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Introduction

The study of the Martian atmosphere and climate commenced in the early days of telescopic observations of Mars and continues through today. Much has been learned, especially over the last several decades, thanks to a spaceborne observing program including both orbiters and landed assets. We now have longduration, global-scale aerosol column and profile measurements, temperature profile measurements, aerosol and cloud imagery, daytime water vapor column, and measurements of some trace gases such as ozone, oxygen, and H 2 O 2 (e.g., [START_REF] Smith | Thermal emission spectrometer results: Mars atmospheric thermal structure and aerosol distribution[END_REF][START_REF] Smith | Compact Reconnaissance Imaging Spectrometer observations of water vapor and carbon monoxide[END_REF][START_REF] Malin | Climate, weather, and north polar observations from the Mars Reconnaissance Orbiter Mars Color Imager[END_REF][START_REF] Kleinböhl | Mars Climate Sounder limb profile retrieval of atmospheric temperature, pressure, and dust and water ice opacity[END_REF][START_REF] Clancy | Daily global mapping of mars ozone column abundances with MARCI UV band imaging[END_REF][START_REF] Montmessin | SPICAM on Mars Express: A 10 year in-depth survey of the Martian atmosphere[END_REF]Hartogh et al., 2010b;[START_REF] Encrenaz | Hydrogen peroxide on mars: Observations, interpretation and future plans[END_REF][START_REF] Encrenaz | Seasonal variations of hydrogen peroxide and water vapor on Mars: Further indications of heterogeneous chemistry[END_REF]. Additionally, the Exo-Mars Trace Gas Orbiter [START_REF] Korablev | Three infrared spectrometers, an atmospheric chemistry suite for the ExoMars 2016 trace gas orbiter[END_REF][START_REF] Robert | Expected performances of the NOMAD/ExoMars instrument[END_REF] will measure profiles of the abundance of many key trace gases at certain locations via solar occultation, and the Mars Atmosphere and Evolution Mission (MAVEN, Jakosky et al., 2015) is studying ozone, and the upper atmosphere and its interaction with the space environment. While existing and upcoming datasets are rich and our understanding of the Martian weather and climate has improved greatly in recent years, direct measurements of winds and vertical profiles of water vapor are key outstanding measurement needs.

The winds on Mars are almost completely unknown, yet are critical for understanding fundamental Martian processes driving the dust and water cycles, and for ensuring safe landing of robotic and human spacecraft. Previous Martian surface wind measurements are limited to the Viking, Pathfinder, Phoenix and Curiosity landed missions; all single locations with only the Vikings operating contemporaneously. A few other indirect wind measurements have been made through the examination of wind generated features on the surface (e.g., [START_REF] Greeley | Martian aeolian features and deposits: Comparisons with general circulation model results[END_REF], cloud motions [START_REF] Kahn | Some observational constraints on the global-scale wind systems of mars[END_REF][START_REF] Zurek | Dynamics of the atmosphere of mars[END_REF], and spacecraft aerobraking [START_REF] Baird | Zonal wind calculations from mars global surveyor accelerometer and rate data[END_REF][START_REF] Crowley | Mars thermospheric winds from mars global surveyor and mars odyssey accelerometers[END_REF]. A few Earth-based observations of the Doppler shift of atmospheric spectral lines have allowed wind retrievals [START_REF] Sonnabend | Mars mesospheric zonal wind around northern spring equinox from infrared heterodyne observations of CO 2[END_REF][START_REF] Sonnabend | High spatial resolution mapping of mars mesospheric zonal winds by infrared heterodyne spectroscopy of CO 2[END_REF][START_REF] Moreno | Wind measurements in mars' middle atmosphere: IRAM Plateau de Bure interferometric CO observations[END_REF], but they are severely limited in time and represent averages over very large regions of the atmosphere [START_REF] Kuroda | Wind velocities of different seasons and dust opacities on mars: comparison between microwave observations and simulations by general circulation models[END_REF]. Large-scale winds have also been diagnosed indirectly from vertical temperature soundings via quasi-geostrophic thermal wind balance (e.g., [START_REF] Smith | Thermal emission spectrometer results: Mars atmospheric thermal structure and aerosol distribution[END_REF]. However, this approximation is likely to be significantly in error on Mars due to substantial ageostrophic flows and strong waves that may even result in mechanically forced wind reversals (Medvedev et al., 2011b). Moreover, thermal infrared temperature retrievals can be affected by large amounts of aerosols (e.g., a very cloudy environment; D. Kass, pers. comm., 2017).

The Martian water vapor cycle, one of three main cycles operating on Mars today, supports both the dominant catalytic cycles driving Mars atmospheric chemistry (e.g., [START_REF] Nair | A photochemical model of the Martian atmosphere[END_REF] and the formation of Mars water-ice clouds, which influence dust aerosols as well as global transport through microphysical and radiative heating effects (e.g., Madeleine et al., 2012). Despite the importance of water in the Mars climate and atmosphere, there exists only limited sampling of Mars atmospheric water vapor as a function of altitude. Mars Express solar occultation profile determinations [START_REF] Fedorova | Solar infrared occultation observations by spicam experiment on mars-express: Simultaneous measurements of the vertical distributions of H 2 O, CO 2 and aerosol[END_REF][START_REF] Maltagliati | Evidence of water vapor in excess of saturation in the atmosphere of Mars[END_REF][START_REF] Maltagliati | Annual survey of water vapor vertical distribution and water-aerosol coupling in the martian atmosphere observed by SPICAM/MEx solar occultations[END_REF] are very limited in spatial and seasonal coverage, and exhibit extreme variability in the altitude behavior of water abundances over ∼25-60 km. Despite the limited nature of these measurements, analyzing them in the context of contemporaneous temperature measurements suggests surprisingly large supersaturation conditions with respect to water ice cloud formation [START_REF] Maltagliati | Evidence of water vapor in excess of saturation in the atmosphere of Mars[END_REF]. More extensive seasonal and spatial distributions for vertical water vapor profiles have been inferred from Mars Reconnaissance Orbiter limb profile retrievals for near-IR O 2 airglow, which is inversely proportional to water vapor [START_REF] Clancy | Vertical profiles of Mars 1.27 µm O 2 dayglow from MRO CRISM limb spectra: Seasonal/global behaviors, comparisons to LMDGCM simulations, and a global definition for Mars water vapor profiles[END_REF]. These coarse seasonal/spatial characterizations of the global distribution of Mars water profiles over 10 to 55 km altitudes indicate significant departures from current Global Climate Model (GCM) simulations of Mars atmospheric water [START_REF] Navarro | Global climate modeling of the Martian water cycle with improved microphysics and radiatively active water ice clouds[END_REF] as also found by [START_REF] Maltagliati | Annual survey of water vapor vertical distribution and water-aerosol coupling in the martian atmosphere observed by SPICAM/MEx solar occultations[END_REF]. They suggest more complex interactions associated with transport and cloud formation on the spatial and seasonal distributions of Mars atmospheric water than currently modeled [START_REF] Clancy | Vertical profiles of Mars 1.27 µm O 2 dayglow from MRO CRISM limb spectra: Seasonal/global behaviors, comparisons to LMDGCM simulations, and a global definition for Mars water vapor profiles[END_REF]. Neither of these exploratory Mars water profiling data sets includes coincident temperature retrievals and both are subject to limited spatial/seasonal coverage, particularly in the lower scale height (< 10 km). The lack of simultaneous temperature retrievals is an obstacle to detailed understanding of water ice cloud microphysics, including supersaturation. The lack of water profile sounding in the lower scale height is a particular weakness with respect to comparisons with global water column data sets (e.g., [START_REF] Smith | Interannual variability in TES atmospheric observations of Mars during 1999-2003[END_REF], which have been widely employed to assess polar cap and sub-surface water ice exchanges with atmospheric water vapor as well as the deep vertical transport of such water vapor cycling within the Mars global atmospheric circulation [START_REF] Montmessin | Origin and role of water ice clouds in the Martian water cycle as inferred from a general circulation model[END_REF][START_REF] Navarro | Global climate modeling of the Martian water cycle with improved microphysics and radiatively active water ice clouds[END_REF]. An ability to make coincident water vapor and temperature profile measurements in the presence of dust and aerosols is particularly important for understanding atmospheric phenomena in the lowermost scale height and within key cloud formation regions such as the polar hoods and the aphelion cloud belt.

