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Abstract Mars' ultraviolet dayglow has been used to study its upper atmosphere for over four decades.
Identifying variations in emission features has provided information on composition, density, and temperature.
The Emirates Mars Ultraviolet Spectrometer onboard the Emirates Mars Mission observes Mars' dayglow at
Far and Extreme UV wavelengths. Variations in disk emission features are studied, with a focus on O 1 130.4,
CO Fourth Positive Group and C I 156.1 nm. All show variations with local time (LT) and emission angle

as expected. Dawn-dusk asymmetry observed is attributed to LT differences in advection. Variations in the
brightness of several dayglow features, including 130.4 nm, with irregular shapes are noted in around 25% of
the disk images. These display some LT and hemispheric asymmetry in their occurrence rates. Examination of
their spatial structure, occurrence, and spectra suggests these are associated with variations in composition and
photoelectron flux.

Plain Language Summary Measurements of ultraviolet light coming from Mars' upper atmosphere
has been used to measure its properties. From the color and brightness of the light, it is possible to identify both
what chemical species are present in this region, their temperature and other information. The Emirates Mars
Ultraviolet Spectrometer onboard the Emirates Mars Mission makes observations of this ultraviolet light in
wavelength regions described as far and extreme ultraviolet. This study looks at emissions of far ultraviolet light
that correspond to oxygen atoms, carbon monoxide, and carbon dioxide molecules. The circulation of gases in
the upper atmosphere results in a difference in the brightness of these emissions between dawn and dusk. This
study also introduces observations of irregularly shaped bright patches in these emissions. The shape, location,
and spectra of these suggest they are the result of changes in the chemical composition of the upper atmosphere.

1. Introduction

Observations of ultraviolet dayglow provide information about the composition, energetics and dynamics of
planetary atmospheres and ionospheres (e.g., Hendrix et al., 2014). The first of Mars were taken by Mariner 6,
7 and 9 (e.g., Barth et al., 1969; Stewart, 1972). These covered the Far and Mid ultraviolet (FUV, MUV) from
~110.0 to 430.0 nm and revealed dayglow features associated with H (Lyman alpha), O (130.4 and 135.6 nm),
C (156.1 and 165.7 nm), CO (Fourth Positive Group and Cameron bands) and CO,* (Ultraviolet Doublet and
Fox-Duffendack-Barker bands). Subsequently, the UV dayglow has been observed by spacecraft orbiting Mars
including Mars 2 and 3 (e.g., Dementyeva et al., 1972), Mars Express (e.g., Bertaux et al., 2006), Mars Atmos-
phere and Volatile EvolutioN (MAVEN) (e.g., McClintock et al., 2014), and ExoMARS Trace Gas Orbiter (e.g.,
Lépez-Valverde et al., 2018). Adding to these are observations from Earth with the extreme UV (EUV) Explorer
(e.g., Krasnopolsky, 2002), Hubble Space Telescope (e.g., Bhattacharyya et al., 2017) and the Hopkins University
Telescope (HUT; e.g., Feldman et al., 2000). Collectively, these have provided insight into the Martian thermo-
sphere (e.g., Evans et al., 2015; Jain et al., 2015), and ozone (Lefévre et al., 2021), clouds, dust and aerosols at
lower altitudes (e.g., Miitténen et al., 2013; Stevens et al., 2017).

Observations of the Martian dayglow can be grouped into two categories: those made of the limb that can provide
altitude profiles; and those made of the disk, which provide no altitude resolution but can offer more spatial
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coverage per observation. At Mars, disk observations of FUV and EUV dayglow provide information on the
thermosphere, owing to strong CO, absorption below. This study focuses on FUV disk observations.

