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Abstract The Emirates Ultraviolet Spectrometer (EMUS) onboard the Emirates Mars Mission (EMM)
Hope probe images Mars at wavelengths extending from approximately 100 to 170 nm. EMUS observations
began in February 2021 and cover over a full Mars year. We report the first limb scan observations at Mars of
ultraviolet emissions Ar I 106.6 nm, N I 120 nm, and carbon monoxide (CO) Fourth Positive Group (A — X)
band system excited by electron impact on CO. We use EMUS limb scan observations to retrieve number
density profiles of argon, molecular nitrogen, atomic oxygen, and CO in the upper atmosphere of Mars from 130
to 160 km. CO is a sensitive tracer of the thermal profile and winds in Mars' middle atmosphere and the
chemistry that balances CO, in the atmosphere of Mars. EMUS insertion orbit special observations demonstrate
that far ultraviolet limb measurements of the Martian thermosphere can be spectroscopically analyzed with a
robust retrieval algorithm to further quantify variations of CO composition in the Martian upper atmosphere.

Plain Language Summary This study focuses on satellite observations of ultraviolet light by the
Emirates Mars Ultraviolet Spectrometer onboard the Emirates Mars Mission. The observed ultraviolet light is
generated by argon, oxygen, nitrogen, and carbon monoxide and is used to determine the abundance of these
gases in the upper atmosphere of Mars (130-160 km). We present the first remotely sensed measurements of
argon and carbon monoxide abundances in the upper atmosphere of Mars. Mean retrieved argon, nitrogen, and
oxygen densities, respectively, are lower than general circulation model predictions and other direct
measurements by 10%—15%, ~75%, and 35%—55%. Carbon monoxide densities measured for the first time agree
qualitatively with measurements by other instruments and model predictions for similar conditions. We
demonstrate that ultraviolet observations can be analyzed with a robust technique to further quantify variations
of carbon monoxide abundance in the Martian upper atmosphere.

1. Introduction

Over a time frame spanning more than four decades, ultraviolet (UV) emissions have been used to infer atmo-
spheric composition and temperature of the upper atmosphere of Mars. All previous UV airglow limb scan
observations at Mars were made at wavelengths longer than 110 nm. The Martian UV airglow was first observed
by the Mariner 6 and 7 missions (>110 nm; resolution 1 nm) in 1969 followed by Mariner 9 (>110 nm, resolution
1.5 nm) in 1971-1972 (Barth et al., 1969, 1971, 1972; Stewart, 1972; Stewart et al., 1972; Strickland et al., 1972,
1973). More recently, observations by the Spectroscopy for the Investigation of the Characteristics of the At-
mosphere of Mars (SPICAM) spectrometer on board Mars Express (>118 nm, resolution 0.8 nm) led to the
discovery of emission due to solar energetic particles (Bertaux et al., 2005a; Brain et al., 2006; Dubinin
et al., 2009; Ip, 2012; Leblanc et al., 2006, 2008) and chemiluminescence (Bertaux et al., 2005b, 2005¢; Cox
et al., 2008). Subsequent, more detailed analyses have been used to infer the global distribution of total ozone on
Mars (Perrier et al., 2006).

Significant advances in our understanding of the atmospheric state of Mars have been enabled by NASA's Mars
Atmosphere and Volatile EvolutioN (MAVEN) spacecraft, which arrived at Mars September 2014. The primary
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Figure 1. Spectrogram showing unbinned HR slit data taken during insertion orbit observation by EMUS on 25 February
2021 (L; = 8.7°). The motion of the instrument slit is from top to bottom. At the peak of the emission layer (~130 km) the
solar zenith angle is ~34°, latitude ~19°N, and local time ~14 hr. Prominent emission features and the spectral range of the
CO 4PG band system are identified at the top of the figure.

objective of the MAVEN mission is to determine the present and historical rates of escape of the Martian at-
mosphere (Jakosky et al., 2015) by quantifying the diurnal, latitudinal, seasonal, and solar activity variations in
the Martian atmosphere. Specifically, the Imaging Ultraviolet Spectrograph (IUVS; >110 nm, resolution 0.6 nm
for the far ultraviolet detector; McClintock et al., 2015) and the Neutral Gas and lon Mass Spectrometer (NGIMS;
Mahaffy et al., 2015) onboard the MAVEN mission have characterized the composition and temperature of the
Martian upper atmosphere as a function of latitude, longitude, local time, season, dust activity, and solar activity
during a period spanning more than four Mars years (e.g., Jain et al., 2015, 2020; Mahaffy et al., 2015; Stevens
etal.,2017). MAVEN IUVS limb scan observations have been used to retrieve altitude profiles of CO,, N,, and O
densities covering Mars Years (MY) 32-37 (Evans et al., 2015, 2023a; Stevens, Evans, Lumpe, et al., 2015;
Stevens, Evans, Schneider, et al., 2015).

In this study, we present retrievals of argon (Ar), molecular nitrogen (N,), atomic oxygen (O), and carbon
monoxide (CO) vertical density profiles in the Martian thermosphere from UV dayglow observations at Mars. We
use special insertion orbit limb profiles from approximately 100 to 200 km tangent altitude by the Emirates
Ultraviolet Spectrometer (EMUS) (Holsclaw et al., 2021) onboard the Emirates Mars Mission (EMM) Hope
probe (Al Matroushi et al., 2021; Amiri et al., 2022). We first discuss EMUS limb scan observations followed by a
discussion of the forward model and optimal estimation techniques used herein. We then present the methodology
used for retrieval of Ar, N,, O, and CO densities. We also compare our retrieved densities with measurements by
other instruments currently orbiting Mars. In the final section, we summarize the most significant results of this
study.