A critical aspect in the assessment of condensation enrichment processes (CO), current model-data disagreements in ozone column measurements, and D/H enrichment associated with water vapor condensation that is currently lacking is that of vertically-resolved observations of CO, D/H ratio, and O 3 during the polar night. Both Mars Express and Mars Reconnaissance Orbiter have provided CO measurements, but these have been column abundances [START_REF] Encrenaz | Seasonal variations of the martian CO over hellas as observed by OMEGA/Mars Express[END_REF][START_REF] Smith | Compact Reconnaissance Imaging Spectrometer observations of water vapor and carbon monoxide[END_REF]. MAVEN does not measure any species below about 100 km, with the exception of column O 3 measurements [START_REF] Lefévre | Mars ozone mapping with MAVEN IUVS[END_REF]. The ExoMars Trace Gas Orbiter is likely to be limited in spatial/seasonal vertical profiling (especially at low to mid latitudes) due to its reliance on solar occultations, as is the case with Mars Express. None of the existing (or imminent) atmospheric Mars measurements allow profiling over 5-20 km altitudes reliably in the presence of even modest water ice or dust columns, at times of most interest (dust storms or the aphelion cloud belt).

To gain insight into Martian atmospheric wind fields, water vapor distribution and transport, and to investigate the physical processes controlling them, global-scale and meso-scale atmospheric models have been developed. These models have been validated to the extent possible with the available data, namely, temperature profiles, dust and water ice content, and water vapor column during daytime. In fact, GCMs (e.g., [START_REF] Haberle | Mars atmospheric dynamics as simulated by the NASA Ames General Circulation Model: 1. the zonalmean circulation[END_REF][START_REF] Forget | Improved general circulation models of the martian atmosphere from the surface to above 80 km[END_REF][START_REF] Hartogh | Description and climatology of a new general circulation model of the martian atmosphere[END_REF] now include most aspects of the Martian climate system: atmospheric dynamics, dust, water and CO 2 cycles, and photochemistry. In particular, GCMs have been used to describe the Mars atmosphere general circulation, i.e., the characteristics of the meridional circulation (Hadley cells) and the role played by the planetary waves (e.g., thermal tides, baroclinic waves, stationary waves, Kelvin waves). Although such models are able to match many of the available temperature data, the same factors that limit the accuracy of simple thermal wind calculations also impact the accuracy of model predictions of wind magnitudes. For instance, using such models, it can be shown that two very similar thermal structures can correspond to very different circulation patterns. In some simulations, a very small temperature difference can induce very large wind changes [START_REF] Gilli | On the Impact of Non-Orographic Gravity Waves in the LMD Mars Global Climate Model[END_REF]. Clearly wind measurements are necessary to constrain the general atmospheric circulation and the related transport.

Global Climate Models are usually too coarse to represent "mesoscale" meteorological phenomena with horizontal scale below about 200 km, so mesoscale models have been developed to investigate these features (e.g., [START_REF] Rafkin | The Mars Regional Atmospheric Modeling System: Model description and selected simulations[END_REF]. There are a variety of such mesoscale systems on Mars that are known to be present, or which should be present based on observations, theory, and modeling. These include slope flows [START_REF] Ye | A comparative study of daytime thermally induced upslope flow on mars and earth[END_REF][START_REF] Savijärvi | The Martian slope winds and the nocturnal PBL jet[END_REF][START_REF] Rafkin | The Mars regional atmospheric modeling system: Model description and selected simulations[END_REF], dust storms [START_REF] Cantor | MOC observations of the 2001 mars planet-encircling dust storm[END_REF][START_REF] Cantor | Martian dust storms: 1999 mars orbiter camera observations[END_REF][START_REF] Newman | Modeling the martian dust cycle, 1. representations of dust transport processes[END_REF], dusty circulations [START_REF] Rafkin | Simulation of the atmospheric thermal circulation of a martian volcano using a mesoscale numerical model[END_REF][START_REF] Hollingsworth | Extratropical cyclones, frontal waves, and Mars dust: Modeling and considerations[END_REF][START_REF] Toigo | A first look at dust lifting and dust storms near the south pole of Mars with a mesoscale model[END_REF], cloud formation and circulation [START_REF] Michaels | Significant vertical water transport by mountain-induced circulations on Mars[END_REF][START_REF] Montmessin | Origin and role of water ice clouds in the Martian water cycle as inferred from a general circulation model[END_REF][START_REF] Wang | Martian clouds observed by Mars Global Surveyor Mars Orbiter Camera[END_REF], gravity waves [START_REF] Medvedev | Cooling of the martian thermosphere by CO2radiation and gravity waves: An intercomparison study with two general circulation models[END_REF], and Kelvin waves [START_REF] Wilson | Evidence for diurnal period Kelvin waves in the Martian atmosphere from Mars Global Surveyor TES data[END_REF]. All of these phenomena involve processes that have an impact on one or more observable thermodynamic or kinematic variables.