The Emirates Mars Mission (EMM; Amiri et al., 2022) reached Mars in February 2021. From its high-altitude,
54.5 hr orbit, EMM is focused on studying the Martian atmosphere, its connection to the exosphere and
atmospheric escape (Almatroushi et al., 2021). The Emirates Mars Ultraviolet Spectrometer (EMUS) is a
one-dimensional imaging ultraviolet spectrometer, designed to observe the upper atmosphere and exosphere
(Holsclaw et al., 2021). EMUS began taking regular science data in June 2021.

This work presents the EMM EMUS disk dayglow observations. Section 2 introduces these data, with a focus on
three emission features. Section 3.1 shows the overall pattern of these features, their variation with LT and view-
ing angle. Section 3.2 highlights how the observed dayglow can deviate significantly from the patterns shown in
Section 3.1.

2. Data

EMUS observes the Martian dayglow from 83.0-180.0 nm. The instrument design and performance are described
by Holsclaw et al. (2021). The instantaneous field of view (FOV) is a narrow slit, 10.75° in the imaging direction.
The disk observations used here are made from EMM's high-altitude (periapsis 19,970, apoapsis 42,650 km),
25°-inclination orbit. An image of the disk is built-up by slewing the spacecraft perpendicular to the imaging
direction as a pushbroom. This is done in two operating modes, OS1 and OS2. OS1 scans take 8.9—17.4 min
(from apoapsis to periapsis), utilizing the 1.3 nm resolution slit, while OS2 take 11.2-21.8 min, utilizing the
1.8 nm resolution slit. A complete image of the dayside disk is built up from two OS1 scans or three OS2 scans.
An example of an OS1 is shown in Figure 1. Both OS1 and OS2 scan durations are short and have high spectral
resolution, so are used interchangeably hereafter.

This study uses the Level 2B data. This L2B data is based on the L2A data, which is calibrated data in physical
units derived from the L1 raw detector images in terms of counts. The data reduction process from L2A to L2B
involves the multiple linear regression (MLR) fitting of reference spectra to the calibrated data, and the reference
spectra are modeled from “pure” spectra. The effects from radiometric sensitivity etc. are then applied, similar
to that employed for MAVEN-IUVS (Jain et al., 2015; Stevens et al., 2015). Further details on the EMUS MLR
fitting are shown in Evans et al. (2022), and a comparison of the EMUS L2A spectrum to Feldman et al., 2000
is shown in Jain et al. (2022).

Three dayglow features are highlighted in this study. These are: 130.4 nm from O 3P — 3S° (e.g., Barth et al., 1971;
01304 hereafter), the CO (14,4) band of the Fourth Positive Group covering ~120-180 nm (A'TI-X'Z+; CO4PG
hereafter), and 156.1 nm from C 3D° — 3P (e.g., Barth et al., 1971; C1561 hereafter). 01304 comes from reso-
nant scattering of sunlight (Stewart et al., 1992; Strickland et al., 1972, 1973), electron impact on O, CO, and
CO, (Ajello, 1971a, 1971b; Zipf & Erdman, 1985), and photodissociative excitation of CO and CO, (Gentieu
& Mentall, 1973; Wu & Judge, 1979). The photodissociation sources and electron impact on CO and CO, are
negligible compared to resonant scattering and electron impact on O (Chaufray et al., 2009; Simon et al., 2009).
There is also blending with CO 4PG at 130.4 nm, however the contribution is weak relative to dominant sources.
The 4PG emission at 135.6 is a blend of the O I 135.6 nm doublet, the CO 4PG (14,4) band excited by solar
Lyman alpha photons, and a weak contribution from the N, LBH (3,0) band, where the relative contributions are
dictated by the local O, CO, and N, mixing ratios, respectively (Durrance, 1981; Kassal, 1975, 1976). Based on
observations using HUT, Feldman et al. (2000) concluded that most of the observed emission at 135.6 nm is due
to CO. The C1561 emission's primary excitation mechanism is photoelectron dissociative excitation of CO, at the
airglow peak (~130 km), with a ~10% contribution from resonant scattering by C to the total column brightness
(Lo et al., 2022).

