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Abstract. Validation of global climate models (GCMs) for planets in our solar system requires
observational data, but observations from the orbit of Mars and its surface are limited in number
and are constrained by their orbit or landing site. Ground-based observations of Mars can help by
providing data across the entire Martian hemisphere, yet historically, ground-based observations
at submillimeter wavelengths have been limited to disk-average, or at best, a few resolution
elements across Mars. We used Atacama Large Millimeter/submillimeter Array (ALMA) obser-
vations of Mars to determine the spatial distribution of carbon monoxide in the Martian atmos-
phere, which can be related to the atmospheric temperature. ALMA’s comparably high spatial
and spectral resolutions in the submillimeter wavelengths could allow the mapping of abundan-
ces and temperature profiles, and the comparison of these data to simulations generated by the
Laboratoire de Météorologie Dynamique (LMD) Mars GCM. However, the long baselines asso-
ciated with the high spatial resolution of ALMA introduced systematic errors that resulted in
radiative transfer modeling degeneracies. We serve to provide insight to facilitate proposed
ALMA observations of Mars in the future so that the systematic errors encountered within these
observations might be avoided. © 2021 Society of Photo-Optical Instrumentation Engineers (SPIE)
[DOI: 10.1117/1.JATIS.7.2.025001]
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1 Introduction

With a chemical lifetime of 3 to 6 years and a dynamical mixing time of ~10 days,"* carbon
monoxide (CO) in the Martian atmosphere is expected to be uniformly vertically mixed in the
lower atmosphere (below 50 km) and stable across Martian day-length (sol) timescales.
Observations from spacecraft and ground-based observatories constrained the global average
Martian CO abundance to ~800 ppm.** However, seasonal variations due to condensation
of CO, at the poles can cause variation in the average column mixing ratio from 200 ppm during
summer at the poles, to as much as 1500 ppm during winter at the pole. These winter increases
arise from a rise in CO mixing ratio as CO, freezes out, leaving the atmosphere with enhanced
CO proportions. In-situ measurements of the CO distribution in the atmosphere have also taken
place since the Viking Landers arrived in 1976."

With assumptions about the spatial and temporal abundance of Martian CO, we can use CO
emission and absorption lines to measure temperature profiles across Mars.>%® However, the
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data from spacecraft observations are constrained by the specific orbits and landing sites of each
mission. For example, the Phobos spacecraft’s Infrared SpectroMeter instrument was limited in
its investigations to latitudes between 30°N and 30°S (as seen here Ref. 9), and the retrievals at
near-IR wavelengths from Compact Reconnaissance Imaging Spectrometer for Mars aboard the
Mars Reconnaissance Orbiter require reflected sunlight and so are limited to a solar incidence
angle of less than ~80 deg, which prevents observations of the winter poles.**

Ground-based observations, however, can be used to capture global snapshots of Mars, pro-
viding simultaneous data for the visible hemisphere of the planet. Full-disk images can be used
to validate model predictions against observations by providing a view of a full half of the
atmosphere at once, rather than only the portion directly observable by the orbiters currently
in operation. In the past, ground-based submillimeter data were limited by spatial resolution.
At its most distant, the disk of Mars is just 3.5” across, and even at opposition, Mars only has
an angular diameter of up to ~25”. In comparison, submillimeter observatories such as Institut de
Radioastronomie millimétrique (IRAM) 30 m telescope or the James Clerk Maxwell Telescope
(JCMT), observing at 337 GHz, have half-power beam widths (HPBW) of ~7” and ~14",
respectively. Therefore, even during opposition, previous ground-based observations have been
limited to two to three beam-widths across Mars; for ~60% of the 26-month long cycle between
oppositions, neither observatory is capable of resolving Mars at 337 GHz. One can observe in
shorter wavelengths to improve resolution somewhat, per the Rayleigh criterion, but we chose
the 337-GHz window due to availability of comparable data in the Atacama Large Millimeter/
submillimeter Array (ALMA) archive and clear signal from the C!”O transition. The relationship
between observatory resolution and angular diameter of Mars is shown in Fig. 1. Modern inter-
ferometers such as the higher-resolution Sub-Millimeter Array (SMA) provide a maximum
HPBW of ~0.3” in its most extended configuration, which would allow for a maximum of
~10 beam-widths across Mars even when the planets are at their most distant and up to
~90 beam-widths across Mars at opposition. With even more extended submillimeter interfer-
ometers such as ALMA, we can observe Mars at a higher spatial resolution than was previously
possible; depending on the configuration, ALMA can reach spatial resolutions of less than 0.01”
at 337 GHz. This increased resolution enables us to collect data at spatial scales relevant to global
atmospheric patterns.
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Fig.1 A sample of beam sizes from submillimeter observations including single dish [IRAM 30 m,?
JCMT,'® Caltech Submillimeter Observatory® (CSO)] and interferometric observations (Plateau
de Bure Interferometer,"" or PdBI), compared to the angular diameter of Mars when viewed
from Earth. Even when observed at opposition, the Martian disk rarely spans more than 5 x x the
FWHM of the observing beam.
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Fig. 2 Fourier transformed u — v plane coverage for ALMA configuration C36-2 on March 13,
2016. This represents the sampling and shows the incomplete nature of any sampling of the
u—v plane.