Slope flows scale roughly with the scale of the topography and have a depth that scales with the boundary layer. For example, the upslope (daytime) phase of the circulation along the topographic dichotomy, large mons, or along the slopes of large-scale impact craters should be directly observable if the line-of-sight is along the topographic gradient (Figure 1). Local and regional dust storms are also expected to have significant thermal and wind perturbations, and observations of the wind and thermal structure will permit testing of dust storm development mechanisms [START_REF] Rafkin | A positive radiative-dynamic feedback mechanism for the maintenance and growth of Martian dust storms[END_REF][START_REF] Spiga | Rocket dust storms and detached dust layers in the Martian atmosphere[END_REF]. In the strongest circulations, the vertical motion is predicted to exceed 10 m/s. Direct confirmation of these strong, deep plumes in dust storms [START_REF] Rafkin | A positive radiative-dynamic feedback mechanism for the maintenance and growth of Martian dust storms[END_REF][START_REF] Spiga | Rocket dust storms and detached dust layers in the Martian atmosphere[END_REF] and along topographic peaks [START_REF] Rafkin | Simulation of the atmospheric thermal circulation of a martian volcano using a mesoscale numerical model[END_REF][START_REF] Rafkin | The potential importance of non-local, deep transport on the energetics, momentum, chemistry, and aerosol distributions in the atmospheres of Earth, Mars, and Titan[END_REF] is important. The influence of all these phenomena on the distribution of water vapor is uncertain, but, in the absence of condensation processes, water vapor acts as a passive tracer, as it does on Earth (e.g., [START_REF] Mote | An atmospheric tape recorder: The imprint of tropical tropopause temperatures on stratospheric water vapor[END_REF]Hartogh et al., 2010c;[START_REF] Flury | Variability in the speed of the Brewer-Dobson circulation as observed by Aura/MLS[END_REF], and as do some other Martian atmospheric constituents.

Measurements can therefore further help characterize the circulations.

Gravity waves propagating from lower altitudes are thought to strongly affect the circulation in the middle and upper atmosphere of Mars. Small-scale gravity waves are continuously generated in the troposphere by a variety of meteorological phenomena: flow over topography, convection, instability of jets and fronts.

Wave amplitudes grow exponentially as they propagate upwards into increasingly less dense air, and, eventually, the waves either break or are obliterated due to increasing molecular diffusion. The momentum and energy carried by these harmonics is then transferred to the larger-scale flow, providing acceleration/heating or deceleration/cooling. While gravity waves cannot yet be resolved by GCMs, various parameterizations have been applied to tentatively represent their effects. Simulations accounting for orographic gravity waves [START_REF] Forget | Improved general circulation models of the martian atmosphere from the surface to above 80 km[END_REF][START_REF] Angelats I Coll | The first mars thermospheric general circulation model: The martian atmosphere from the ground to 240 km[END_REF] and especially non-orographic gravity waves (Medvedev et al., 2011b[START_REF] Medvedev | Cooling of the martian thermosphere by CO2radiation and gravity waves: An intercomparison study with two general circulation models[END_REF] have shown that their effect on the winds above ∼70 km can be very strong. The most spectacular effects are a significant weakening and even reversal of the zonal jets and enhancement of the meridional pole-to-pole circulation. The current estimates of the gravity wave forcing are based on a handful of measurements of small-scale structures in the troposphere provided by Mars Global Surveyor (MGS), Mars Odyssey (ODY), and Mars Reconnaissance Orbiter (MRO). Gravity waves are notoriously difficult to measure due to small amplitudes in the source region (a few Kelvin in temperature and up to 1 m/s in wind). This change in temperature is of the same order as that due to radiative effects in the CO 2 IR bands [START_REF] Medvedev | Cooling of the martian thermosphere by CO2radiation and gravity waves: An intercomparison study with two general circulation models[END_REF], while the wind field changes are much more extreme -tens of m/s and even a reversal of the direction of zonal winds (Medvedev et al., 2011a). These theoretical predictions need validation and gravity wave effects can be constrained with global measurements of wind and temperature profiles in the middle and upper atmosphere. In addition, to help quantify such gravity wave impacts on the larger-scale atmosphere, submillimeter limb sounding has also been used to directly measure gravity wave spectra on Earth [START_REF] Wu | Satellite observations of atmospheric variances: A possible indication of gravity waves[END_REF][START_REF] Wu | Global gravity wave variances from Aura MLS: Characteristics and interpretation[END_REF]. Such an approach is potentially applicable to the Martian atmosphere also, and could usefully resolve spectra for horizontal wavelengths as short as ∼20 km, depending on the observation geometry.

To understand water vapor distribution, atmospheric circulation, and the influential processes, we demonstrate in this paper that a submillimeter sounder could provide the needed high-precision and resolution, simultaneous vertical profiles of temperature, water vapor and winds, as well as other trace gas species.

Measurements, such as these, would enable us to better disentangle the effects of thermal and mechanical forcing mechanisms. In Section 2 we describe the submillimeter sounding technique and background. In Section 3, we discuss the various frequency ranges selected and analyzed. Section 4 describes our measurement simulation approach, with simulation results presented in Section 5. Section 6 discusses how the choice of frequency affects critical instrument parameters such as power and mass. Finally, Section 7 summarizes our findings and reviews the strengths and weaknesses of each potential frequency region.

Submillimeter sounding and its potential application to Mars

Passive limb sounding of thermally emitted radiation (from the thermal infrared to the microwave) or scattered sunlight (near infrared through ultraviolet) is a well-established technique for measuring atmospheric composition and other parameters for Earth (e.g., [START_REF] Gille | The Limb Infrared Monitor of the Stratosphere: Experiment description, performance and results[END_REF][START_REF] Barath | The Upper Atmosphere Research Satellite Microwave Limb Sounder Experiment[END_REF][START_REF] Aellig | Latitudinal distribution of upper stratospheric ClO as derived from space borne microwave spectroscopy[END_REF][START_REF] Murtagh | An overview of the Odin atmospheric mission[END_REF][START_REF] Fischer | MI-PAS: an instrument for atmospheric and climate research[END_REF][START_REF] Waters | The Earth Observing System Microwave Limb Sounder (EOS MLS) on the Aura satellite[END_REF]), Mars (e.g., McCleese et al., 2007) and other planets. Scanning the instrument field of view vertically across the atmospheric limb enables information to be obtained with greater vertical resolution than is typically attainable with nadir sounding. In addition, the long atmospheric limb path length improves signal to noise for tenuous trace gases by several orders of magnitude compared to nadir viewing geometries. However, that same long path makes the horizontal resolution poorer than is attainable from nadir sounders, at least in the line-of-sight direction. That said, if the instrument looks in the orbital plane, then application of tomographic retrieval techniques (e.g., [START_REF] Livesey | Direct retrieval of line-of-sight atmospheric structure from limb sounding observations[END_REF] can improve the resolution somewhat.

Spaceborne microwave and submillimeter limb sounding instruments have a strong heritage in Earth atmospheric composition sounding including the Microwave Limb Sounder (MLS) instruments on NASA's Upper Atmosphere Research Satellite and Aura missions [START_REF] Barath | The Upper Atmosphere Research Satellite Microwave Limb Sounder Experiment[END_REF][START_REF] Waters | The Earth Observing System Microwave Limb Sounder (EOS MLS) on the Aura satellite[END_REF], the space shuttle-borne Microwave Atmospheric Sounder (MAS) instrument [START_REF] Croskey | The Millimeter Wave Atmospheric Sounder (MAS): A shuttle-based remote sensing experiment[END_REF], the Submillimeter Radiometer (SMR) instrument on Odin [START_REF] Frisk | The Odin satellite; I. radiometer design and test[END_REF] and the Superconducting Submillimeter-Wave Limb-Emission Sounder (SMILES) on the International Space Station [START_REF] Kikuchi | Overview and early results of the Superconducting Submillimeter-Wave Limb-Emission Sounder (SMILES)[END_REF]. Aura MLS, while mainly focused on atmospheric composition measurements, has also been shown to provide information on vertical profiles of mesospheric line-of-sight winds [START_REF] Limpasuvan | The two-day wave in EOS MLS temperature and wind measurements during 2004-2005 winter[END_REF]Wu et al., 2008). The ability of submillimeter limb sounders to make continual near-global observations on a daily basis, including in heavily dust-or aerosol-laden atmospheres, makes such an instrument ideally suited to fill the outstanding observation gaps.