2. EMUS Observations

The nominal orbit of the EMM Hope probe has an apoapsis at 42,650 km and periapsis at 19,970 km with a 54.5 hr
period. This high altitude orbit affords a synoptic view of Mars with near—total latitude—local time coverage every
9-10 days (Holsclaw et al., 2021). EMUS’ high resolution (HR) and very high resolution (VHR) slits have
angular widths of 0.18° and 0.05° and spectral resolutions of 1.3 and 0.4 nm (central 1°, 130-160 nm),
respectively (Holsclaw et al., 2021). These are therefore the highest resolution UV spectra to date from the Mars
limb. We also note that the signal-to-noise ratio (SNR) of the EMUS HR observations is ~4 times higher than
MAVEN IUVS observations when binned to equivalent spectral and spatial resolutions (the EMUS HR SNR is
~?2 times higher than VHR). For the observations presented herein (see Figure 1), EMUS remotely sensed the
thermosphere from below 100 km to above 400 km tangent altitude, observing UV emissions (~100-170 nm)
from hydrogen (H I 121.6 nm), molecular nitrogen (N I 120 nm and N, Lyman-Birge-Hopfield (LBH) bands),
oxygen (O 1115.2 nm, 130.4 nm, and 135.6 nm), and carbon monoxide (CO Hopfield-Birge B — X, C — X, and
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Table 1
Tangent Point Parameters for the EMUS Insertion Orbit Special Observations

Date UT (hr) Ls (deg) Lat (deg) Lon (deg) SZA (deg) LT (hr) Slit

2021-02-25 01:59 8.68 18.83 40.08 33.96 14.07 HR
2021-02-26 11:36 9.36 18.66 268.76 33.87 14.08 VHR
2021-03-01 06:55 10.72 18.29 5.55 33.24 14.07 HR
2021-03-02 16:34 11.39 18.12 234.16 33.13 14.07 VHR
2021-03-05 11:53 12.74 17.75 330.99 3251 14.05 HR
2021-03-06 21:32 13.42 17.60 199.51 32.31 14.05 VHR
2021-03-08 07:11 14.09 17.41 67.87 31.96 14.04 HR
2021-03-09 16:51 14.76 17.24 296.46 31.84 14.04 VHR

E — X, and Fourth Positive Group (4PG) A — X). The first data release, covering 10 February 2021 to 23 May
2021, was delivered in early October 2021 (see Data Availability Statement).

While EMUS has typically viewed in the nadir during normal operations, for the present analysis we utilize
EMUS special insertion orbit limb scan profiles (i.e., when EMM transitioned to its nominal science orbit). The
special observations were designed such that periapsis was low enough (~1,060 km) to permit remote sensing
limb scans. The observations were repeated during eight orbits spanning 25 February 2021 to 9 March 2021, with
four orbits using the 1.3 nm (HR) slit alternating with four orbits using the 0.4 nm (VHR) slit. Conditions for the
eight observations are provided in Table 1.

The orientation of the slit during the insertion orbit special observations was approximately tangent to the surface
(see Figure 1 in Chaffin et al., 2022). This enables us to increase the SNR of the observations by summing spectra
corresponding to 20 spatial pixels along the slit situated about the center (i.e., horizontally). We also summed
spectra in groups of three integration periods (i.e., vertically) to further boost the SNR. As shown in the Figure S1
in Supporting Information S1, the HR and VHR spectral resolutions vary along the slit, thus the resolution of the
binned data are 1.36 and 0.82 nm, respectively. Accounting for a 0.7 km spread in altitude sampling due to planet
curvature for the 20 spatial bins near the middle of the slit, the range from the highest to lowest tangent altitudes
that fall into the slit across 3 integrations near 130 km is 8.2 km for the VHR and 14.4 km for the HR slit.

The summed spectra were then input to a multiple linear regression (MLR) routine to fit the spectra using model
templates that are run through an instrument model to simulate the slit-dependent point spread function (PSF) of
the instrument (Carnall, 2017; Jain et al., 2015; Stevens, Evans, Lumpe, et al., 2015; Stevens, Evans, Schneider,
etal., 2015; Virtanen et al., 2020). The instrument model convolves the model templates with a PSF derived as the
combination of a Moffat PSF and a Gaussian PSF. The parameters determining the PSF shape are optimized
through least squares regression against a Lyman « spectrum (near 121.6 nm) from the center of the detector. Each
model template is then shifted in wavelength with a flux-preserving rebinning procedure based on a cross cor-
relation between the template and a sample MLR residual after having subtracted all other fit sources from the
observation. This process accounts for small amounts of dispersion (less than 1 A) across the detector and is
treated as constant along the spatial and integration dimensions, as well as from scan to scan. The shifts are
determined from VHR data and are used for both HR and VHR data. This process is repeated with a new MLR fit
using templates shifted by the initially determined values to get a final set of wavelength offsets. A more detailed
description of the fitting methodology is provided in the Supporting Information S1.

3. Spectral Analysis

In this study, we use EMUS dayglow limb observations of Ar I 106.6 nm, N 1120 nm, O I 135.6 nm, and CO 4PG
(A — X) to retrieve vertical density profiles from 130 to 160 km of Ar, N,, O, and CO, respectively, using the
Atmospheric Ultraviolet Radiance Integrated Code (AURIC; Strickland et al., 1999). The AURIC software
package was developed for upper atmospheric radiance modeling from 80 to 1,000 nm. AURIC has been used to
study the dayglow from the Earth (Bishop et al., 2007), Titan (Stevens, Evans, Lumpe, et al., 2015; Stevens,
Evans, Schneider, et al., 2015; Strobel et al., 1991, 1992), Triton (Strobel et al., 1991), and Pluto (Schindhelm
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Figure 2. (a) Top: EMUS observation using the HR slit on 1 March 2021. The corresponding tangent altitude of the observation is provided in the upper right. The legend
indicates the relative contribution of each component source used in the multiple linear regression (MLR) fit as determined by integrating the spectra within the fitting
region. The wavelength range used to fit the data is as shown in the figure. There is no background subtraction for the spectral radiances in the Level 2A files, thus the
background is removed by the MLR data reduction. Bottom: Residual spectrum comparing the MLR fit to the observation after subtracting from the observation all
MLR sources except the one selected for analysis. (b) Altitude profile of Ar I 106.6 nm emission obtained by performing MLR fits of spectra for each tangent altitude.

et al., 2015; Steffl et al., 2020). Application of the AURIC model to the Martian dayglow is described by Evans
et al. (2015), Stevens, Evans, Lumpe, et al. (2015), and Peterson et al. (2016).

