD instru-
ment has been designed to answer the different science objectives
that were described in the previous sections. To best answer the
questions that still need to be addressed concerning the Mars
atmosphere, different observation modes have to be considered.
NOMAD will routinely perform solar occultation and nadir obser-
vations. Solar occultation observations will provide high vertical
resolution (o 1 km) proles of the structure and composition of the
atmosphere, while nadir observations will provide total col-umn
maps of the relevant species, allowing the search of sources and
sinks. NOMAD is also designed to carry out limb observations
although this mode might not be supported by the spacecraftin its
baseline de nition of operations.

Besides these scienti ¢ observational modes, the instrument is
also capable of performing a series of calibration and alignment
observations. During near-Earth commissioning, cruise phase and
in orbit, regular calibration sessionswill ne tune the instrument
capabilities. These will consist of dark sky observations, and full
Sun observations. The latter will help to determine the optimum
detector integration time at different wavelengths, to calibrate the
wavelength scale by means of solar lines, to characterize the AOTF
band pass function (Mahieux et al., 2008, 2009) and to radio-
metrically calibrate all channels. In the “full Sun” mode the
Instrument Lines of Sight (ILS) of all 3 channels are pointed to the
centre of the Sun outside the atmosphere. For SOand LNO, a fre-
quency stepping scan over the complete wavelength range is
performed, i.e. one step per order. The full solar spectrum, from
2.3 to 3.8/4.3 m, serves as wavelength calibration reference for
observations in the following measurement periods (Mahieux et
al., 2010), even if the nal calibration of the IR channels relies on
the presence of absorption lines of atmospheric constituents
(Vandaele et al., 2013).

Fig. 5. UVIS channel with the 2 entrance telescopes (1) solar occultation, (2) nadir,
the bers (3), the selector mechanism (4), the main spectrometer (5), and the
proximity electronics (6).

Dark sky calibration will be used to verify the thermal back-
ground and the non-signal related noise sources. In this mode the
ILS of all channels are pointed towards deep space. A series of
spectra is recorded, possibly combined, for SO and LNO, with
stepping of the different parameters (frequency, integration time,
number of accumulations), thus allowing the characterization of
the thermal background of the instrument and the detector dark
current. SO and LNO channel measurements with the AOTF off
offer an alternative for dark sky calibration. The UVIS input
selector allows dark calibration without the need for dark sky
pointing.

In order to check the alignment of the instrument's ILS with
respect to the S/Creference frame, as well as with respect to the
other Sun looking spectrometer on board (the Atmospheric
Chemistry Suite instrument, ACS (Trokhimovsky et al., 2014)), an
in-ight  “Sun-pointing scan” will be performed occasionally.
During a Sun-pointing scan the ILS of the SO, LNO and UVIS
channels are pointed to a number of consecutive grid points around
and on the solar disk. Basedon the intensity prole in each point
the misalignment can be calculated between the ILS and the
pointing axis of the S/C.This information will be used to correct the
S/C pointing.

UVIS always measures a full spectrum, so telecommands only
need to specify which optic bre cable should be positioned at the
input of the spectrometer, and to properly select the integration
time and pixel binning. UVIS can perform observations with an
integration time of 50 ms to 15 s (larger values only constrained by
footprint size and saturation). To limit data rate when using short
integration times, spectra can be accumulated on board to create a
higher SNR spectrum of 1 s. If required, spectral binning is also
possible.

The dynamic spectral potential of the SO and LNO channels
makes it possible to record several different spectral windows, up
to 6, each having a width ranging from 20 to 35 cm? , in one
measurement cycle. This cycle is different for solar occultation and
nadir observations because of the levels of light signal that are
recorded in these modes and the expected SNRvalues. Typically,
the cycle is of 1 s for solar occultation and 15 s for nadir obser-
vations. Several species can be retrieved using signatures in one
speci ¢ window (simultaneous detection) or in different windows
(quasi-simultaneous detection).