This research aims to serve as a guideline to further develop the capacity for the latest gen-
eration of Earth-based submillimeter/radio interferometers to provide verification and validation
pathways for global climate models (GCMs) of Mars. ALMA is particularly valuable in this
capacity as its archive contains publicly available datasets of Mars from historic observations.

Here, we discuss the consequences of inadequately sampled short baselines for high-
resolution interferometric observations of Mars, which will inform future observations of
Mars and enable better utilization of high-resolution interferometers in refining and informing
GCMs for Mars. Section 2 will cover our observation parameters, and Sec. 3 will capture our
data processing. Section 4 will discuss our efforts to fit the data with physically reasonable
atmospheric models, and Sec. 5 establishes our conclusion that errors within our data stemming
from inadequately sampled short baselines prevent us from accomplishing the high-fidelity
atmospheric modeling we were attempting.

2 ALMA Observation and Data Reduction

Interferometric observations of Mars were made between UT 2016 March 13, 11:10 and
UT 2016 March 13, 12:14, as the primary objective of ALMA project #2015.1.01269.S
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(Three-dimensional mapping of the water cycle on Mars, PI: Villanueva). Solar longitude (L)
was 121.8 deg, for Mars year 33; at the time of observation, the angular diameter of Mars’ disk
was 9.8”. The observations utilized ALMA Band 7 to cover a frequency range of 336.92 to
337.15 GHz. The spectral resolution of the observation achieved was 488.22 kHz. The integra-
tion time on source was 4020 s, with thirty-eight 12-m antennae providing baselines ranging
from 15 to 460 m. The ALMA array can also include a cluster of 7-m dishes called the Atacama
Compact Array (ACA), to help capture signal from large angular scales, but it was not active
during this observation. ALMA was in configuration C36-2 on the date of the observation lead-
ing to a maximum recoverable scale of 7.33” at 337 GHz. A spatial diagram of the antennas used
can be found in Fig. 2.

Continuum-subtraction of the calibrated visibility data was performed using the uvcontsub
task in the NRAO CASA software (version 4.2.1'%), and imaging was carried out using the clean
task. Deconvolution of the point-spread function was performed for each spectral channel using
the Hogbom algorithm, with natural visibility weighting. The image pixel sizes were set to
0.1” x 0.1”. The resulting spatial resolution (FWHM of the Gaussian restoring beam at 337 GHz)
was 0.716” x 0.500”. This resolution element corresponded to 496 x 347 km at Mars’s geo-
centric distance of 0.96 AU at the time of observation (compared with Mars’ 6779 km diameter).
With around 18 beams across the disk of Mars, this was one of the highest resolution obser-
vations of Mars in the submillimeter wavelengths.

We created a map of the flux integrated over the width of the C'7O (J = 3 to 2) transition
located at 337.06 GHz (Fig. 3). Such a map represents the total integrated intensity of a spec-
tral line, and with it, one can see the spatial distribution of CO emission at the edge of the
Martian disk.