Submillimeter measurements of the Martian atmosphere have been made from ground-based observatories (e.g., [START_REF] Lellouch | First absolute wind measurements in the middle atmosphere of Mars[END_REF][START_REF] Gurwell | Submillimeter Wave Astronomy Satellite Observations of the Martian atmosphere: Temperature and vertical distribution of water vapor[END_REF][START_REF] Clancy | A measurement of the 362 GHz absorption line of Mars atmospheric H 2 O 2[END_REF][START_REF] Hartogh | Middle atmosphere polar warmings on mars: Simulations and study on the validation with sub-millimeter observations[END_REF] and from Spaceborne sensors (e.g., [START_REF] Gurwell | Submillimeter Wave Astronomy Satellite Observations of the Martian atmosphere: Temperature and vertical distribution of water vapor[END_REF][START_REF] Biver | Wide-band observations of the 557 GHz water line in mars with odin[END_REF]Hartogh et al., 2010a,b;[START_REF] Swinyard | The Herschel-SPIRE submillimetre spectrum of Mars[END_REF]. Thus far, however, despite multiple studies (e.g., [START_REF] Forget | Microwave Sounding Of The Martian Atmosphere With Mambo[END_REF][START_REF] Urban | Retrieval of vertical constituents and temperature profiles from passive submillimeter wave limb observations of the martian atmosphere: a feasibility study[END_REF][START_REF] Kasai | Overview of the Martian atmospheric submillimetre sounder FIRE[END_REF] and proposed concepts, no such sensor has flown on a Mars-orbiting spacecraft. Recent advances in microwave and submillimeter technology, driven in part by the needs of the communications industry, enable dramatic reductions in mass, power, and volume needed for such instruments, making their deployment to remote planets a realistic and attractive proposition. The subsequent sections review the observations that can be made by a state-of-the-art submillimeter wave limb sounding instrument in Low Mars Orbit, with a specific focus on how the performance of the wind and composition measurements varies with choice of spectral observation region.

Radiometer frequency selection

The main measurement objectives are vertical profiles of wind, temperature, and humidity. Wind measurements are best accomplished by measuring strong but sub-opaque lines, ideally having a narrow line width to enable robust quantification of line shifts relative to the line's zero-velocity position. The lines observed do not necessarily need to be from molecules that are well mixed, nor have well-known abundances as, to first order, abundance information (line amplitude) and wind information (line position) are separable.

The four isotopes of carbon monoxide have lines meeting these needs well, between them giving useful information from strong but optically thin lines from the surface (where C 17 O provides the best information) to ∼100 km (where CO is the main information source). In addition, the 13 CO, and C 18 O isotopologues provide useful signals over that complete vertical range. Temperature information can be obtained from spectral and altitude regions where the atmosphere is opaque. The CO lines are opaque from the surface up to ∼20 km, as are water vapor lines at the surface.

Measurements of HDO, O 3 , and H 2 O 2 can fulfill additional science objectives. Measurements of the D/H ratio on Mars show that it is significantly enriched compared to Earth [START_REF] Owen | Deuterium on mars: The abundance of HDO and the value of d/h[END_REF][START_REF] Krasnopolsky | High-resolution spectroscopy of mars at 3.7 and 8 µm: A sensitive search for H 2 O 2 , H 2 CO, HCl, and CH 4 , and detection of HDO[END_REF][START_REF] Webster | Isotope ratios of H, C, and O in CO 2 and H 2 O of the Martian atmosphere[END_REF][START_REF] Villanueva | Strong water isotopic anomalies in the martian atmosphere: Probing current and ancient reservoirs[END_REF]. Seasonal and diurnal condensation and fractionation cycles involving half of the available atmospheric water vapor abundance may lead to considerable seasonal variations. 

Measurement simulation setup

Although the methods described above readily identify regions of the spectrum where measurement potential exists, more comprehensive calculations are needed to fully assess the strengths and weaknesses of each such spectral region. Specifically we need to quantify the precision and vertical resolution that can be achieved for measurements of wind, temperature, humidity and composition in each case. This is accomplished here by employing the widely-used optimal estimation approach [START_REF] Rodgers | Inverse Methods for Atmospheric Science, Theory and Practice[END_REF]. For the purposes of quantifying potential instrument performance, we do not need to develop a full optimal estimation capability (with non-linear iterative solvers etc.), but the fundamental framework remains the same. Specifically, we construct a "state vector", describing the geophysical data products to be estimated (wind, temperature and composition profiles along with other supporting information), and a "forward model" that estimates the microwave limb radiances that would be observed for a given atmospheric state. The typical task of the retrieval algorithm is then to identify a solution state that best matches (using an error-weighted metric) the observed radiances, along with an estimate of the precision and resolution of that solution. It is only the latter precision/resolution information that is required for our purpose here.

The limb radiance forward model used in this study [START_REF] Read | The clear-sky unpolarized forward model for the EOS Microwave Limb Sounder (MLS)[END_REF] O is increased by 8% 13 CO by 5%, and HDO by a factor of 5.

These values are rounded to the nearest single percentage digit, given the associated measurement uncertainties [START_REF] Webster | Isotope ratios of H, C, and O in CO 2 and H 2 O of the Martian atmosphere[END_REF]. Scattering from dust is negligible at these observing frequencies. Thermal emission from dust has far less spectral variability than molecular line signals, and thus can be treated as a spectrally flat offset. Even in conditions of heavy dust loading, 20 km tangent altitude limb views are subject to only ∼6 K brightness temperature enhancement [START_REF] Kasai | Overview of the Martian atmospheric submillimetre sounder FIRE[END_REF], an amount readily accounted for in our simulations, as described below.

The state vector is comprised of single profiles for each of the species listed above, along with a profile of temperature and a profile of wind in the line-of-sight direction. The profiles are described on a 65-level grid using pressure as the vertical coordinate. The first 45 levels are spaced every 2-3 km (equally spaced 0.125 in log 10 p/hPa ), with the following 16 levels spaced at 4-5 km (0.25 in log 10 p/hPa ), and the final two being ∼10 km apart (0.5 in log 10 p/hPa ).

The instrument design assumes multiple individual spectrometers centered, where applicable, on each of the targeted molecules above. Each spectrometer has a total bandwidth of 1 GHz, with 256 100 kHzwide channels in the central portion, flanked by two sets of 64 8 MHz-wide channels, one on each side.