For the IR channels, the AOTF band pass (width of 22 and
24cm? for the SOand LNO respectively) central wavelength is
determined by the radio frequency applied to the transducer. This
band width is more or less equal to the width of one order dif-
fracted on the echelle grating. When there is no frequency applied,
the AOTFcrystal is essentially opaque, meaning that the detector
only sees radiation generated after the AOTF (from the slit
onwards). This setting can be used to perform background p dark
current measurements (hereafter called ‘dark’ observation), for
on-ground subtraction from the measured spectra. One of the
6 spectral domains in each measurement cycle would be dedicated
to this dark observation, leaving only 5 domains for atmospheric
measurements. Note that while it is possible to not use the dark
current setting (and dedicate all frequencies to science regions),
this will decrease the accuracy of the background dark current
subtraction. Another option is to use half the available measuring
time to perform an atmospheric measurement and half for a dark
current measurement. This mode is currently used on board SOIR
and does not come at the cost of a dark current frequency setting.
It does halve the integration time, however, which reduces
the SNR.

Each IR channel will carry out an observing loop on a series of
maximum six frequencies (from fl to f6 in Table 3) each for the
given integration time and number of accumulations, and then
cycle back to the rst frequency again.



Table 3
Some examples of solar occultation programming options.

From the intermediate altitude
to ground

From full Sun to an inter-
mediate altitude

Example 1 f1: dark (160 ms)
f2 to f6: atmosphere (160 ms)
no on board subtraction

f7: dark (160 ms)
f8 to f12: atmosphere (160 ms)
no on board subtraction

Example 2 f1: atmosphere (1s)
with on board subtraction

f7: atmosphere (1 s)
with on board subtraction

Example 3 f1: atmosphere (1 s)
with on board subtraction

7: dark (160 ms)
8 to f12: atmosphere (160 ms)
no on board subtraction

Example 4 f1 to f4: atmosphere (250 ms) 7 to f10: atmosphere (250 ms)

Given our experience with SOIRon Venus Express, we have
ensured the possibility to switch to a second set of 6 spectral
domains at a given moment during the occultation. This means that
from the top of the atmosphere down to e.g.80 km we can observe
more abundant gasesor less intense absorption bands and then
switch to detection of less abundant gasesat an altitude where the
optical path is longer and we have more chance of detecting them.
AOTF frequency and power, integration time, number of
accumulation and binning are typically parameters that might be
different with respect to the rst set. Examples of pro-gramming
options for the IR channels are presented in Table 3 for solar
occultation observations.

As described above, a cycle can contain up to 6 spectral
domains (f1 to f6 or f7 to f12, see Table 3 for some examples), each
taking 1/6th of the cycle time (1 sin solar occultation, 15 sin nadir
observations). If one choosesto use only 4 frequencies, f1 will start
at TO, f2 will start at TOp 250 ms, f3 will start at TOp 500 ms and f4
will start at TOp 750 ms. To each frequency fl1 through f6 or 7
through f12, different parameters can be associated, e.g. integra-
tion time, number of accumulations, For the example of
4 spectral domains, one could choose to accumulate 24 measure-
ments with 10 ms integration time, in case the absorption lines
and irradiance level are very strong. Summing slightly increases
the read-out noise, but reduces the shot noise by the square root of
the number of accumulations.

The combination of the number of spectral domains, integra-
tion time, number of accumulations and binning, has to remain
within the cycle time, especially taking into account the read-out
time of the detector for every atmospheric or dark spectrum in the
interval.

4.1. Solar occultation

The solar occultation mode provides high-resolution vertical
proles of trace gasesabsolute abundance together with aerosol
extinction, pressure, atmospheric density, and temperature at a
vertical resolution equal to or lower than 1 km (in all channels).

In solar occultation mode, the ILSof the channels are pointed to
the centre of the Sun. At sunset, recording of spectra starts well
before the occultation occurs (the solar spectrum outside the
atmosphere is used for referencing), and continues until the lines
of sight cross the planet. At sunrise, recording of spectra continues
well above the atmosphere to provide the corresponding refer-
ence. Transmittances are obtained by dividing the spectra mea-
sured through the atmosphere by a reference spectrum recorded
outside the atmosphere. In this way, transmittances become
independent of instrumental characteristics, such as the absolute

response or the ageing of the instrument and in particular of the
detector.