3.1. Argon 106.6 nm Singlet

Argon emission at 104.8 nm <3p6 1S, — 3p° (ZP %) 45[%]1) and 106.6 nm (3p® 'S, — 3p° (*P, %) 4s[14],: no other

branches) was detected by Feldman et al. (2000) in the Hopkins Ultraviolet Telescope (HUT) disk-averaged
spectrum of Mars. While the fluorescence efficiency of the 104.8 nm line is 3.5 times higher than for the
106.6 nm line, the 106.6 nm line was found to be brighter than 104.8 nm. Feldman et al. concluded that this was
due to the higher CO, absorption cross section at 104.8 nm. Using a CO, absorption cross section of
1.28 x 10™"7 cm? (Huestis & Berkowitz, 2011), we estimate the opacity at 106.6 nm to be near unity for a tangent
altitude of 130 km increasing to about 20 at 110 km. We utilize EMUS observations of the brighter 106.6 nm line
for retrieving altitude profiles of Ar density.

MLR results for the Ar I 106.6 singlet are shown in Figure 2. The top plot of panel (a) on the left illustrates an
observation using the HR observation slit on 1 March 2021. The spectrum shown in panel (a) corresponds to the
tangent altitude provided in the upper right. The legend indicates the relative contribution of each component
source used in the MLR fit as determined by integrating the spectra within the fitting region. The uncertainty for
each integrated source is calculated by taking the reported profile uncertainty and scaling it by the relative amount
of the source template contained within the fitting region (i.e., source templates for molecular features may extend
outside of the fitting region because the templates include all allowed rovibrational transitions). The bottom plot
of panel (a) shows the residual spectrum comparing the MLR fit to the observation after subtracting from the
observation all MLR sources except the one selected for analysis. Panel (b) on the right shows the altitude profile
of Ar I 106.6 nm emission obtained by performing MLR fits of spectra for each tangent altitude.

Since the CO C — X (0,0) band at 108.8 nm blends with Ar I 106.6 nm in the HR slit observations, a corresponding
component source template is included when performing the MLR fit to retrieve Ar I 106.6 nm intensities.
Although the CO C — X (1,0) band at 106.3 nm was not detected by Feldman et al. (2000) or Krasnopolsky and
Feldman (2002), we estimate that the band intensity may constitute up to 25% of the total intensity of the feature at
106.6 nm (see Section 6). Thus, our source template for CO C — X includes both the (0,0) and the (1,0) bands.
Details of the CO C — X band model are provided in Appendix A. Similarly, the CO E — X (0,0) band at 107.6 nm
was detected by Krasnopolsky and Feldman (2002) and is evident in the EMUS HR observation shown in
Figure 2, so we include a corresponding component source template for this band in the MLR fits. Details of the
CO E — X band model are also provided in Appendix A. As evident in Figure 2a, the rotational structure in the CO
C — X and E — X band models (Figures A2 and A3) is not resolvable by EMUS using either HR or VHR slit. The
much weaker CO E — X (1,0) band near 105.3 nm was not detected by Krasnopolsky and Feldman (2002) and was
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Figure 3. (a, b) Same as Figure 2 but for N I 120.0 nm triplet. (c, d) Same as panel (a, b) but for the very high resolution observation on 2 March 2021. The wavelength
range used to fit the data is as shown in the figure. The spectral structure in panels (a, ¢) (bottom) near Lyman « is due to small uncertainties in the wavelength fitting and
the large relative brightness of the Lyman « feature.

too weak to be detected in the laboratory by Tilford et al. (1965). Since this very weak band lies at the far blue
edge of the feature at 106.6 nm in the HR observations, we do not include a component source template for this
band in our MLR fits.

The sources of Ar 106.6 nm emission include electron impact excitation of Ar and resonance scattering of solar
photons. For the electron impact source we use the cross section of Tsurubuchi et al. (1996). We estimate that
~70% of the column emission rate on the limb results from photoelectron impact on atomic argon. The resonance
scattering source is calculated using the REDISTER code (Gladstone, 1982) with a solar flux at Mars of 1.5 x 10’
(photons cm2sHanda CO, absorption cross section of 1.28 X 1077 cm? (Huestis & Berkowitz, 2011). It is
worth mentioning that Feldman et al. (2000) and Krasnopolsky and Feldman (2002) ignored multiple scattering
and photoelectron impact excitation in their analyses. However, Lootah et al. (2022) concluded that the Ar I
106.6 nm emission is optically thick to self-absorption in the Martian thermosphere.

3.2. Nitrogen 120 nm Triplet

The N I 120 nm triplet was identified in the spectrum of Mars for the first time by Feldman et al. (2000). Though
the emission feature is blended with the much brighter H I Lyman « line at 121.6 nm, they were able to estimate a
disk integrated brightness of ~12 R for near solar minimum conditions. As evident in Figure 3, EMUS obser-
vations indicate that the N I 120 nm feature is blended with a nearby feature on the blue side that was not detected
by Feldman et al. (2000). We identify this source of emission to be the C I 119.3 nm multiplet, which was
observed in the laboratory by Ajello et al. (2019) and is produced by electron impact on CO and CO, (and possibly
other sources). This feature is included in MLR fits to EMUS observations in order to isolate the N I 120 nm
emission.
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Figure 4. Same as Figure 3 but for blended O I 135.6 nm doublet and e + CO 4PG (A — X) band system. The wavelength range used to fit the data is as shown in the
figure. The dashed line in panels (b, d) estimates the transmission (i.e., opacity) of e + CO 4PG emission and is obtained by normalizing the ratio of optically thick
(v" = 0) and optically thin 4PG emission (¢” > 0) to unity at the highest tangent altitude shown in the figure.

The primary source of N I 120 nm emission is from photodissociative excitation of N,. For this source, we use the
cross section and detailed modeling approach described by Bishop and Feldman (2003). Although electron impact
dissociative excitation of N, is a relatively weak source of N I 120 nm emission, we include this source in our
forward model using the cross section measured by Ajello and Shemansky (1985). We also include the weak
source from electron impact on atomic nitrogen using the solar minimum atomic nitrogen density from Fox and
Hac¢ (2018) and the renormalized cross section from E. Stone and Zipf (1973) reduced by 40%, as suggested by
Bishop and Feldman (2003).