However, due to the configuration of ALMA at the time, the disk of Mars was beyond the
maximum recoverable scale of the observatory. To understand maximum recoverable scale, one
must understand that interferometry relies on taking the Fourier transform of the sky, which
translates the image into a phase space called the u — v plane. This is best described by the
ALMA Technical Handbook: “an image is a “sum” (i.e., the Fourier transform) of the visibilities
of where each visibility has an amplitude and phase representing the brightness and relative
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Fig. 3 Mars C'70O (J = 3 to 2) transition integrated emission map from March 2016, following
continuum-subtraction. Each contour level represents a 3 — ¢ step in the total flux integrated
over the emission line. The hatch-shaded ellipse in the bottom left represents the full-width
half-maximum of the beam.
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position of emission on a specific angular scale.” The specific angular scale is important.
Because each specific angular scale is best captured by a specific corresponding baseline of
the interferometer, the configuration of the telescope determines what is resolvable. If certain
baselines are not represented in the configuration, the telescope cannot capture the full brightness
of the angular scales corresponding to the missing baselines.

In our observation, long baselines between receivers, as shown in Fig. 2, resulted in higher
spatial resolution, but without simultaneous observations at short baselines (i.e., with the ACA),
the observations lacked adequate sampling of the u — v plane to attain sensitivity to large-scale
structures. Without this sampling, Mars was larger than the maximum recoverable scale, and
there were inconsistent losses in continuum flux across the entire disk of Mars. These losses
persisted even after calibration using the CASA calibration scripts provided by the Joint
ALMA Observatory. The nonuniform pattern of flux loss is shown in Fig. 4, further illustrated
by an example spectrum extracted from the south pole of Mars in Fig. 5.
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Fig. 4 A continuum image from the March 2016 ALMA observations of Mars at 337.05 GHz with
a dashed gray outline for Mars. Large-scale imaging artifacts are present due to the lack of short
spacings in the ALMA array configuration (negative color bar regions). Note the negative Jy/beam
overlapping the southern edge of Mars, shown in detail in Fig. 5.
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Fig. 5 A sample spectrum extracted from the southernmost point on the disk of Mars, in the midst
of one of the flux loss areas. The calibrated flux of the C'7O signal was negative, even for an
emission line. This negative flux level meant any continuum data from this observation was not
properly captured due the limited u — v coverage of the interferometric observations.
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3 Modeling

The Laboratoire de Météorologie Dynamique (LMD), in Paris, France, has developed a GCM for
Mars.'>'* Simulated data from this GCM can be found on the Mars Climate Database (MCD),
which is managed by LMD. To demonstrate our ability to use ALMA archival data as a
validating mechanism for GCMs, we acquired data on the state of the atmosphere (pressure,
temperature, and CO abundance) at each latitude from the current version (5.3) of the MCD
corresponding to the same date and time as our observations. We assumed terrestrial CO isotopic
abundances for this investigation. Adapting these data to simulate what ALMA should perceive
on the date of our observation, with appropriate adjustments to account for emission angle to the
ALMA facility, provides simulated spectra with which to compare our observations.

We modeled the spectra in two parallel ways. We used the non-linear optimal estimator
for multivariate spectral analysis (NEMESIS) radiative transfer retrieval code,'” which has
previously been applied to analysis of Titan submillimeter spectra from ALMA!*'® and
Herschel/SPIRE."” We obtained spectral line widths from the HITRAN 2012 database®®?' as
in Refs. 22 and 17 and subsequently adjusted the broadening coefficients to account for the
CO, dominated atmosphere of Mars as in Ref. 23.° The spectral extraction was done by weight-
ing the ALMA data using a version of the “beamrays_t17” code from Thelen and Molter (2017)
(http://dx.doi.org/10.17632/szbcb44s43.1), modified for Mars, and followed the process laid out
in Refs. 22 and 24. A diagram of emission angle weighting can be found in Fig. 6.
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Fig. 6 Emission angle weighting for the 90°N latitude spectrum. Mars’s solid disk is represented
here as the dashed circle; the color scale represents weighting given to emission angles for radi-
ative transfer modeling. The beam FWHM corresponding to each extracted spectrum is shown
with a dotted ellipse.
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Fig. 7 A sample of vertical temperature profiles (first and last columns) and spectral lines (middle
two columns) from a longitudinal swath at longitude 90°E. The blue temperature profiles corre-
spond to the GEM-Mars atmosphere models, and red denotes those from MCD. The respective
spectral forward models from NEMESIS are compared to the ALMA data (black). Colored
chevrons represent the surface temperatures from both GEM-Mars and MCD.