Figure 1 shows an example of the three dayglow features for an OS1. In panels c—f, the vertical direction corre-
sponds to the 10.75° instantaneous FOV. All emissions show a general decrease in brightness with increas-
ing solar zenith angle (SZA), dropping significantly at night. Additionally, all show an increase in brightness
approaching the dayside limb, corresponding to high zenith emission angles (EMA). The horizontal banding in
the data that is most clear in the 01304 results from imperfections in the instrument flatfield along the imaging
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Figure 1. Example OS1 disk observation. Panels a and b show the geometry of the observation and motion of the slit as the
observation is formed. Panels c through e show the brightness of 01304, CO4PG, and C1561, respectively and correspond
to scan O in panel (b) Panel f shows the solar zenith angle of each point on the disk. In each panel, the vertical dimension
corresponds to the instantaneous imaging direction and the horizontal dimension corresponds to the motion of the imaging
slit. The axes correspond to the pixels in the L2B image. The horizontal banding visible in 01304 results from imperfections
in the instrument flatfield along the imaging direction.
direction. These produce an ~15% variation for the affected pixels. It is worth noting that these imperfections
appear at different locations on the disk with each observation.
The following section explores the overall variation in dayglow brightness with both EMA and LT. For this, a
sequence of observations covering a wide parameter space are required. Selecting the OS1 and OS2 observations
from June 11-15 September 2021 (solar longitude, L, = 57°-99°) provides sufficient coverage, while restrict-
ing seasonal and solar EUV changes as much as possible. The MAVEN EUV monitor (EUVM) data for this
time-period (Eparvier et al., 2015) reveals that the solar EUV was nearly constant, with higher flux on July 13
and 15. Excluding these days removes the effects of changing solar EUV hereafter.
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Figure 2. Panels a through c show the brightness of the 01304, CO4PG, and C1561, respectively, as functions of local time (LT) and emission angles (EMA). The
median values of the emissions observed from +5° of the equator, during June 11-15 September 2021, are shown. Panel d shows the variation in brightness at 12—13 hr
LT with EMA, where the solid lines correspond to the median values and the dotted lines show the uncertainty corresponding to one standard deviation. Panel e is as
panel d, but for the values from 20-30° EMA, as a function of LT. C1561 has been increased by a factor of 4 in panels d and e for clarity. Panel f shows the dawn-dusk
asymmetry in the brightness of the emissions. Here, dawn corresponds to 7-8 hr LT, and dusk to 16—17 hr LT. The percent values correspond to (dawn-dusk)/dusk.

3. Method and Results
3.1. Variation With LT and EMA

To investigate the variation in the dayglow with LT and EMA, all OS1 and OS2 data described in Section 2 are
used. As the L range is close to northern summer solstice, only data from +5° latitude are included, leaving
only variations in LT and EMA (removing SZA effects that are not accounted for by LT). All data are then
binned into 1 hr by 10° bins for EMA <80° (avoiding the limb). Figure 2, panels a—c show the average (median)
brightness of the three dayglow features as functions of LT and EMA. The general variation is as expected, with
the brightest dayglow in all three emissions seen near local noon, and at higher EMA (corresponding to longer
viewing path lengths through the dayglow layer). Figure 2, panels d and e show this in more detail, where panel
d shows the variation with EMA in all three emissions at 12—13 hr LT and panel e shows the variation with LT
at 20-30° EMA. Both the median and one standard deviation ranges (resulting from both geophysical variations
and measurement uncertainty) are shown. The variation with EMA shows an increase in all three emissions, but
the relative increase for C1561 is notably larger.