The SOor LNO observation strategy in solar occultation is direct
heritage from the SOIR instrument on board the ESA Venus
Express mission (Vandaele et al., 2008). Since 6 spectral domains
can be measured in atypical 1 s cycle, this provides an integration
and/or accumulation time for each of the selected spectral inter-
vals of 160 ms. If needed, the number of selected wavelength
intervals can be reduced, thus increasing the integration time for
each interval and hence the SNR. A typical series of spectra
obtained during such an occultation is presented in Fig. 6 (right
panel), covering the region where CH, main band is located. The
limits of the different orders are shown at the top of the plot.
Although the observations will be recorded for tangent heights
from ground to space (250 km), the presence of dust will limit the
detection of trace gasesnear the ground. This will highly depend
on the dust loading which varies with time and season.

For UVIS,observations are also recorded with acycle of 1 s. The
SNRis optimized by adjusting the integration time of one single
measurement and the number of accumulations. The complete
spectral domain of UVIS, from 200 to 650 nm is recorded in one
observation. One of the main objectives of UVIS on top of con-
tinuing to improve the Os climatology, is to deliver information on
the aerosol content of the Martian atmosphere (see Fig. 6 Left
Panel).

The nal TGO science orbit should be quasi-circular, at about
380-430 km above the planet's surface, with an inclination of 74°,
an eccentricity of 0.0069 and an argument of pericenter of 270°.
The latest orbit calculation has been performed for an orbit such
that the ground track closes after 373 orbital revolutions, one
orbital period being 2 h long. NOMAD permits the full exploitation
of the orbit. From a 74° inclined orbit, the latitudes covered in solar
occultation range from 87°N to 88°S with good revisit time at
various solar longitudes (see Fig. 7). In Fig. 7, we have dis-
tinguished observations performed under different beta angle
values: below 60°, between 60° and 63.46°, and above 63.46°. The
beta angle is the angle measured between the Sun vector and the
orbital plane of Mars. The 63.46° value corresponds to an occul-
tation whose lowest altitude sounded is the surface (grazing
occultation). The limit of 60° is imposed by the orbiter, in fact it is
remnant of the initial presence of the US MATMOS instrument
(Wennberg et al., 2011) that was not capable of observing occul-
tations with beta angle above 60° because of the long duration of
such occultations (longer than 450 s). It is clear that latitudes
between 7 40° are not sounded very frequently, although the
equatorial region of Mars is one of the most dynamically active
ones and the main source of atmospheric dust for the summer
hemisphere. Together with dust, also trace gasspeciesare expected
to be injected here from the boundary layer into the higher
atmosphere — it thus serves asan important possible source region
of trace gases.

Since UVIS has a circular eld of view, and the optical bres do
not transmit spatial information to the detector, only the slit
orientation in SO and LNO need clari cation. Both slits are xed
with respect to the mechanical axes of the instrument (parallel to
the X-axis). The image of the slits is projected parallel to the
detector columns. The orientation of the slits with respect to Mars
therefore depends entirely on TGO. The spacecraft rotation does
not allow to align the NOMAD SO(or LNO) slit to be parallel to the
limb, as was the case with the SOIRinstrument, and the optical
solution that would allow internal image rotation was deemed too
risky and costly (mass, volume, price).

The TGO spacecraft will use inertial pointing for solar occulta-
tions. This means that there is no active spacecraft attitude control
during the observations. The spacecraft will perform a slew
manoeuvre 5 min before sunset to move the solar bore sights into



Fig. 6. Examples of simulated transmittances obtained during a typical solar occultation in the UV

—visible (Left Panel) and the IR (Right Panel) recorded by the UVIS and SO

channels respectively. These spectra contain the absorption of CO ,, H,O, O; and CH, (1 ppb) for a typical clear Mars atmosphere, considering the Rayleigh scattering and a
dust loading of tau %40.2. The colour code indicates the altitudes to which they correspond. For the IR spectra: The limits of the different diffraction orders covered are shown

at the top of the Figure and spectra have been arti
lines are located.

Fig. 7. Latitude of occultations over 1 Martian year for various beta angles. It is
clear that being able to observe the red marked occultations between beta angles
60 and 63.46 would greatly increase the NOMAD coverage.

position and allow for stabilisation of the platform before the start
of observations. Once in position, the slit angle will ‘drift’ into a
perpendicular orientation with respect to the limb, and out again,
as shown in Fig. 8. The altitude at which the slit becomes per-
pendicular to the limb is currently set at 30 km above the surface.
This value was chosen to maximize resolution at lower altitudes
where more trace gases will be observed. Although the spatial
resolution will depend on the verticality of the slit, the main factor
in uencing the resolution is the binning.