We intercompared the NEMESIS results with synthesized spectra from the Planetary
Spectrum Generator (PSG). PSG is a publicly available® radiative transfer suite’® and served
as a complementary tool to the NEMESIS forward models. PSG employs the latest HITRAN
distribution (updated March 2020), with CO, broadening coefficients for the rotational CO lines
sampled in this study. In addition to corroborating our modeling using NEMESIS, PSG was also
used to query temperature results from the Global Environmental Multiscale (GEM) Mars
model, allowing further comparison of our computed spectra. GEM-Mars is a three-dimensional
GCM for the atmosphere of Mars based on the standard weather forecast model of Environment
Canada.’’

Samples of the continuum subtracted ALMA Spectra are shown in Figs. 7 and 8, for a longi-
tudinal swath along the 90°E Meridian and the 180°E Meridian, respectively. Forward models
using both the MCD and GEM-Mars atmospheric models are plotted along with their respective
temperature profiles.

4 Results

By comparing the absorption and emission lines at different latitudes (Figs. 9 and 10), we
intended to gain insight into the similarities between the predicted state of the atmosphere and
the observation. To account for the negative continuum discussed in Figs. 4 and 5, we subtracted
the continuum average from the data sets for each location. This would allow one to compare line
shapes directly, and let one add synthetic continuums to the emission lines for the purpose of
retrieving atmospheric properties. Initial assessment of sampled regions from the disk showed
some agreement, as shown in Figs. 7 and 9; predicted CO enhancement in the winter pole.
However, the consistent offset between observation and model in Figs. 8 and 10 indicated that
flux was lost not only in the continuum but also in limb emission. Systematic error in the limb
emission lines would result in an analytical degeneracy: even without physically plausible con-
tinuum levels, one could simulate continuum flux to perform retrievals on the emission and
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Fig. 8 To compare the modeled emission features at the limb, we plotted temperature profiles (first
and last columns) and spectral lines (middle two columns) from a longitudinal swath at 180°E, at
the same latitudes as Fig. 7. As in Fig. 7, the blue line is GEM Mars and the red line is from MCD.

Spectral Emission/Absorption peaks by Latitude
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Fig. 9 Line minus continuum peak emissions with 1-sigma RMS error bars (black) compared to
NEMESIS models of MCD atmosphere (red) and GEM-Mars (blue) at various latitudes along the
subobserver longitude 90°E. The dashed and dot-dashed lines represent spatial and temporal
variation within the MCD and GEM-Mars models, respectively, for the observed latitudes.
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Spectral Emission/Absorption peaks by Latitude
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Fig. 10 Observed line peaks (black) compared to NEMESIS models of MCD atmosphere (red)
and GEM-Mars (blue) at various latitudes along the eastern limb of the disk of Mars located around
180°E. As in Fig. 8, the dashed and dot-dashed lines represent spatial and temporal variation
within the MCD and GEM-Mars models, respectively, for the observed latitudes.

absorption lines, but without accurate calibration of the emission and absorption lines, there
would be no way to retrieve unique information.

4.1 Retrievals to Assess Plausibility of Limb Emission Features

First, we confirmed that the data required significant (>10%) scaling of the flux density to match
our synthetic continuum after performing standard flux calibration.”® Next, to evaluate whether
or not the data we were seeing were within the realm of physical possibility, we attempted to
retrieve atmospheric properties from these observations.

4.2 Surface Temperature and Atmospheric Temperature Profile

To fit the increased line-to-continuum ratio, our retrieved profile required a surface temperature
at least 50 K higher than the models predicted. An example can be shown in Fig. 11, depicting
the retrieved temperature profile and spectrum for Mars’ northern pole. For the retrieval in
Fig. 11, the CO abundance was fixed to the profile modeled by MCD [the red line in Fig. 12(a)].