The variation with LT is similar for all three, with some morning—afternoon asymmetry visible. To investigate
the morning-afternoon asymmetry in more detail, data close to dawn and dusk are selected. Here 7-8 LT is used
to represent dawn and 16—-17 LT for dusk to avoid the extremely low signal at the terminator, especially in the
C1561 emission. The dawn-dusk asymmetry is shown in Figure 2, panel f. Both the 01304 and CO4PG emissions
show similar behavior, with dawn being ~10%-20% brighter than dusk at all EMA. The C1561 emission shows
a distinctly different behavior, showing generally the opposite trend at most EMA, except for the very lowest.
The positive asymmetry in C1561 in the 10-20 EMA bin should perhaps be viewed with caution as the dawn
10-20° EMA bin contains one tenth the number samples than any other, and the largest uncertainty of any point.
Excluding this bin, the average asymmetry for 01304 is 13.5% + 3.1%, for CO4PG is 15.4% + 7.6%, and for
C1561 is —12.3% + 6.1%.
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Figure 3. Examples of irregularly shaped dayglow variations. The left two columns correspond to a pair of observations on the same day. The brightness of O1304 and
C1561 are shown, along with the corresponding solar zenith angle (SZA) for each image. The irregularly shaped variations are clear in O1304 emission in both cases,
and absent in C1561. Panel ¢ shows another example of an irregularly shaped variation in O1304. The cross corresponds to a point at 26° SZA, 39° emission angles
(EMA), and the star is at 28° SZA, 38° EMA. The same spectrum is shown in panels f and i, corresponding to sum of nine pixels around the cross and star shown in

panel c.

3.2. Irregularly-Shaped Dayglow Variations

While the previous section showed the average variations in the dayglow with EMA and LT, this section focuses
on notable departures from this behavior, where the variation in the brightness of the dayglow cannot be explained
by geometric effects such as LT, SZA and EMA. Perhaps the most clearly visible of these are large (>10° on the
disk) regions where some of the dayglow features are significantly brighter than expected, which occur in some of
the disk scans. Figure 3 shows several examples of this. The left and central columns show examples from 18 June
2021, taken approximately 5 hr apart. The irregularly shaped bright features in O1304 are evident in both, with
shapes and locations that do not follow either EMA or SZA. No similar features are evident in C1561. For a closer
examination of the spectral differences between regions exhibiting this brightening in some dayglow features, the
right column of Figure 3 shows an example from 22 July 2021. In this example, the geometry of the observation
provides the opportunity to sample two regions of the disk with almost identical SZA and EMA, one inside the
bright region of O1304 and one outside (identified by the star and cross symbols). Panels f and i show the spectra
averaged over nine points around these two locations (to provide sufficient signal in the dimmer features). It can
be seen from panel f that the brightness of 01304 is 40% higher inside this region than the comparable location
outside, which is well beyond the variation expected from the patterns shown in Figure 2, instrument noise etc.
Panel i shows that these variations are strongly dependent on wavelength, with some showing large increases
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Figure 4. Distribution of the dayglow observations, and approximate locations of the irregularly shaped bright features seen
in O1304. Panels a and b show the number of observations from June 11-15 September 2021, as functions of latitude and
local time (LT) and latitude and longitude, respectively. Panels ¢ and d show the approximate locations of the irregularly
shaped bright features. The color-coding corresponds to the month of the observation. Note that some locations overlap,
such as near 9-11 hr LT, 10-30° north in panel d. A complete listing of the locations and dates is given in Supporting
Information S1.

such as the blended feature at 135.6 nm and the CO Hopfield-Birge (B-X) (0,0) band near 115.0 nm (which is
expected to behave similarly to the CO4PG as both are produced by thermal CO), while others see almost no
change, including C1561 and the CI feature at 165.7 nm, both of which are primary generated by electron impact
dissociation of CO, (e.g., Lo, et al., 2022).