The instantaneous elds of view (IFOV) of both IR channels are
limited by the apparent size of the solar disk (219 and by the slit
width (2° for SO and 4° for LNO, the long side of the slit being

cially shifted by 0.40 for clarity. CH 4 transmittances have been added in light green to clearly indicate where its absorption

Fig. 8. Evolution of the slit angle during a typical occultation (inclination exag-
gerated for clarity).

perpendicular to the limb), whereas for UVISit is only limited by
the size of the aperture (2° circular). The instantaneous elds of
view of the SOand LNO slits at the limb are thus 1 12 km? and
2 12km? respectively. However the vertical resolution and
sampling are governed by the number of rows binned, asexplained
in Table 4. A total of 24 spectra can be transmitted to Earth per
cycle of observation. This is a downlink limitation. Soif 6 different
wavelength intervals are recorded, only 4 spectra per such interval
can be downloaded. As shown in the Table, this can be 4 single
rows, 8 rows binned by 2, or all 24 rows illuminated binned by 6.
The instantaneous eld of view of each of these spectra
corresponding to one bin varies from 0.5 km (single rows) to 3 km
(24 rows binned by 6). Binning 2 rows into one spectrum for
download ensures the 1 km resolution promised by NOMAD. The
maximum vertical descent velocity of 2 km/s will delineate



the sampling rate and the nal FOV, as illustrated in Fig. 9. For an there is overlap between bins sampled in consecutive measure-

offset angle of 20° the 3 km IFOVbecomes 3/cos %23.20 km. The
maximum vertical displacement of 1.2 km in a second means that

Table 4

The instantaneous eld of view of each spectrum for SOcompared to the number of
rows binned to make that spectrum, for the baseline concept of 6 frequencies per
observation.

SO IFOV of
each spectrum

Rows read-out
from IR
detector

# of IR frequencies # of IR spectra
lfrequency Max

integ time

6 (baseline, with 1 of 4 4 single rows 0.5 km
these a ‘dark’ 8 rows binned  1km
setting) by 2

12 rows binned

by 3

16 rows binned 2 km

by 4

20 rows bin-

ned by 5

24 rows bin- 3 km

ned by 6

1.5km

160 ms

2.5km

Fig. 9. Representation of a perpendicular and off-perpendicular slit of the SO
channel (not to scale): in dashed line at time to, and in plain at time top 1's, con-
sidering a 1 s cycle and a maximum downward velocity of 1.2 km.

ments of the same spectral window.
4.2. Nadir observations

The instantaneous eld of view of the LNO slit (4° 1449 cor-
responds to a footprint of 0.5 17km?, and that of UVIS(439 to 5

5 km?2. The velocity of the spacecraft is approximately 3.4 km/s
projected on the ground (3386 km Mars radius, altitude 400 km,
orbital period 7100 s). So,in 15 s the slit moves 51 km across the
surface. The nadir observation mode therefore provides vertical
columns with spatial footprints varying from 0.5 68 km?up to 17

51 km? for LNOand of 5 56 km? for UVIS (for observation time

15 s). Asthe CO, column abundance is retrieved at the same time,
systematic error sources are eliminated and mixing ratios will be
determined.

The ILS of the LNO and UVIS channels are pointed towards the
centre of Mars. UVISrecords spectra in the same domain asin solar
occultation. The LNO channel has the same operational exibility as
for solar occultation observations, i.e. up to 6 AOTFsettings in one
cycle. This allows different scenarios to be set-up. For example if
only one spectral window (one AOTF frequency) is selected, the
complete cycle is dedicated to this spectral window and can consist
of one or more spectra accumulated during the cycle. This strategy
will be used for nominal CH, observations. The selected AOTF
frequency corresponds to the spectral interval (3014-3041 cm?')
that contains the Q branch and the R(0) line of
the 3 band of CH, (Robert et al., in preparation). Using this setting,
CH,;, H,O and CO,, which have absorption lines in the same
wavelength interval, will be obtained simultaneously. But several
spectral windows can be selected, each being dedicated to one or
more target species. Then the windows are integrated one after the
other on the detector during a specied integration time. This
hopping strategy allows the creation of a patchwork of successive
footprints devoted for example to CH;/H,0/CO,, H,O/HDO, CO,
C,H,, then back again to GHI,O/CO,, and so on.