4.3 Atmospheric CO Profile

Adjusting the CO vertical profile required a factor of at least 3x to 5x difference to fit the
increased line-to-continuum ratio. An example can be seen in Fig. 12, depicting the retrieved
CO profile and spectrum for Mars’ northern pole. The retrieval in Fig. 12 used a fixed temper-
ature profile, which was pulled from MCD [the red line in Fig. 11(a)].

Neither adjusting temperature nor CO abundance was capable of fitting our spectrum to a
physically plausible atmosphere. Without reliable continuum levels or line to continuum ratio,
our atmospheric state parameters become degenerate. To further validate our findings, we veri-
fied that the telescope array was properly aligned; extracting spectra on points off the expected
limb coordinates resulted in a reduction in the spectral features we have attributed to limb
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Fig. 11 (a) Temperature profile modeled by MCD (red) compared to the temperature profile
retrieved by NEMESIS (green, with dotted 1-sigma RMS error) that fit the C'70O transition at the
Martian north pole. Across most of the column, the temperature varied from the model by more
than 50 K. Finding such deviations from expectation in the lower atmosphere of Mars is dubious.®
It is more likely that this retrieval is attempting to fit a nonphysical emission line that has lost flux
due to systematic errors within the observation. (b) Continuum subtracted C'7O transition at the
Martian north pole as viewed by ALMA (black) compared with the forward model (red) and best fit
retrieval (green, with dotted 1-sigma RMS error) spectra from NEMESIS.

brightening. While it is theoretically possible that the observation was not exactly on target, the
analytical degeneracies and lack of reliable continuum flux make perfect validation impossible.

5 Summary and Conclusions

The findings in Sec. 4 confirm that this dataset’s emission features as calibrated seen in Mars’s
limb are physically unlikely; it is more likely that the observation’s systematic errors affected not
just the continuum but the spectral line shapes as well.

Using ground-based radio telescopes to observe spatial distributions of gases on Mars might
soon provide the Martian climate community with a new tool with which to validate and refine
the currently existing models. However, care must be taken with high-resolution interferometers
to account for the maximum recoverable scale and to preserve continuum flux, as to avoid
the analytical degeneracies encountered in our work. If properly carried out, ground-based
observations could provide complementary data to help fill in any gaps in datasets provided by
spacecraft in orbit around Mars.

This work serves to inform future observations made by ALMA so that they might eventually
corroborate spatially resolved predictions from global climate models such as MCD or GEM
Mars. To properly accommodate the large angular scale of Mars while observing with ALMA,
we recommend utilizing the ACA, as at 345 GHz it has an angular resolution of 3.63”, with a
maximum recoverable scale of 19.3”. The ACA is a collection of short-baseline, 7-m dishes that
would help fill in continuum flux from Mars and would allow for the proper calibration of high-
resolution, long-baseline data. Without accurate continuum flux, there is no possible way to
verify the integrity of the high-resolution data and retrieve the atmospheric patterns therein.
It is paramount that future ALMA Mars observations take this into account.
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Fig. 12 (a) CO abundance profile modeled by MCD (red) compared to the abundance profile
retrieved by NEMESIS (solid green, with dotted green error bounds) that attempted to fit the
observed spectrum (black solid line, right-hand side) as in Fig. 11. Across most of the column,
the CO abundance varied from the model by more than 300%. (b) Even with the retrieval’s large
deviation from the modeled expectation (red), the spectral line peak was not within the retrieved
error (green dotted line) of the retrieved spectrum (green solid line). As in Fig. 9, we suspect that
this is not realistic and instead likely captures systematic error within our observation.
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Fig. 13 Shown here are CO VMR profiles and pressure profiles taken from both MCD (red) and
GEM-Mars (blue) for the date of our observation.
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6 Appendix: CO Abundance and Pressure Profile to Supplement
Figs. 7 and 8

The complete set of reference volume mixing ratio (VMR) and pressure profiles for the latitudes
sampled can be seen in Fig. 13. These atmospheric profiles were used to generate the model spectra
in figures Star (1) and Star (2), along with the temperature.
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