Examining a number of the irregularly shaped bright features in the 01304 emission, a wide range of shapes,
sizes and locations are seen. These occur sporadically. To make progress in identifying potential sources of these
features, the times and locations of these features have been identified. As each feature has a different, amorphous
shape, this identification has been done by eye. While this approach is potentially impact by human subjectivity,
it offers a useful starting point before a more rigorous algorithm can be developed. For this, all of the 01304
images during the 3 months considered were examined, and the presence of bright features occurring away from
the limb that were not related to SZA, or EMA were noted, along with their approximate central location and LT.
A complete list of these is given in Supporting Information S1.

Panels ¢ and d of Figure 4 shows the distribution of the irregularly shaped bright features identified. To inter-
pret this distribution, it is important to consider the sampling distribution within the date range used, which is
shown in Figure 4, panels a and b. The distribution with latitude and longitude shows a greater concentration of
data points at low latitude, with a drop-off beyond +45° latitude. The distribution of data with latitude and LT
is uneven and must be taken into account. Noting these trends, the distribution of the occurrences of irregularly
shaped bright features are shown in Figure 4, panels ¢ and d. Panel d shows a clear hemispheric asymmetry in
the occurrence rate of these features, with a higher occurrence rate in the northern hemisphere. No preferred
longitude range is evident. Panel c shows a clear LT asymmetry, with a higher occurrence rate before local noon.
Re-examining panel a, some amount of asymmetry is expected, as during the pre-noon hours there are more data
available in the north than the south. Thus, if either the pre-noon or northern-hemisphere trends are real, the other
may be seen in these plots. Looking at this in more detail, the asymmetry in the data availability at +30° latitude
at 9 LT is a factor of ~3. The asymmetry in the data availability at +30° latitude between 9 LT and 15 LT is a
factor of ~2. The recorded asymmetry in the occurrence rate between north and south, and pre- and post-noon
are both about a factor 7. This suggests that the observed asymmetry is not simply an artifact of the sampling,
although with a relatively small sample size it is not clear how strong the true asymmetry is.
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4. Discussion and Conclusions

The equatorial disk brightness of three dayglow features (O 130.4 nm, Lyman-Alpha pumped CO 4PG, and C
156.1 nm) are examined for data from June 11-15 September 2021 (L, = 57°-99°). Focusing on the median
brightness, that are not significantly affected by the irregularly shaped variations considered below, the following
can be understood:

1.

The brightness of all three dayglow features respond most directly to the angle to the Sun (LT and/or SZA) and
EMA. All three follow the same basic pattern of becoming brighter at lower SZA, and higher EMA, consistent
with the changes in solar EUV input and ray path length through the emitting layer. The variations in CO4PG
and 01304 are the most similar. The C1561 emission varies more strongly with EMA and varies in the oppo-
site manner between near dawn and near dusk.

The change in brightness of the three emissions between low and high EMA are not the same. For 01304, the
variation between 5° and 75°EMA is about a factor of 1.3, for CO4PG it is about a factor of 2 and for C1561
it is about a factor of 4. For optically thin emissions such as C1561, the increase with EMA is consistent with
the varying ray path length through a slab emitting layer (following 1/cosine (EMA)). For the optically thick
01304 and CO4PG, further interpretation would require more detailed modeling.

Focusing on the differences near dawn and dusk, 01304 and CO4PG display a similar degree of asymmetry,
with dawn brighter than dusk at all EMA (averaging 13.5% + 3.1% and 15.4% + 7.6%, respectively). Assum-
ing that the brightness of the 01304 and CO4PG emissions at a particular latitude, SZA and EMA is governed
by the column ratios of O/CO, and CO/CO, in the thermosphere respectively (as they are produced by resonant
scattering of sunlight by O and CO, and absorbed by CO,), the observed asymmetry can be attributed to the
influence of advection on the composition of the thermosphere that is believed to also produce asymmetries in
He/CO, between dawn and dusk (e.g., Elrod et al., 2017; Gupta et al., 2021). Quantifying this compositional
asymmetry for these optically thick emissions would require modeling that is beyond the scope of this paper.
Across most EMA, C1561 displays the opposite dawn-dusk asymmetry (average of —12.3% + 6.1%.). This is
understood as an increase in CO, leads to a decrease in 01304 and CO4PG via absorption, but an increase in
C1561 via higher photoelectron dissociative excitation of CO,.