Since N I 120 nm triplet emission involves a dipole allowed transition with the ground state, radiative transport
(multiple scattering and self-absorption) must be taken into account (Bishop & Feldman, 2003). For radiative
transport modeling we use the REDISTER code (Gladstone, 1982) with the optical parameters provided in
Figure 4 from Bishop and Feldman (2003); following these authors, we also ignore solar resonance scattering.

3.3. Oxygen 135.6 nm Doublet

The emission feature at 135.6 nm seen in the left panels of Figure 4 is a blend of the O I 135.6 nm doublet, the CO
4PG (14,4) band excited by solar Lyman a photons, and a weak contribution from the N, LBH (3,0) band
(Durrance, 1981; Kassal, 1975, 1976). Feldman et al. (2000) concluded that most of the observed emission at
135.6 nm is due to CO based on full disk observations of Mars using the Astro-2 observatory on HUT. The
component source template used by the MLR fitting technique for the CO 4PG (14,4) spectrum is the same as
reported by Evans et al. (2022) whereas the N, LBH template is described by Budzien et al. (1994). The templates
used for CO 4PG produced by electron impact on CO are discussed in the next section.
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The atomic oxygen doublet at 135.6 nm arises from the transition O(SSl%) - O(3P1,2) hv (135.56, 135.85 nm). The
sources of emission include electron impact dissociative excitation of CO, as well as electron impact excitation of
O, which is the dominant source (Fox & Dalgarno, 1979; Simon et al., 2009). Resonance scattering of solar
photons is not an important source since the transition to the ground state is spin forbidden (Fox, 1992).
Photodissociation of CO, and electron impact dissociation of O, are also negligible sources and are ignored. To
calculate the emission rate for electron impact on O we use the cross section of Meier (1991). For electron impact
dissociation of CO, we use the cross section of Ajello (1971) normalized to the revised cross section at 100 eV
measured by Ajello et al. (2019). For energies above 300 eV we use the cross section of Jackman et al. (1977)
normalized to the Ajello et al. (2019) cross section at 100 eV. For radiative transport modeling we use the
REDISTER code (Gladstone, 1982) with the optical parameters provided by Meier (1991). Using CO, absorption
cross sections of 7.5 X 10™'? and 5.7 x 10™'? cm? (195 K; Venot et al., 2018), respectively, the optical depth at
130.4 and 135.6 nm is about unity for a tangent altitude of 125 km increasing to ~10 for a tangent altitude of
110 km. We estimate the line center self-absorption optical depth at 125 km tangent altitude to be ~10* for O I
130.4 nm and about unity for O I 135.6 nm.

34. CO4PGA - X

The CO 4PG bands (A 'TT — X 'S%) were identified in the HUT spectrum of Mars by Feldman et al. (2000). The
sources of production of the CO 4PG bands are photodissociative and electron impact excitation of CO,,
dissociative recombination of CO3, direct electron impact of CO, and resonance fluorescence of solar ultraviolet
radiation (Durrance, 1981; Fox & Dalgarno, 1979). The wavelength range used to perform MLR fits of O I
135.6 nm, shown in Figure 4 and discussed in the previous section, extends from 131.5 to 147.5 nm to account for
minor contributions near 135.6 nm from CO 4PG emission produced by electron impact on CO. This source of
CO 4PG emission is brighter than resonance fluorescence of solar ultraviolet radiation (e.g., CO 4PG (14,4) band
excited by solar Lyman a photons) and provides sufficiently high SNR to retrieve CO densities. The electron
impact CO 4PG component source templates used for the MLR fits are based on the optically thick band model
described by Ajello et al. (2019). As done when fitting laboratory measurements, we account for optical thickness
(i.e., CO self absorption) effects in the EMUS observations by separating the CO 4PG band system into optically
thick bands that terminate in the ground state (v” = 0) and optically thin bands (v” > 0), both with a rotational
temperature of 200 K.

4. Density Retrieval Algorithm

We infer atmospheric composition from EMUS insertion orbit limb scan profiles using the Generalized Retrieval
and ANalysis Tool (GRANT). This tool merges AURIC with OPTimal estimation (hereafter OPT) retrieval
algorithms (Lumpe et al., 1997, 2002, 2007). The GRANT tool has been applied to dayglow observations of Titan
for the retrieval of N, and methane (Stevens, Evans, Lumpe, et al., 2015) and Mars for the retrieval of CO,, N,,
and O (Evans et al., 2015; Stevens, Evans, Schneider, et al., 2015). For the present study, we use the Mars al-
gorithm in order to retrieve Ar, N,, O, and CO densities using EMM EMUS limb scan observations of Ar I
106.6 nm, N I 120 nm, O I 135.6 nm, and CO 4PG (A — X) emission, respectively. Our forward model calcu-
lations assume that the atmosphere is spherically symmetric along the line of sight, which is reasonable for the
solar zenith angles considered here (32°-34°). Details of the optimal estimation formalism are provided by Evans
et al. (2015, 2023a).

An a priori covariance matrix is used to characterize the uncertainty in the a priori estimate of the state vector and
provides smoothing constraints in the retrievals. In practice, it is adjusted to optimize the trade-off between noise
suppression and information content from the data. In this study, the a priori covariance varies with altitude in the
following manner:

[0.5x, ] i=j
oy = 5 o (1)
0;; 0;; exp[—((z; — 2))/H)*] i#j

where i and j are altitude indices, z; is the ith altitude, x,, is the a priori density at altitude z;, H; = kT;/mg; is a length
scale (i.e., scale height) that determines the degree of vertical coupling along the rows of the covariance matrix, &
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170 3 is Boltzmann's constant, 7; is the temperature at z;, m is the molecular mass,
160 7 — E:’::;::;' [[22512;1; and g, is the gravitational acceleration at z;.
. Hep e § The diagonal elements in Equation 1 weight the data with altitude in order to
E 150 7 E facilitate convergence, where the weighting is determined from simulations of
E 140 E E the airglow data between 80 and 200 km. The a priori atmosphere (CO,, Ar,
2 E N,, O, CO) used to initiate the density retrievals consists of mean densities as
= 130? é a function of altitude from the Mars Climate Database version 6.1 (MCD;
% Millour et al., 2018) corresponding to the time frame and conditions of the
120 7 E EMUS observations (low solar and dust activity). Since the spectral features
110¢ s s E in the EMUS observations do not provide a direct measure of the CO, density,
10° 10" 10" 10" we use the mean MCD 6.1 CO, density profile for our density retrievals.
CO, Density (cm™)
In situ measurements of abundances of CO,, Ar, O, N,, and CO have been
Figure 5. Mean MCD 6.1 CO, density profile used for the a priori made by NGIMS on the MAVEN satellite. These measurements are collected
atmosphere for the EMUS retrievals (blue; solar min; low dust activity; from ~500 km to as low as 125 km during low-altitude MAVEN “Deep Dip”
L, = 10% lat = 15°N; lon = same as EMUS observations in Table 1) orbits (Bougher et al., 2015). Figure 5 shows the mean MCD 6.1 CO, density