The nadir coverage between 7 74° latitude provides global
spatial sampling on average every 3 to 4 sols with varying local
times. Due to the nature of the orbit, there will be occasional
repeated ground tracks offering better temporal sampling of a
given region. Fig. 10 illustrates the repeatability of the ground
track after 4 and 7 sols.

During nadir observations, LNOand the UVISnadir telescope will
observe the ground track ‘underneath’ the satellite for a specied
integration time. In order to keep the radiator face away

Fig. 10. Groundtrack after 4 sols (Left) and 7 sols (Right).



from the Sun and the solar panels in maximum illumination, TGO
rotates around its nadir-pointed axis ( Y-axis, see Fig. 1). This will

rotate the LNO slit with respect to the ground track (the UVIS
instantaneous footprint is circular and is therefore not impacted by
this rotation). For abeta () angle of 0, the slit will be parallel to the
ground track once the spacecraft has slewed into nadir pointing

position, perpendicular at the equator, and back to par-allel at the
other pole. The footprint traced out by the slit on the surface will

therefore change signicantly in size. When the slit projection is
perpendicular to the ground track, the LNO footprint corresponding

to a 15 s measurement time is 17 51.5 km?, whilst when it is
parallel to the ground track, it is 0.5 68 km?2. For of 90° (where
the TGO orbit is over the terminator at all times) the slit is
perpendicular to the ground track at all times (thus, in theory half
on the sunlit side and half on the dark side). For intermediate beta
angles, the situation is between these two extremes. Fig. 11 shows a
super-enlarged slit for ¥0° (TGOis looking at the day side of Mars)
with respect to the ground track. For the footprint of the slit at
intermediate angles, we have cal-culated the area of the
parallelogram swept out by the slit with the motion of the
spacecraft (assuming the angle does not change signi cantly during
the measuring time of 15 s). This is shown in Fig. 12.

4.3. NOMAD expected performances

A preliminary sensitivity study (Drummond et al.,, 2011) was
carried out to assess the detection limits using a SOIR-type
instrument for solar occultation and nadir at Mars. This showed that
methane concentrations below 1 ppb can be detected from just one
spectrum, for a signal to noise ratio based on the SNR values
currently observed with SOIR/VEx(Mahieux et al., 2009). Using the
latest optical models of the three NOMAD channels (Thomas et al., in
preparation; Vandaele et al., submitted for publication), signal to
noise ratios achievable under the current best and optimized
laboratory characterization have been inves-tigated and updated
detection limits have been determined (Robert et al., in
preparation). Note however that these are still models that might be
modi ed once calibration, either in the laboratory or in ight, will
have been performed. We have

Fig. 11. A representation of the evolution of the slit angle w.r.t the ground track for
beta angle %:0°. The blue dashed parallelogram shows the area swept out during an
integration time. This image is not to scale. The view is from the Sun, the disk is
then the day side of the planet, and the circle circumference is the terminator.

1000 [
|
‘

Footprint (km2)

Angle of slit to ground track (deg)

Fig. 12. Evolution of the footprint area (square km) evolves with the angle with
respect to the ground track.

therefore taken the worst casesanalysis into consideration in the
following, expecting improvement of the numbers after due
calibration.

For SO,the detection limits have been determined assuming a
one-second cycle with 6 different spectral windows of 160 ms and
a spectral resolution of 0.15cm?* . The detailed SNRstudy (Tho-
mas et al., in preparation) reveals that for typical conditions,
values between 2800 (at 3.2 m) and 2000 (at 4.0 m) are
obtained. Note that playing with the number of accumulations
(maximum 16 in this case) and the binning of rows (6 at max-
imum), the SNR can still be improved by factors of 4 and 2.5
respectively. The detection limits indicated in Table 5 have been
obtained for a SNRvalue of 2000. As explained in Robert et al. (in
preparation) this low value has been chosen in order to remain
very conservative and covering the impact of the dust. For the
LNO channel observing in solar occultation, the hypotheses
were similar and a SNRvalue of 3000 has been considered for the
determination of the detection limits in solar occultation with
LNO. The investigation has been performed on a wide range of
selected targets.