EMUS offers the first synoptic view of the Martian thermosphere in the FUV. Examining the disk images, around
one quarter of the O1304 images display irregularly shaped variations in brightness that are not simply related
to geometry. These patches of brighter dayglow span 10 s° across the disk, have amorphous shapes, and occur
sporadically throughout the data set.

1.

The irregularly shaped bright features only appear in some dayglow features, and are perhaps clearest in
01304 as a result of its high signal-to-noise ratio (SNR), and the fact that the brighter spots are >10% brighter
than otherwise comparable regions. Variations in O1304 are known to result from a variety of processes. The
origin in this case is unlikely to be instrumental noise, as they greatly exceed the SNR (the cross compared to
the star in Figure 3c corresponds to an SNR of 19), are coherent across many adjacent pixels, and show up at
comparable strengths in several wavelengths. They are unlikely to be associated with true temporal changes
in solar EUV flux, both as this is largely constant through the dates analyzed and as any sudden change in
solar EUV (e.g., from a flare) would create a signature that is aligned with the vertical direction (the instanta-
neous FOV) in the images shown (which is not the case e.g., Figure 3), and would not show up in successive
images of the planet taken around 5 hr apart (Figures 3a and 3b). They are unlikely to be associated with
precipitating electrons as they show no apparent correspondence to the crustal magnetic field regions (e.g.,
Brain et al., 2003; Connerney et al., 2001), and the magnitude of the signature seen (e.g., in O1304) is an
order of magnitude larger than that seen in auroral signatures on the nightside (Lillis et al., 2022). Following
the above process of elimination and concluding that these variations are both real, and not caused by external
factors that modulate the dayglow production rate leaves real thermospheric variations as the most likely cause
of these features. Variations in thermospheric temperatures and composition have been reported from both
remote and in situ observations (e.g., England et al., 2016; Jain et al., 2015). While a detailed analysis of the
response of each emission to changing composition and photoelectron flux is beyond the scope of this paper,
it is known that the production of photoelectrons at Mars is highly variable, and likely the result of changes
in thermospheric composition (e.g., Lillis et al., 2021). Thus, one plausible explanation for the irregularly
shaped bright features in the dayglow is changes in the thermospheric composition, perhaps amplified in terms
of relative changes in the emission brightness via modulation of the photoelectron flux in the vicinity of the
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dayglow peak. The variable response at different wavelengths is then plausibly the result of changes in the
composition of the thermosphere.

2. Exploring the spatial and temporal distribution of the irregularly shaped features in 01304, the highest occur-
rence rates are seen in the northern hemisphere, before noon. Further data would be required to determine if
this is always the case, or more simply reflects the limited L, range examined here. No preferred longitude or
latitude, beyond generally northern hemisphere, is apparent. The underlying cause of this remains unknown.
Assuming that these features are associated with a real variation in thermospheric composition, interacting
with varying photoelectron flux, further observations and modeling of the composition and resultant dayglow
will likely be required to fully understand the nature of these features. The sporadic occurrence of these
features may contribute to why they have not been reported in prior observations from Mars, but perhaps
reexamination of these data will now yield further understanding of these features.

Data Availability Statement

The EMUS Level 2B data used in this study are available at the Emirate Mars Mission Science Data Center at
https://sdc.emiratesmarsmission.ae/data/emus. 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. Software to read the L2B files is also provided at the EMM repository. Extreme UV monitor Level 2
data used are available at the Planetary Data System (PDS) Planetary Plasma Interactions Node, https://pds-ppi.
igpp.ucla.edu/mission/MAVEN/MAVEN/EUV. The locations of each point in Figure 4 are provided in Table S1
of Supporting Information S1.
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