The narrow channels provide high spectral resolution for the Doppler shift measurement needed for wind profiling. The broader channels provide lineshape information for obtaining concentration and temperature measurements down to the surface, where possible. In an ultimate instrument design, the precise layout of channels may well differ (with the wider channels assumed here likely to be formed by "ganging together"

narrower channels as part of on-board data compression algorithms. However, the configuration modeled here is likely to be representative of the channel distribution that would be chosen.

The instrument field of view is scanned from the surface to 150 km in 76, 2-km steps, with a 1 s integration time for each limb view, giving a total of 76 s for a vertical scan. Horizontal motion of the satellite during the scan is ignored for simplicity here. While it is typically explicitly considered in operational retrieval algorithms (particularly those employing tomographic methods, e.g., [START_REF] Livesey | Retrieval algorithms for the EOS Microwave Limb Sounder (MLS)[END_REF], the impact on the precision and resolution metrics quantified here is negligible. The instrument is assumed to include a 23 cm primary reflector, having an edge taper of 20 dB. For simplicity, the radiative transfer calculations are performed monochromatically for each channel.

The spectroscopy parameters (positions, strengths, ground state energies, and partition functions) are from the JPL catalog [START_REF] Pickett | Submillimeter, millimeter, and microwave spectral line catalog[END_REF]. Pressure broadening line widths are from the HITRAN catalog [START_REF] Rothman | The HITRAN molecular spectroscopic database: edition of 2000 including updates through 2001[END_REF] or from published literature [START_REF] Read | The clear-sky unpolarized forward model for the EOS Microwave Limb Sounder (MLS)[END_REF]. The widths in these catalogs are for terrestrial air broadening, and so have been adjusted for broadening by CO 2 (the dominant Martian atmospheric constituent), by multiplying the widths by 1.65, as in [START_REF] Urban | Retrieval of vertical constituents and temperature profiles from passive submillimeter wave limb observations of the martian atmosphere: a feasibility study[END_REF], following laboratory measurements of CO broadening by CO 2 [START_REF] Priem | Lineshape study of the J=3←2 rotational transition of CO perturbed by N 2 and O 2[END_REF][START_REF] Varanasi | Half-width calculations for CO lines broadened by CO 2[END_REF].

The expected noise levels associated with each simulated radiance measurement are also computed, assuming receiver noise temperatures (T rec ) of 1400, 1700, 2000, 3600, 4200, and 5000 K for the 335, 450, 550, 900, 1000, 1130 GHz receivers, respectively (single sideband). These estimates are based on performances of state-of-the-art receiver systems [START_REF] Mehdi | THz diode technology: Status, prospects, and applications[END_REF] operating in or near these frequency ranges. The noise for each radiance is computed from the radiometer equation as (T scene + T rec )/ √ ∆ντ,

where T scene is the incoming signal brightness (∼0-250 K depending on channel frequency and instrument pointing), ∆ν is the channel width (either 8 MHz or 100 KHz), and τ is the integration time (1 s per limb view).

The retrieval calculation seeks the optimal solution for wind, temperature, and composition, considering information from all spectrometers and all limb viewing angles simultaneously. In support of this calculation additional quantities are included in the state vector. The most important of these are the limb tangent pressures for each of the 76 limb views in the scan, estimates of which derive from observed pressurebroadened line widths (and from pointing information as described below). Another set of terms in the state vector are additive spectrally flat radiance baselines that are retrieved separately for each scan position (76 total in the vertical scan), with one independent set for each spectrometer. Such terms are used in operational retrievals [START_REF] Livesey | Retrieval algorithms for the EOS Microwave Limb Sounder (MLS)[END_REF] to absorb spectrally flat errors in the instrument calibration or the forward model, or to account for dust emission as described above. Such radiance offsets, while largely uncorrelated with the signals for wind, temperature, composition, etc., needed to be included in the state vector to provide a best fit to the observed radiances. Finally, the state vector includes a term defining the surface pressure, which is used to establish the lower integration boundary for calculating the geopotential height profile product (computed in post-processing by hydrostatically integrating the retrieved temperature profile).

As with Aura MLS, additional information on both limb view tangent pressures and atmospheric temperature profiles can be obtained by comparing the individual limb view tangent altitudes (deduced from instrument and spacecraft pointing) with the altitudes computed from the temperature profile, limb tangent pressures, and surface pressure information in the state vector, assuming hydrostatic balance. This calculation is embodied in a separate "scan forward model", and individual limb tangent altitudes are assumed known with 30 m precision (within an individual scan). Note that, because the wind, temperature and composition profiles are reported on a pressure grid, they are unaffected by systematic biases in pointing, which affect only the state vector element giving the geopotential height for the surface pressure (and, through hydrostatic integration, the geopotential height profile obtained from that information in conjunction with the temperature profile). Accordingly, the spacecraft location and pointing only need to be known in real time with sufficient absolute accuracy (e.g., five kilometers or better) that the correct altitude range of the limb is scanned so as to avoid wasting valuable integration time on significant overscanning. The 30 m requirement for pointing knowledge precision within an individual scan, described above, corresponds to knowledge of pointing changes within a 76 s vertical scan of 22 arcsec (for a 400 km altitude Mars orbit).

The optimal estimation approach involves combining the information from the instrument with a priori knowledge in an error weighted fashion [START_REF] Rodgers | Inverse Methods for Atmospheric Science, Theory and Practice[END_REF]. Retrieval of full profiles from the observations alone is typically an ill-posed problem, in part because the measurement system has poor sensitivity to targeted geophysical parameters at the altitude extrema, but also, in some cases, because the measurements provide insufficient information to separate overlapping signatures of different state vector elements (e.g., species with broad spectral lines in close proximity). The a priori information provided to the optimal estimation helps stabilize the retrieval system by adding additional constraints in such cases where the measurement system performs poorly.

As is typical for limb sounders, the uncertainties on these a priori inputs are set rather large here. We have assumed 100 m/s for wind, and 20 K for temperature at all altitudes, and similarly large (i.e., "loose") values for other species (all included in the plots showing the expected measurement precision discussed below).

A second order Tikonov vertical smoothing constraint is added to further stabilize the retrieval, as for Aura MLS [START_REF] Livesey | Retrieval algorithms for the EOS Microwave Limb Sounder (MLS)[END_REF]. This smoothing provides an altitude-resolved constraint on the vertical second derivative of the differences from the retrieved and a priori profiles, thus favoring profiles whose shapes resemble those of the a priori profiles. Here, the weights for these terms (which are expressed in terms of second derivative per integer retrieval level squared, and thus have the same units as the corresponding state vector elements) are set the same as the corresponding a priori uncertainties, which are already chosen to be weakly constraining. Even in a situation where the measurement is providing negligible information (e.g., OC 18 O above 80 km, see figure 10), the smoothing constraint only reduces the uncertainty by about 10%.

Estimated precisions on the retrieved profiles are taken from the diagonal elements of the solution covariance matrix from the optimal estimation equation. Vertical resolutions are estimated as the full-width at half-maximum of the corresponding averaging kernels [START_REF] Rodgers | Inverse Methods for Atmospheric Science, Theory and Practice[END_REF][START_REF] Livesey | Retrieval algorithms for the EOS Microwave Limb Sounder (MLS)[END_REF]. It is important to note that improved precision can be traded for poorer vertical resolution (and vice versa) through adjustment of the Tikhonov smoothing constraint, so it is essential to report both here.