The sensitivity study was also performed for LNO nadir obser-
vations. Initially a passive cryo-radiator was proposed to decrease
the operational temperatures of the channel, along with that of UVIS.
This cryo-radiator would have cooled down part of the spectrometer
from the slit to the detector window down to 173 K. The detector of
LNO itself sits in a Dewar and is coupled to an active cooler that
brings the detector temperature down to 88 K to limit the noise
generated by the detector itself. Due to mass con-straints the passive
radiator had to be de-scoped from the instrument. This had a clear
impact on the detection limits of the LNO channel. This has a clear
impact on the thermal radiation which is emitted by any single
surface in relation to its tempera-ture. The SNR considered in the
preliminary study (Drummond et al., 2011) assumed the presence of
the cryo-cooler, and differ-ences between the then derived detection
limits and the results of this work, mainly arise from the removing of
this radiator. The detailed SNR analysis performed on LNO nadir
considered the contribution of the Sun radiation re ected on the
planet's surface under different Martian conditions: when Mars is at
aphelion (farthest away from the Sun) or at perihelion (closest to the
Sun), considering different surface albedos, different angles of the
Sun illumination, and different dust loadings (Thomast al., in



Table 5
NOMAD detection limits for the three channels in solar occultation and nadir geometry.

Species Current Knowledge Detection limits
SO LNO uvis
Solar Occultation Solar Occultation Nadir Solar Occultation Nadir
(SNRY22000) (SNRY23000) (SNRY2100) (SNRY4500) (SNRY4500)
O3 2.5 ppb 1.5 ppb 0.8 ppm 50 ppt 4.5 ppb
CH, 0-60 ppb*® 25 ppt 20 ppt 11 ppb
H,O 0 300 ppm (variable with season) ° 0.2 ppb 0.15 ppb 31 ppb
HDO D/HY45.6 SMOW* 0.7 ppb 0.7 ppb 0.8 ppm
co 700-800 ppm ¢ 5 ppb 4 ppb 1.5 ppm
CH» o 2ppb® 0.03 ppb 0.03 ppb 20 ppb
CoHy 0 4ppb® 0.2 ppb 0.15 ppb 70 ppb
CoHe 0 0.2 ppb’ 0.03 ppb 0.02 ppb 11 ppb
0 0.7 ppb*®
HCI o 3ppbf 0.03 ppb 0.025 ppb 31 ppb
0 0.2 ppb?
0 0.6 ppb®
HCN o 5ppb® 0.03 ppb 0.03 ppb 15 ppb
H,CO 0 4.5ppb’ 0.04 ppb 0.03 ppb 16 ppb 7.5 ppb 150 ppb
o 3.9 ppb®
HO, 0.1-6 ppb" 1ppb 1 ppb 0.5 ppm
0 200 ppb*®
H,S 0 200 ppm' 4 ppb 3 ppb 1.6 ppm
o 1.3 ppb’
N,O 0 100 ppb' 0.2 ppb 0.2 ppb 83 ppb
0 90 ppb*®
NH3 o 5ppb' 1 ppb -
0 60 ppb*®
NO, o 10 ppb' 0.14 ppb 0.1 ppb 50 ppb
ocCs 0 10 ppb' 0.3 ppb 0.3 ppb 122 ppb
SO 0 1ppb 0.5 ppb 18 ppb
o 2ppb"™
0 0.3 ppb"
o 11 ppb’

2 Formisano et al. (2004), Krasnopolsky et al.. (2004), Mumma et al. (2009b).
° Fedorova et al. (2008), Smith (2004), Smith et al. (2009b).

© Krasnopolsky et al. (1997), Lodders and Fegley (1997), Owen et al. (1977). ¢
Krasnopolsky (2007), Smith et al. (2009a)

¢ Villanueva et al. (2013).

f Krasnopolsky (1997).

9 Hartogh et al. (2010).

" Lefevre et al. (2004).

i Maguire (1977).

I Khayat et al. (2015).

¥ Krasnopolsky (2005).

1 Encrenaz et al. (2011). m

Nakagawa et al. (2009). "
Krasnopolsky (2012).

preparation). Again to remain on avery conservative value, a SNR
of 100 has been considered in the following.