compared to mean Deep Dip 8 profile from S. W. Stone et al. (2018) (black;
L, =76.3% LT = 13.7 hr; latitude = 18.9°N; SZA = 25°; mean uncertainty

profile (blue) compared to the mean Deep Dip 8 NGIMS profile from S. W.

~25%) and mean profile retrieved from MAVEN IUVS observations of O I Stone et al. (2018) (black) and the mean profile retrieved from MAVEN
297.2 nm emission from Evans et al. (2023a) (green). The horizontal bars IUVS observations of O 1297.2 nm emission from Evans et al. (2023a) for the
represent 1-o natural variability. The individual CO, profiles from Evans time frame of the EMUS observations (dark green). The latitudes of the [UVS

etal. (2023a) for the time frame of the EMUS observations are shown in light
green (lat = 20°-60°, primarily southern hemisphere; SZA = 20°-85°).

observations range from 20° to 60° and are predominantly in the southern
hemisphere. The SZA values range from 20° to 85°. The latitude and SZA of
the EMUS observations are ~17—-19°N and ~33°, respectively. The mean MCD 6.1 CO, profile agrees with the
mean profile from Evans et al. (2023a) within 1-¢ natural variability whereas the mean Deep Dip 8 NGIMS CO,
profile from S. W. Stone et al. (2018) is systematically higher by ~60%. The mean uncertainty of the NGIMS CO,
density (130-160 km) is ~25% (S. W. Stone et al., 2018).

5. Results

The procedure used in this analysis sequentially retrieves Ar, N,, O, and CO density profiles by fitting EMUS
limb scan observations using an optimal estimation algorithm. The density retrievals use a total of 26 parameters
for each limb scan: constituent densities on a fixed altitude grid (25 grid points) and a forward model brightness
scale factor. The retrieval altitude grid uses equally spaced increments of 10 km from 80 to 120 km, 5 km from
120 to 170 km, and exponentially increasing increments up to 600 km (note that the observation tangent altitude
grid and the retrieval vertical altitude grid are not directly coupled within the retrieval algorithm). We perform Ar
retrievals first, since it is inert with very low chemical reactivity (Ott, 1991), followed sequentially by N,, O, and
CO. The order of retrievals is largely driven by decreasing inertness and contributions to the photoelectron flux.
Since O contributes to the photoelectron flux and e + CO 4PG emission is produced solely by photoelectron
impact, we retrieve O followed by CO. The retrieved density in each step of the process is included in the a priori
atmosphere for the next retrieval (all other MCD 6.1 a priori species abundances not explicitly retrieved remain
unchanged).

Figure 6 shows representative brightness profiles of Ar I 106.6 nm, N I 120 nm, O I 135.6 nm, and CO 4PG
observed by EMUS on 1 March 2021 (SZA = 33.24°; latitude = 18.29°N; longitude = 5.55°E; L, = 10.72°) and
corresponding retrieved Ar, N,, O, and CO densities. The EMUS observations represent the first spectrally and
spatially resolved limb profiles of Ar 1 106.6 nm and N I 120 nm emissions at Mars. Figure 7 shows the mean
retrieved density profiles of Ar, N,, O, and CO with 1-¢ natural variability for all eight (four for Ar HR) EMUS
insertion orbit profiles from 25 February 2021 to 9 March 2021. Estimated uncertainties in the EMUS obser-
vations and the a priori abundances are formally propagated to determine uncertainties in the retrieved densities.
Mean uncertainties for retrieved densities over the altitude range 130-160 km are 106%, 33%, 52% and 29%,
respectively, for Ar, CO, N,, and O.

6. Discussion

While the scope of the EMUS insertion orbit special observations considered here is limited both spatially and
temporally, it is worthwhile to compare our results with contemporaneous data sets and previously published
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Figure 6. (a) Ar I 106.6 nm intensity profile observed by EMUS on 1 March 2021 using the HR slit (black) and best fit from optimal estimation retrieval (red). The
forward model profile calculated using the a priori atmosphere is shown in blue. The black horizontal lines represent the uncertainties estimated from the multiple linear
regression fit to the EMUS spectra at each tangent altitude. (b) The a priori Ar density profile used to initiate the optimal estimation retrieval (blue) and the retrieved Ar
density profile (red). The red horizontal lines represent formal uncertainties estimated by the optimal estimation retrieval algorithm. (c, d) same as panels (a, b) but for N
1120 nm intensity and retrieved N, density. (e, f) same as panels (a, b) but for O I 135.6 nm intensity and retrieved O density. (g, h) same as panels (a, b) but for e + CO
4PG intensity and retrieved CO density.

results. Although MAVEN NGIMS measures all four of the species considered in our analysis, we note that
vertical mixing ratio profiles of NGIMS CO have not been produced (Olsen et al., 2021). We compare retrieved
Ar, N,, and O densities with results reported by S. W. Stone et al. (2018), who analyzed NGIMS data for the first
eight MAVEN Deep Dip campaigns and derived a correction to remove horizontal motion of the spacecraft (these
corrections are not available with the operational NGIMS data products).