For validation purposes, we have also used the simulation setup described above to repeat the analysis of [START_REF] Urban | Retrieval of vertical constituents and temperature profiles from passive submillimeter wave limb observations of the martian atmosphere: a feasibility study[END_REF], using the characteristics they assumed for their 325 GHz instrument (e.g., antenna size, vertical scan, observing frequencies, receiver noise, spectrometer design, a priori uncertainties, etc.). The vertical resolutions obtained for observations of CO, 13 CO, H 2 O, and HDO agree within ∼1 km, typically better, over all the vertical range, with precisions agreeing within ∼40% over much of the vertical range.

Given the large variability in estimated precision with altitude (often multiple orders of magnitude, as will be seen in the next section), we take the view that this degree of agreement is sufficient to give confidence in the validity of our simulation approach. Remaining differences likely reflect fundamental disparities between the two approaches, particularly in the use of pressure rather than altitude as the vertical coordinate, and in the treatment of vertical smoothing. Temperature performance, while generally agreeing well, was harder to compare meaningfully due to the inclusion of nadir sounding information by [START_REF] Urban | Retrieval of vertical constituents and temperature profiles from passive submillimeter wave limb observations of the martian atmosphere: a feasibility study[END_REF].

Results

Wind and temperature

The upper panels of Figure 8 shows the estimated wind uncertainties and vertical resolutions to be expected from the six radiometer choices considered here. The 450, 900, and 1000 GHz frequency choices generally produce the best results, in terms of both precision and resolution, from 3 km to 120 km. A general trend towards improved performance with increasing frequency would be expected given that (1) the Doppler shift scales with observation frequency while pressure broadening effects do not and ( 2) we have assumed the same antenna size for all configurations, giving a field of view width that narrows with increasing frequency. Overall the best performance is accomplished by the 1000 GHz observations, with precision around 10 m/s from 25-80 km and vertical resolution of 5-6 km over much the same range. For comparison, the Wind Imaging Interferometer (WINDII) on the Upper Atmosphere Research Satellite (UARS) measured the Doppler shift and width of the emission of O( 1 S) lines in order to profile wind from 80-300 km in Earth's atmosphere, with its best precision being 10 m/s at 95 km (worse at higher and lower altitudes, [START_REF] Gault | Validation of O( 1 S) wind measurements by WINDII: the WIND Imaging Interferometer on UARS[END_REF]. The High Resolution Doppler Imager (HRDI) also on UARS measured winds from 10-115 km in the Earth's atmosphere from the atmospheric emssions from the O 2 B and γ bands. Its measurement accuracy was found to be 8-12 m/s [START_REF] Ortland | Measurements of stratospheric winds by the High Resolution Doppler Imager[END_REF][START_REF] Burrage | Validation of mesosphere and lower thermosphere winds from the High Resolution Doppler Imager on UARS[END_REF].

The lower panels show the results for temperature profile measurements. Precision of 1-2 K is expected for temperature from the surface to ∼40 km for all the configurations. The precisions degrade to 3-6 K at ∼90 km with the 550 and 900 GHz configurations providing the best and worst precision, respectively.

The vertical resolutions vary with altitude. The best resolution is accomplished by the 1000 and 1300 GHz designs, growing from 2-3 K at the bottom of the atmosphere to ∼8-12 K above 80 km with the other frequency choices providing resolution ∼1-3 km poorer, depending on altitude and frequency. The estimated precision in surface pressure varies with observation frequency, with the best precision being from 0.005 hPa for 335 GHz and the poorest being 0.012 hPa at 1000 GHz. These uncertainties are equivalent to 10-24 m uncertainty in altitude.

Water vapor and its isotopologues

The estimated precision and resolution for water vapor and its isotopologues are shown in Figure 9. The horizontal axes for the precision plots are on a logarithmic scale, and the assumed atmospheric abundance profiles are also plotted, in black (with stars overlaid), so as to show how the precision compares to the typical amount of each molecule in the Martian atmosphere. For H 2 O, the two highest radiometer frequencies produce the best precision at nearly all heights up to 120 km, although 450 GHz offers the best precision in The smoothing constraint is the same as the apriori uncertainty.

the lowest 5 km. The vertical resolution is limited only by the grid point spacing of the profile in this simulation. It gets slightly better with increasing altitude because the gridding is evenly spaced in log pressure and scales with the scale height, which decreases as the atmospheric temperature cools.

The main purpose of including H 2 18 O molecule (middle panels) is to provide a weak humidity line choice where one doesn't exist for a given radiometer. This provides a near surface humidity measurement for the 550 GHz radiometer choice. It is generally believed that the isotopic ratio between 18 O and 16 O is 1/500 and known to 5% [START_REF] Webster | Isotope ratios of H, C, and O in CO 2 and H 2 O of the Martian atmosphere[END_REF]. It is worth noting that the 550, 1000, and 1130 GHz configurations have better than 5% precision near the surface so additional information about isotopic fractionation can be learned from this measurement (excepting 550 GHz because it does not have a useful near surface

H 2 O measurement).
The strengths of available HDO lines within the radiometer choices are quite varied, and this is reflected by the associated uncertainties shown in the lower panels of Figure 9. The best choice is the 900 GHz radiometer. The available line in the 1000 GHz radiometer is starting to become opaque near the surface and the 1130 GHz line is stronger still and becomes opaque just below 15 km. weaker as frequency is increased or lowered relative to 450 GHz. The nominal concentration is 4 parts per thousand volume (ppthv) so this molecule can be measured with a precision of ∼12-15% near the surface in the lower three frequency configurations.

Carbon species

H 2 O 2 and O 3

The left hand two panels of Figure 11 show the estimated H 2 O 2 uncertainties and vertical resolutions to be expected from the six radiometer choices considered here. The strongest lines for this molecule are in the 1 THz region, hence the three upper radiometer frequency choices are the best. As seen in the right hand two panels of Figure 11, the single measurement precision for ozone is poor compared to the amount expected in the atmosphere.

Sensitivity to Martian Humidity

Figure 12 shows how the precisions and resolutions are affected by location and season for the representative case of the 1000 GHz configuration (other configurations exhibit similar behavior). These changes mainly derive from the humidity differences between each case. As one extreme case, the northern hemisphere winter (L s = 270°, green) is shown, with very dry conditions near the surface. Northern Summer (L s = 90°, red) represents a more moist case. Also shown is the nominal study case used above (L s = 154°) which is late northern summer and has humidity between the northern summer and fall cases. Under the driest conditions, humidity can be measured with ∼10% precision.