The detection limits have been determined for UVIS consider-
ing a SNRof 500 for both viewing geometries (Vandaele et al.,
submitted for publication), although the detailed analysis showed
that SNRvalues up to 6000 could be achieved for wavelengths
higher than 300 nm. Below that limit, the SNRdrops very fast.

From Table 5, NOMAD is expected to improve drastically the
knowledge of the composition of the Martian atmosphere. Indeed
the detection limits for several species will be improved in some
casesby more than a factor 10.

4.3.1. Formaldehyde (H,CO)

On Mars the photochemical lifetime of H,COis short (7.5 h) leading
to low predicted abundances if its production is governed by the CH,
oxidation. However if biogenic release exists, then the H,CO level
should be comparable to that of methane. H,COwas rst claimed to
have been detected in the IR Phobos spectra obtained in solar
occultation (Korablev et al., 1993), although later reanalysis showed
that the observed structure assignedto H,COwas in fact an

instrumental artefact (Korablev, 2002). Krasnopolsky (1997) reported
an upper limit of 4.5ppb using high-resolution ground-based IR
spectrometer. Recently, Villanueva et al. (2013) performed a detailed
sensitive search for organics in Mars spectra and found an upper limit
of 3.9 ppb.

4.3.2. Acetylene (CHy), ethylene (CH,4) and ethane (C,Hg)
Measurement of such organics are believed to help distinguish
between biology vs. geology production schemes: on Earth low
CH,/C,Hg ratios are representative of thermogenic sources,
whereas high ratios indicate a biogenic origin of CH, (Allen et al.,
2006). C,Hg can also be produced hydrogeochemically through the
serpentization of silicates and its detection would then indicate a
geochemical source of methane. Such compounds are low in
abundance, but if they are largely produced by photo-dissociation
and oxidation of CH, (Wong et al., 2004b), then their detection
would provide a conrmation of the presence of CHy. These are
short-lived species and their detection would moreover constrain
the source of methane. Upper limits were reported by Maguire
(1977) (2500 and 400 ppb for,8,, C;Hsand GHgrespectively),



Krasnopolsky (2012) (0.2 ppb for ethane) and Villanueva et al.
(2013) (6, 4 and 0.7 ppb for CH,, CG;H4 and CyHg respectively).

4.3.3. Hydroperoxyl (HO,)
HO, has been predicted by models to be within the 0.1-6 ppb
range (Lefevre et al., 2004) but no detection could conrm these

values. Villanueva et al. (2013) reported an upper limit of 200 ppb.

4.3.4. Nitrogen family (N,O, HCN, NH3)

N, is the second most abundant gasin the atmosphere of Mars.
It is thought to be the main nitrogen reservoir in the atmosphere,
NH3z and N,O being rapidly photolyzed. Recent observations of
nitrogen in sedimentary and Aeolian deposits by the Curiosity
rover (Stern et al., 2015) has important implications for the
potential evolution of a nitrogen cycle in the Martian history. The
bulk of N detected by Curiosity was in the form of nitric oxide (NO)
and may indicate a sink for atmospheric N, in the form of nitrate,
with an estimated abundance of up to 1100 ppm NO; in Martian
deposits. N,O detection could be an indication of recent outgassing
from a sub-surface source. Moreover N,O can be produced by
bacteria in anoxic environments and sub-surface colonies of
microbes that could produce CH, could also release N,O. HCN is
not expected to be produced in a CO, atmosphere, and its detec-
tion could only be an indicator from sub-surface primordial
material. Maguire (1977) reported an upper limit for NH3 of 5 ppb
and Villanueva et al. (2013) values of 90 ppb, 5 ppb and 60 ppb for
N-O, HCN and NH3 respectively.