Mean EMUS Ar densities shown in Figure 7a are systematically lower than both MCD 6.1 and NGIMS Deep Dip
8 in situ measurements (SZA = 25.0°; L, = 76.3°) with a mean difference of 10%—15% between 130 and 160 km.
Likewise, we find that EMUS N, densities are systematically lower than both MCD 6.1 and NGIMS Deep Dip 8
by ~75%, whereas EMUS O densities are systematically lower by 55% and 35%, respectively (see Figures 7b and
7¢). Mean retrieved N, and O densities from Evans et al. (2015) for the same date range as the EMUS observations
(lat = 44°S; lon = 25°; SZA = 50°; LT = 13 hr) are shown in panels (b) and (c), respectively. We find that mean
EMUS O densities agree with values reported by Evans et al. (2015) within respective 1-¢ natural variability,
whereas mean EMUS N, densities are systematically lower by 60%. EMUS CO densities shown in Figure 7d are
lower than MCD 6.1 by 45% (S. W. Stone et al. (2018) and Evans et al. (2015) did not report CO densities).

While S. W. Stone et al. (2018) focused specifically on MAVEN Deep Dip campaigns extending down to about
125 km, Yoshida et al. (2021) utilized a larger data set comprised of nominal NGIMS measurements, albeit from
higher altitudes ranging from ~150 to ~250 km. Near 160 km, Yoshida et al. (2021) report a [N,]/[CO,] ratio of
~0.12 for L; = 59°-63° (see their Figure 4d), which falls within the 1-¢ natural variability of the mean EMUS
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Figure 7. Mean EMUS retrieved density profiles of (a) Ar, (b) N,, (c) O, and (d) CO are shown in red. Horizontal bars
represent 1-o natural variability of the retrieved densities. The Deep Dip 8 atm of S. W. Stone et al. (2018) is shown in black
(panels a—c; L, = 76.3° LT = 13.7 hr; latitude = 18.9°N; SZA = 25°) with 1-¢ natural variability. The mean MCD

6.1 atmosphere for the EMUS conditions (used as the a priori atmosphere for the retrievals) is shown in blue. Mean retrieved
N, and O densities from Evans et al. (2015) for the same date range as the EMUS observations (lat = 44°S; lon = 25°;
SZA =50°; LT = 13 hr) are shown as green curves in panels (b, ¢), respectively, with horizontal bars representing 1-¢ natural
variability. Only the MCD 6.1 CO density is shown in panel (d) since Evans et al. (2015) and S. W. Stone et al. (2018) do not
report CO densities.

value 0.08 = 0.04. Similarly, Yoshida et al. (2021) (their Figure 4e) report an [O]/[CO,] ratio of ~0.16 near
160 km for L, = 59°-63°, which is larger than the 1-¢ natural variability of the mean EMUS value 0.10 £ 0.03.

Measurements of CO abundance in the lower atmosphere were recently made by the Atmospheric Chemistry Suite
(ACS) mid-infrared channel (MIR) on board the ExoMars Trace Gas Orbiter (Olsen et al., 2021). Asis the case with
the EMUS observations, the ACS MIR measurements were limited and correspond to just 32 occultations recorded
between L, 164° and 220° from 24 April 2018-28 June 2018. CO number densities from the ACS MIR retrievals
cover the range of 10°~10"® cm™ at 120 km. Neutral CO densities measured by NGIMS approach 10'® cm™ at the
lowest altitude limits of ~130 km during MAVEN Deep Dip campaigns (Olsen et al., 2021). EMUS retrieved CO
densities are therefore in qualitative agreement with ACS MIR observations and NGIMS measurements (see
Figure 7d). However, a quantitative comparison is not readily attainable since the uncertainties of ACS MIR re-
trievals are very large above 100 km and NGIMS measurements are mostreliable above 160 km (Olsen etal., 2021).

CO density profiles in the Martian atmosphere were also recently obtained for the first time from retrievals of
solar occultation measurements by the Nadir and Occultation for Mars Discovery (NOMAD) onboard ExoMars
TGO (Modak et al., 2023). These measurements extend to about 100 km altitude and cover L, = 160°-354°
during MY 34. The global distribution of CO abundances observed by NOMAD agrees with latitudinal and
seasonal variations obtained using nadir observations (Smith et al., 2009) and with retrieved CO mixing ratios
obtained from ACS observations (Olsen et al., 2021).

Figure 8 shows retrieved volume mixing ratios (VMRs) of Ar, N,, O, and CO for all eight (four for Ar HR) EMUS
insertion orbit profiles compared to MCD 6.1. Comparisons with Deep Dip 8 values from S. W. Stone et al. (2018)
are shown in panels (a-c). Mean retrieved N, and O VMRs from Evans et al. (2015) are also shown in panels (b)
and (c), respectively. The mean EMUS Ar VMR (panel a) is ~15% higher (lower) than S. W. Stone et al. (2018)
(MCD 6.1). The mean EMUS N, VMR is systematically lower than MCD 6.1, S. W. Stone et al. (2018), and
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Figure 8. Retrieved volume mixing ratios (VMRs) of (a) Ar, (b) N,, (c) O, and (d) CO for all eight (four for Ar HR) EMUS
insertion orbit profiles. The mean VMR is shown as a solid red line whereas VMRs for individual EMUS profiles are shown
as dotted red lines. Mean Deep Dip 8 VMRs from S. W. Stone et al. (2018) are shown in black whereas mean MCD 6.1
VMRs (i.e., the retrieval a priori atmosphere for the EMUS conditions) are shown in blue. Mean retrieved N, and O VMRs
from Evans et al. (2015) are shown as green curves in panels (b) and (c), respectively. The horizontal bars represent 1-o
natural variability. Only the MCD 6.1 CO VMR is shown in panel (d) since Evans et al. (2015) and S. W. Stone et al. (2018)
do not report CO densities.

Evans et al. (2015) by 60%-75%. The O VMR from EMUS agrees with S. W. Stone et al. (2018) and Evans
et al. (2015) within respective 1-¢ natural variability, but is systematically lower than MCD 6.1 by ~50%. The
mean EMUS CO VMR is lower than MCD 6.1 by 35%. If we extrapolate the mean EMUS CO VMR down to
100 km we obtain a value of ~10* (ppmv), which is in good qualitative agreement with CO VMRs obtained from
TGO NOMAD reported by Modak et al. (2023) (their Figures 10 and 11).