Temperature measurements exhibit very little seasonal or regional variations within the cases shown here. The ability to measure wind is more impacted, notably for the northern hemisphere summer case, for which measurement precision is poor below ∼10 km (as is the vertical resolution). The other two cases provide better than 25 m/s precision down to ∼5 km. The vertical resolution of water vapor measurements is somewhat improved in the northern winter case, being ∼2 km from the surface to ∼50 km compared with up to ∼3 km for the two other cases. This improvement in resolution, which (as described above) is set by the spacing of the retrieval levels, simply reflects the impact of the lower temperature on the vertical spacing of those levels (being constant in log-pressure). The precision of water vapor measurements roughly scales with the water vapor abundance, typically offering a signal to noise ratio of ten to one or better. The only significantly noisier cases are seen around 25 km altitude in northern winter, and in the lowermost ∼5 km during northern summer.

Implications for instrument requirements

The discussion thus far has focused on the scientific implications of different frequency range choices.

Naturally, the choice of frequency has implications for the instrument design and therefore, crucially for planetary missions, mass and power. Based on experience with prior instruments, we are confident that such an instrument, at any of the frequencies identified here, could be accommodated within a 25 kg mass budget (depending on the choice of antenna and scan mechanism; unmargined). The amount of instrument power needed, however, varies strongly with frequency chosen.

For the 335, 450 and 550 GHz choices, where the spectral regions to be covered are ∼30 GHz across, we estimate a total of 50 W would be needed (not including margin, which is typically assumed to be 40% for planetary missions). Table 2 details the subsystem-level contributions to this total. For a 900 GHz instrument, the total increases to 62 W. This due mainly to increased power needed to handle the broader Intermediate Frequency range, with contributions from the associated changes to the 2nd Local Oscillator, and from an increase in the power needed for the first Local Oscillator. At the two highest frequencies considered, 1000 and 1130 GHz, the total increases to 79 W, again driven mainly by the need for a more complex Intermediate Frequency processor, given the larger bandwidth. Given that all the configurations are targeting roughly the same number of spectral lines, the data rate needs are unaffected by choice of frequency. Assuming an instrument comprised of ten 384-channel spectrometers (see discussion above) and a 1 s integration time, the total rate can likely be kept within 100 kbps. Should it be needed, judiciously chosen compression schemes (involving geophysically aware ganging of adjacent channels in a tangentheight-dependent manner) could likely achieve a reduction in that datarate by a factor of 5 or more.

Summary of Findings

The six spectral regions considered in Section 5 each offer advantages and disadvantages that must be weighed when considering potential instrument designs. If the scientific focus is on measurements of wind above ∼20 km, then the three highest frequencies considered (900, 1000, and 1130 GHz) offer the best performance, particularly in terms of vertical resolution (typically 6 km vs. 7-9 km for the lower frequency measurements), with precision being around 10-15 m/s. Lower in the atmosphere, precision worsens to between 20-40 m/s down to 5 km altitude, poorer still below, with the 450 GHz measurements offering comparable precision to the three high-frequency cases. The generally improved performance with increasing frequency derives from the increase in the magnitude of the Doppler shift (which is proportional to frequency) compared to the pressure broadened width (below 30-40 km), along with increased line strengths (e.g., for H 2 O, CO, and their isotopologues). Another contributor to the improved high frequency performance derives from our assumption (given the typical constraints in instrument design) that the same size antenna can be used for all observing frequencies, giving a field of view width that narrows with increasing frequency. This same factor likely also contributes to the generally finer vertical resolution obtained by with higher frequency configurations for temperature and composition measurements. As with wind, temperature and water vapor measurements are best made at higher frequencies, as are measurements in the ∼20-80 km altitude range for most trace gas species. The only notable exception to this general performance improvement with higher observing frequency appears to be for some of the composition measurements at the lowermost altitudes. For example, measurements of CO below ∼5 km have very poor signal to noise at 900, 1000 and 1130 GHz, with individual profiles having precision comparable to the expected values.

Measurements at 450 and 550 GHz by contrast have a single-profile precision of around 2.5%.

Naturally, technology and engineering considerations come in to play when considering instrument design also. While receiver technologies in the THz region are relatively mature, obtaining the needed Local Oscillator (LO) signals within the tight electrical power budgets typical of planetary missions may present a challenge. The wider IF bandwidth associated with some of the choices (e.g., 68 GHz for 1130 GHZ) will complicate the design of downstream spectral analysis, placing more challenging requirements on secondary down-converters and associated oscillators.

This study follows on from those of [START_REF] Muhleman | Microwave spectroscopy of the mars atmosphere[END_REF]; [START_REF] Hartogh | Solar system research with microwaves[END_REF]; [START_REF] Forget | Microwave Sounding Of The Martian Atmosphere With Mambo[END_REF]; [START_REF] Urban | Retrieval of vertical constituents and temperature profiles from passive submillimeter wave limb observations of the martian atmosphere: a feasibility study[END_REF]; [START_REF] Kasai | Overview of the Martian atmospheric submillimetre sounder FIRE[END_REF] who have quantified the performance of comparable instruments.

Those studies demonstrate a sustained interest in the application of submillimeter limb sounding to the Martian atmosphere. Given the continuing emphasis on the needs for wind and vertical water vapor observations by the the Mars atmosphere research community, it can be hoped that such an instrument will ultimately materialize. This study assesses the potential capabilities of different instrument configurations and indicates that, technology considerations permitting, higher observing frequencies generally provide more precise and finer resolution measurements.

Figure 1 :

 1 Figure 1: Near-surface winds in the afternoon tend to blow upslope, as shown in mesoscale modeling results along the topographic dichotomy (upper figure). Topography is shaded with high elevations in white. Elysium Mons is the peak in the north central region of the domain. The slope circulations extend well into the lowest scale height of the atmosphere, as shown in the N-S cross-section, below, where red shades are southward blowing winds and blue shades are northward blowing winds. Also evident is the oppositely directed return flow. Near Elysium Mons, there are interactions between the slope flows and mountain waves.

Figure 7 :

 7 Figure 7: As Figure 2 but for 1090-1170 GHz.

Figure 8 :

 8 Figure 8: Estimated wind (upper) and temperature (lower) precision (left) and vertical resolution (right) for several frequency ranges considered here. Colored lines correspond to the various radiometer frequencies show below. The expected vertical resolution is based on the full width, half height of the averaging kernel. The a priori uncertainty for wind is 100 m/s with a 10 m/s smoothing constraint. The corresponding numbers for temperature are 20 K and 2 K.

Figure 9 :

 9 Figure 9: Same as figure 8 for H 2 O (upper), H 2 18 O (middle) and HDO (lower). An additional solid black line with asterisks shows the atmospheric concentration assumed each molecule, for comparison. The dashed black lines are the assumed a priori uncertainty.