4.3.5. Sulphur family (SG,, H,S,0CS)

No sulphur-bearing species has ever been detected in the
Martian atmosphere to date. Sulphur might be the signature of
ongoing outgassing activity. Along with water vapour and CGO,, SO,
is the most abundant gas released by volcanoes on Earth. Finding
SO, on Mars would be a strong indication of volcanic activity.
Moreover the CH,/SO, ratio could provide aconstraint on theorigin
of the emission, since on Earth large ratios are observed in the
context of volcanic eruptions. Since the lifetime of SG, is short, the
detection of SO, would indicate a recent and localized source. A
detection limit of 1 ppb has been obtained by Krasnopolsky (2005)
using the TexasEchelon CrossEchelle Spectrograph (TEXES)on the
NASAInfrared Telescope Facility (IRTF)and of 2 ppb by Encrenaz et
al. (2011) using the same TEXES instrument with optimized
observation conditions and by Nakagawa et al.(2009) using
heterodyne spectroscopy. Recently Krasnopolsky (2012) re ned his
detection limits to 0.3 ppb. Upper limits of 10 ppb and 100 ppb
were obtained for OCSand SO, by Maguire (1977) using the
Mariner 9 IR spectrometer. More recently, Khayat et al. (2015)
derived upper limits for SO, (1.1 ppb) and H,S (1.3 ppb) from
ground-based observations of the Tharsis region in the
submillimetre region.

4.3.6. Chlorine species(HCI)

HCI is thought to be most abundant reservoir of chlorine on
Mars. Its detection should identify the source from the surface and
constrain the Cl exchange between the surface and the atmo-
sphere. The Phoenix mission detected high abundance of per-
chlorate CIO, (Hecht et al.,, 2009). Considering the oxidizing
characteristics of the Martian atmosphere, perchlorates are
expected to be stable under the cold conditions on Mars. Their
origin is however still unknown. Early volcanic activity could have
produced high abundances of HCI converted later to perchlorates.
Uplifting of ne perchlorate dust could entrain these particles at
altitudes where they could undergo further (photo)-chemical
transformation creating a source of chlorine in the atmosphere.
Krasnopolsky (1997) provided an upper limit for HCI of 3 ppb from
observations performed at the Kitt Peak National Observatory;

Hartogh et al. (2010) found a upper limit of 0.2 ppb using the
Herschel/HIFI instrument; Villanueva et al. (2013) reported a upper
limit of 0.6 ppb further conrming the lack of an active chlorine
chemistry cycle in the atmosphere of Mars.

5. Conclusions

The NOMAD (“Nadir and Occultation for MArs Discovery”)
spectrometer suite will be part of the ExoMars Trace Gas Orbiter
2016 mission. NOMAD will conduct a spectroscopic survey of Mars’
atmosphere in UV, visible and IR wavelengths covering the 0.2—
0.65 and 2.3-4.3 mm spectral ranges. The instrument is composed
of 3 channels: asolar occultation only channel (SO)operating in the
infrared wavelength domain, a second infrared channel capable of
doing nadir, but also solar occultation and limb observations (LNO),
and an ultraviolet/visible channel (UVIS) that can work in all
observation modes. The spectral resolution of SO and LNO
surpassesprevious surveys in the infrared by more than one order
of magnitude. Also the vertical resolution of the solar occultation
channels exceeds that of previous composition mea-surements
(Maltagliati et al., 2011) by a factor of 3. NOMAD offers an
integrated instrument combination of a ight-proven concept (SO
is a copy of SOIRon Venus Express), and innovations based on
existing and proven instrumentation (LNO is based on SOIRon
board Venus Express and UVIS has heritage from the ExoMars
lander), that will provide mapping and vertical prole information
at high spatio-temporal resolution.

Compared to the numbers announced in the preliminary study
(Drummond et al., 2011), the SNRIlevels derived from the optical
models of the channels are higher for solar occultation, even if for
the performances calculation we considered a lower conservative
value. They are however reduced for nadir observations, due to the
de-scope of the cryo-radiator which was present in the initial
design to decrease the temperature in order to limit the thermal
noise. Considering these updated SNR values, the methane
detection level is ppt in solar occultation mode and 11 ppb in nadir.
These values are still lower than the abundances observed by
previous experiments, and of the same order of magnitude in nadir
as obtained by the Curiosity rover which detected levels of the
order of 7 ppb very recently at the surface in the Gale crater
(Webster et al., 2015), and offer a signicant improvement in
occultation (Webster et al., 2015). In summary, NOMAD will pro-
vide a huge contribution to the ongoing investigations regarding
detections of CH; on Mars and will also deliver high-spatial
resolution observations of many trace atmospheric species.
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