7. Conclusions

We have presented the first retrievals of Ar and CO number densities in the upper atmosphere of Mars using UV
dayglow observations for tangent altitudes from approximately 100 to 200 km. We use EMUS observations of Ar
1106.6 nm, N I 120 nm, and e + CO 4PG (A — X) for our retrievals, which are the first spectrally and spatially
resolved remote sensing limb scan observations of these emissions at Mars.

Key findings from this study are:

1. Remotely sensed CO densities retrieved from 130 to 160 km for the first time agree qualitatively with TGO
ACS and NOMAD and are ~45% lower than MCD 6.1 predictions for similar conditions.

2. Mean retrieved Ar, N,, and O densities (130-160 km), respectively, are systematically lower than MCD 6.1
and NGIMS by 10%-15%, ~75%, and 35%—55%.

3. High spectral resolution observations by EMM EMUS show the first detection of C I 119.3 nm emission
blended with N I 120 nm emission.

The EMUS high (1.3 nm) and VHR (0.4 nm) observations used in the present study provide a unique opportunity
to develop and test robust spectral fitting techniques that can be used to reliably unblend UV spectra (100—
190 nm) observed on the limb of Mars. While the EMUS insertion orbit special observations are limited in time
and geophysical coverage, they provide important guidance for how our fitting techniques can be carefully
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applied to unblend spectra of similar or lower resolution observed by other past, present, and future UV in-
struments. More comprehensive UV limb measurements by other missions, particularly MAVEN IUVS, can now
be spectroscopically analyzed to further quantify variations of CO composition in the Martian upper atmosphere
over a much wider time frame and scope of geophysical conditions.

Appendix A: CO (C - X) and (E — X) Line Lists
Al. Ab Initio Calculations

The potential energy curves and transition dipole moment curves of the CO molecule were calculated using the
complete active space self-consistent field (CASSCF) method and internally contracted multireference config-
uration interaction (MRCI + Q) with a Davidson correction included. The calculations were conducted using the
MOLPRO 2022 package (Werner et al., 2020), and the basis set used for both C and O atoms is aug-cc-pV5Z for s,
p, and d functions (Pritchard et al., 2019).

Diatomic molecules belong to the C,, group, however due to MOLPRO package limitations, the C_,, group was
decomposed to C,, symmetry. The considered active space for the CO molecules in the irreducible representation
is [6a;, 3b,, 3b,, 0a,]. This active space contains: 66 (C: 2s, 2py, 3s, 3py; O: 2s, 2p), 37 (C: 2p;4,3p1+; O: 2p;4),
06 orbitals. Overall, 12 molecular orbitals are considered in the active space selected to be (6,3,3,0) with (2,0,0,0)
closed and core orbitals.

Figure Al shows selected singlet potential energy curves including C '=* and E 'IT states that have been used in
this paper and are shown here for the first time. The C 'S* state has two avoided crossings. The first one is at
around 1.26 A with D’ 'S* state, and the second one is nearby 1.48 A with the C’ 'S* state (Lefebvre & Lewis,
2007; Vazquez et al., 2009). The C Iy+ _ X 5% (0,0) and (1,0) normalized intensities were calculated over the
range (0.9-1.26 A), before the first avoided crossing.

Similarly, the E 'IT state exhibits two avoided crossings. The first one is at around 1.32 A with E’ '™ state, and
the second one is at around 1.58 A with unbound 'TI (IV) state (named here conventionally). Similar states are
obtained in the literature (Lefebvre-Brion & Lewis, 2007; Vazquez et al., 2009). The E 1 - X '=* (0,0) ro-
vibrational normalized intensities were calculated over the range (0.882-1.288 /f\) prior to the first avoided
crossing.

The spectroscopic constants of the calculated Potential Energy Curves compare well with published literature. We
consider the following parameters:

R,: The molecule's atoms equilibrium bond distance.
T,: The energy difference between the ground state and the excited electronic state of the diatomic molecule
when the two atoms are at their equilibrium (bond) distance.
,: The vibrational constant related to the curvature of the potential
energy curve near its minimum. This constant provides information

100000

80000 -

60000 -

Energy (cm™!)

40000 -

20000 A

about the vibrational motion of the atoms in the molecule, around the

\/—_——_ equilibrium position.

The values of R, for the ground state vary between 1.13 A and 1.14 A ac-

cording to Huber and Herzberg (1979), Peng-Fei et al. (2013), Hall
et al. (1973), Cooper and Kirby (1987), Chantranupong et al. (1992), Spiel-
fiedel et al. (1999), and Shi et al. (2013). Our calculated value for the same
constant similarly tends to 1.14 A. The same references report values for @
that vary as 2000.00 cm™'

< w, < 2169.81 cm™'; our value

1.0

15

2.0

;:; (w, = 2125.45 cm™") agrees well with the reported values, with relative
D3+ percentage difference (RD%) varying as 0.76 < @, (RD%) < 2.41. O'Neil and
g‘)iz Schaefer III (1970) found that R, = 1.24 A and w, = 1854.00 cm™".
il ) The electronic excited states C '=* and E 'IT also show accordance between
25 3.0 35 our values and those in the literature. Eidelsberg and Rostas (1990), Eidels-
L berg et al. (1992), Vazquez et al. (2009), and Huber and Herzberg (1979)

found that the value of R, for the C 'X7 state varies between 1.1248 A and

Figure Al. Selected CO singlet potential energy curves.
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1.12 A, which is close to our obtained value of 1.13 A. The same applies to @,

1.0 for our calculated C 'S* state, where the value of 2119.10 cm™" shows a

o
o

o
IS

Normalized Intensity
o
()]

o
[N)

0.010

0.005

0.000

106.1 106.2 106.3 106:4

C-X

relative percentage difference varying as 2.61 < @, (RD%) < 3.19 with the

(1.0) same published papers. Similarly, the value of T, (92,566.1 cm™") shows

relative differences that vary as 0.10 < T, (RD%) < 0.71 for the same C 'Z*
‘ state, with the stated references.