Figure 10

 10 Figure10shows the estimated uncertainties for the various carbon species considered. CO measurements are best made with any of the highest three frequency radiometer regions except near the surface where the lower frequency options are better. The higher frequency CO lines become opaque near the surface. The vertical resolution of the CO measurement is close to the profile representation grid spacing from 0-110 km for the 900 and 1000 GHz frequency choices. The 1152 GHz CO line becomes opaque starting below 20 km and therefore its vertical resolution degrades rapidly. The three lower frequency choices have poorer vertical resolution above 60 km.The measurement of 13 CO has similar characteristics to those of the most abundant CO isotope. The 900 GHz radiometer choice appears best for this molecule in terms of precision and vertical resolution. The best radiometer choice for measuring C 18 O is 900 GHz. C 18 O is heavily interfered by strong H 2 O lines at 1000 and 1130 GHz and therefore can not be measured well in the lower atmosphere until the nearby H 2 O line becomes optically thin.The C 17 O molecule is best measured by the highest three radiometer frequencies. Above 60 km however, the atmospheric concentration is less than the estimated precision. The vertical range where useful C 17 O measurements can be made is rather limited for the three lower frequencies.For OC 18 O, the 450 GHz line is the strongest and therefore has the best precision. The lines become
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 10 Figure 10: Same as figure 9 for CO, 13 CO, C 18 O, C 17 O, and OC 18 O.

Figure 11 :

 11 Figure 11: Same as figure 9 for H 2 O 2 (left two panels) and O 3 (right two panels).

Figure 12 :

 12 Figure 12: The left panels show error estimates for wind (upper), H 2 O (middle) and Temperature (lower) with varying concentration of H 2 O in the Martian atmosphere, all using the 1000 GHz measurement. Blue is the equatorial case used in the studies above (L s = 154°), red is northern hemisphere Summer (L s = 90°) at 90°N which was chosen to represent maximum water column abundance conditions, and green is northern hemisphere Winter (L s = 270°) at the north pole, which was chosen to represent minimum water column abundance conditions. The corresponding atmospheric abundance profiles for water vapor are shown as lines with colored stars overlaid to indicate which profile goes with which error estimate. The a priori uncertainties (black dashed lines) and smoothing are unchanged for each profile used. The right panels show the corresponding vertical resolutions.

Table 1 :

 1 Target line positions (in GHz) for 6 radiometer frequencies Molecule 335 GHz 450 GHz 550 GHz 900 GHz 1000 GHz 1130 GHz Limb radiative transfer calculations in the 320-350 GHz range for the MCD atmosphere for 17 May 2017, L s = 154 • at 0 UT 0 • longitude and 0 • latitude. Frequency locations of molecular lines are indicated above the spectrum. Colors show the spectrum for the given limb tangent.

	OC 18 O	332	441	574	904	1014	1124
	CO	346	461	576	922	1037	1152
	13 CO	331	441	551	881	991	1101
	C 18 O	329	439	562	878	988	1097
	C 17 O	337	449	562	899	1011	1123
	H 2 O(s)	325	443	557	916	988	1097
	H 2 O(w)	321	448	572	906	970	1147
	HDO	335	465	560	894	984	1162
	H 2	18 O	322	NA	548	908	995	1137
	O 3		327	441	571	908	1009	1145
	H 2 O 2	327	446	550	908	1018	1131
	Bandwidth / GHz 26	27	29	45	67	68
	Bandwidth /% RF 7.7%	6.0%	5.2%	5.0%	6.7%	6.0%
							2 O, HDO, and H 2	18 O lines were
	sought. A requirement was that there be at least one strong H 2 O line (JPL catalogue strength > -4.0) and
	one weak H 2 O line (JPL catalogue strength between -6.0 and -4.0) present. If a suitably weak H 2 O line was not available, a strong H 2 18 O line (JPL catalogue strength > -2.5) was selected for use as a proxy,
	assuming the telluric isotopic ratio according to VSMOW (Vienna Standard Mean Ocean Water) of about
	500, which is a well established ratio for Mars (Webster et al., 2013). The strength ranges were established
	based on simulation studies, and will allow H 2 O to be measured from the surface up to at least 100 km.

To find candidate regions for these measurements, we have searched the JPL spectral catalogue database https://spec.jpl.nasa.gov

[START_REF] Pickett | Submillimeter, millimeter, and microwave spectral line catalog[END_REF]

. The requirement was to have the frequencies of the target lines be close enough that, after down conversion by the local oscillator, the Intermediate Frequency (IF) band width could be as small as possible, nominally about ∼5% of the local oscillator frequency. To begin each search, a frequency range dictated by the positions of the C 18 O (lowest frequency) and CO (highest frequency) lines was considered. This range was then expanded to cover an 8% window centered on the mean frequency of these two lines. Within this range, candidate H

The other requirement was that an HDO line also exist within the targeted frequency search window. Other targeted molecules, such as ozone, have relatively dense spectra and thus typically have useful lines within each search window. Frequencies from 0 to 1200 GHz were searched, with the upper frequency limit being based on technological considerations. Table

1

summarizes the results of this search.

Simulated atmospheric signals for these spectral regions have been calculated using a representative Martian atmosphere. The martian atmosphere is taken from the Mars Climate Database (MCD) v5.2, http: //www-mars.lmd.jussieu.fr for 17 May 2016, L s = 154°at 0 UT at 0°longitude and 0°latitude. The MCD provides concentrations for all the species except H 2 O 2 , for which the model L s = 70 • concentration profile (day-night average) published in

[START_REF] Encrenaz | Hydrogen peroxide on mars: Observations, interpretation and future plans[END_REF] 

is used. Figures

2-7

show key line locations found in the searches described above. As is readily seen, there is a large range of signal strengths available, particularly for H 2 O and its isotopologues. Weak lines for molecules such as H 2 O 2 and O 3 that are situated closer to strong water vapor lines will be challenging to measure due to the attenuation of the weaker signals by the water vapor absorption.

  is the same as that used for the Aura Microwave Limb Sounder instrumentWaters et al. (MLS 2006) project. Specifically, it performs a set of line-by-line radiative transfer calculations over a range of limb-viewing paths. The results of these are then convolved in the vertical with the instrument field of view response, and interpolated to the required limb viewing angles (actually expressed as limb tangent point pressure).

The MLS algorithms have been adapted to use planetary geopotential and ellipse figure models appropriate for Mars. The atmosphere is assumed to be composed of CO 2 (CO 2 , 18 OCO), CO (CO,

13 

CO, C 18 O, and C 17 O), H 2 O (H 2 O, H 2 18 O, HDO), O 2 , O 3 , and H 2 O 2 . Other trace gases are not considered. The concentrations of these gases are taken from the same MCD profile used in section 3, with H 2 O 2 again taken from Encrenaz et al. (2012). Note that Section 5.5 discusses calculations performed for other seasons and regions. Isotopologues are scaled by Earth crustal isotope ratios with adjustments that account for the enrichment in heavier isotopes compared to Earth. Based on sample analysis on the Mars Curiosity Rover, C 18 O and 18 OCO are increased by 5%, H 2 18

Table 2 :

 2 Instrument subsystem power needs for the various radiometer frequencies

	Frequency	335, 450, 550 GHz 900 GHz 1000, 1130 GHz
	(Intermediate frequency bandwidth 26, 27, 29 GHz	45 GHz	67, 68 GHz)
	Local Oscillator Chain	8 W	10 W	13 W
	Intermediate Frequency Processor	16 W	24 W	36 W
	2nd Downconversion	5 W	7 W	9 W
	Spectrometers	16 W	16 W	16 W
	C&DH etc.	5 W	5 W	5 W
	Total:	50 W	62 W	79 W
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