Mainly two published works dealt with the E 'T state: Vazquez et al. (2009)

and Huber and Herzberg (1979). Both reported a value of R, = 1.12 A for this
state, while our calculations show R, = 1.13 A. Similarly, they stated values
of w, =2127.6 cm™" and 2153 cm ™", in close agreement with our calculated
value of @, = 2121.27 cm™". Finally, our value of T, = 94,408.3 cm ™" shows

O'QOG.‘O 106.5 107.0 107.5 108.0 108.5 109.0
Wavelength (nm)

Figure A2. Simulated (0,0) band of the C 'S* — X 'S* transitions for a

relative percentage differences of 1.62% and 1.90% with respect to the two
published works.

A2. Duo/ExoCross Calculations

temperature of 200 K. The inset provides a magnified view of the (1-0) band.

The &  Yurchenko, 2017,
et al., 2016) solves the ro-vibrational Schrodinger equation of a diatomic molecule to calculate its rotational,

program Duo (Tennyson Yurchenko
rovibrational, and rovibronic spectra. Its non-relativistic Hamiltonian relies on the ladder operator to couple
rovibrational states that belong to different electronic states. In our case, Duo was used to calculate the
rotational transitions between (C 'T* and X 'T*) states and (E 'IT and X '=*) states and generate cor-
responding line lists. The coupled Schrodinger equation was solved on a uniformly spaced grid of 501
points with an internuclear distance range from 0.9 to 1.25 A using the Sinc DVR (Discrete Variable
Representation) method. The ground state (X '=*) was fitted using the Extended Morse Oscillator (EMO)
function and the C 'S* state using the Simons—Parr—Finlan (SPF) function (Yurchenko et al., 2016). The
EMO function is given by the following equation:

V() =To + (A, = T.) (1 = exp(=A((r = )’ (A1)
where f(r) = X,_oay(r), y(r) = (rl’ - rf)/ (rp +r ) , T, is the minimum electronic energy, A, is the asymptotic
limit, and r, is the equilibrium bond length. The SPF function is given by the following equation:

V() =T, + aoyz(")<1 + aiyf(r)) (A2)
i>1
where y(r) = (r — r,)/r.
10l — EX(00 A 1 i i
' The potential energy curve of the E 'II state was fitted to a fifth-degree
- polynomial. The maximum vibrational level for all three states was set to
@ 0.8 one to get the line list of the (0-0) band. The maximum energy limit was set to
g 110,000 cm™" in our model, and the maximum rotational quantum number
C
3 0.6 to 110.
% ExoCross (Yurchenko et al., 2018) is a FORTRAN code that calculates
S 0.4 absorption/emission spectra of molecules, and their corresponding cross-
S sections at different temperatures using line list data as input. The line in-
0.2 tensity or the absorption coefficient (cm/molecule) is calculated using the
H ‘ “‘ following formula:
0.0 . . m\“ M‘M‘ .
107.3 107.4 107.5 107.6 107.7
Wavelength (nm) _af; 1 i
g T\ T
Figure A3. Simulated (0,0) band of the E 'TI — X 'S* transitions for a If<d= .7rci52- o(T) (A3)
temperature of 200 K. fi
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where ¥ ; is the transition wavenumber (cm™h, Ap; is the Einstein (A) coefficient s™h, E,- = E;/hc is the energy
term value (cm™ "), T'is the temperature in K, ¢, is the second radiation constant (¢, = hc/ky in cm K), and Q(T) is

orf;

the partition function (Q(T) =8 e‘T"> , and g’ is the total degeneracy that is a function of the nuclear-spin

statistical weight factor (g’,? ) and rotational quantum number (J/,,) (gm’ =g, + 1)) .

n

Normalized simulated spectra for the (0-0) and (1-0) bands of the C 's* _ X 'S transition are shown in
Figure A2 and the normalized simulated spectrum for the (0-0) band of the E 'IT1 — X 'S* transition is shown in
Figure A3. The spectra were obtained using the ExoCross code at a temperature of 200 K. The spectra in
Figures A2 and A3 are shown for the first time. The relative error for the C-X (0-0) band position is
0.04% < A < 0.065% in comparison with Ubachs et al. (1995). For the C-X (1-0) band position, the relative
error is 0.01% < A4 < 0.018% when compared to the Federman et al. (2001). Furthermore, for the E-X (0-0)
band position, the relative error is 0.065% compared to Lemaire et al. (2018). A comparison with MARVEL
data using Lemaire et al. (2018), Tilford and Vanderslice (1968), and Tilford and Simmons (1972) has been
conducted and it shows good agreement with our data. For the C-X (0-0) the absolute relative error is 0.02%—
0.06% for all rotational levels, for the C-X (1-0) the absolute relative error is 0%—0.02% and for the E-X (0-0)
the absolute relative error is 0.03%-0.07%.

Data Availability Statement

MAVEN EUVM data (Level 3; Version 15 Revision 2) are publicly available in CDF format (Eparvier, 2022).
MAVEN IUVS CO, densities are publicly available in IDL SAV format (Evans et al., 2023b). Duo and ExoCross
are freely available via https://github.com/exomol. Data from the Emirates Mars Mission (EMM) are freely and
publicly available on the EMM Science Data Center (SDC, http://sdc.emiratesmarsmission.ae). This location is
designated as the primary repository for all data products produced by the EMM team and is designated as long-
term repository as required by the UAE Space Agency. The data available (http://sdc.emiratesmarsmission.ae/
data) include ancillary spacecraft data, instrument telemetry, Level 1 (raw instrument data) to Level 3 (derived
science products), quicklook products, and data users guides to assist in the analysis of the data (https://sdc.
emiratesmarsmission.ae/documentation). Following the creation of a free login, all EMM data are searchable via
parameters such as product file name, solar longitude, acquisition time, sub-spacecraft latitude and longitude,
instrument, data product level, etc.

Data products can be browsed within the EMM SDC via a standardized file system structure that follows the
convention:

/emm/data/<Instrument>/<Datal.evel>/<Mode/<Year>/<Month>

Data product filenames follow a standard convention:
emm_<Instrument>_<DatalLevel><StartTimeUTC>_<OrbitNumber>_<Mode>_
<Description>_<KernelLevel>_<Version>. <FileType>

Emirates Mars Ultraviolet Spectrograph (EMUS; Holsclaw et al., 2021) data and users guides are available at:
https://sdc.emiratesmarsmission.ae/data/emus.

Radiances, densities, and corresponding uncertainties utilized in the present analysis can be obtained from Evans
et al. (2024).
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