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Abstract

The Trace Gas Orbiter (TGO) has been orbiting Mars since 2016 with the Nadir and Occultation
for MArs Discovery (NOMAD) UltraViolet and Visible Spectrometer (UVIS) instrument on board.
Focusing on limb observations recorded in the ultraviolet (UV) part of the NOMAD/UVIS spectra, we
describe here the CO Cameron bands, CO," ultraviolet doublet and Fox-Duffendach-Barker (FDB)
bands and [OI] UV emissions. Averaged limb profiles are presented, showing that the strongest
brightness and the highest peak altitudes are reached near perihelion. Ratios between the UV
emissions are also estimated and compared with previous observations from Mariner and Mars
Express. NOMAD/UVIS is the first instrument able to simultaneously acquire data both in the UV and
the visible in the Mars atmosphere so that the oxygen green line at 557.7 nm and its UV counterpart
at 297.2 nm, both originating from the same O('S) upper state level, may be directly compared. A
mean ratio of 15.8 is derived, in close agreement with ab initio calculations. The spectral composition
of the CO," FDB system that have not been observed entirely since the Mariner missions in the 1970s
is analyzed. According to the spectral composition of the FDB bands, we show that this emission is
produced at ~70 % by photoionization of CO, (which populates the shorter wavelengths of the
spectrum) and ~30 % by resonance scattering of solar radiation (which populates longer
wavelengths). No evidence of a change with altitude in the CO," FDB spectral composition is

observed in the NOMAD/UVIS spectra.

Plain language summary

Dayglow is an atmospheric emission occurring on the illuminated side of a planet. This
phenomenon occurs when atmospheric atoms or molecules interact with incoming solar radiation
that produce excited atoms and molecules. When these atoms and molecules de-excite radiatively,
they release photons at specific wavelengths and altitudes, generating airglow. Several space
missions since the 1970s observed the Mars ultraviolet dayglow. The NOMAD/UVIS instrument,
currently orbiting Mars since 2016, is providing new insights on this phenomenon. In this study, we
describe the results of the observations of the Martian UV dayglow by NOMAD/UVIS. We show that
the strongest emissions occur at higher altitudes, when the planet is closest to the Sun. We also
estimate the intensity ratios between the emissions and compare our results with previous
observations from Mariner and Mars Express. The CO," emission between 300 and 400 nm is also
detected for the first time since the Mariner missions in the 1970s. The production mechanisms can

be deduced by analyzing the spectral distribution of this emission. We conclude that photoionization
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of CO, represents ~70% of its production while resonance scattering of solar radiation accounts for
~30 %. This conclusion was predicted by models but this is the first time that observations validate

these simulations. This statement is true at all the observed altitudes.

Key points

e The Mars UV dayglow emissions from CO Cameron, CO," UVD and [OI] UV and
CO," FDB are analyzed using NOMAD/UVIS limb spectra.

e The controversial 557.7nm/297.2nm intensity ratio derived from those
simultaneous measurements is highly reliably determined.

e The full wavelength range of the CO," Fox-Duffendach-Barker band system is
detected for the first time since Mariner.
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1. Introduction

Dayglow is a form of non-thermal atmospheric emission occurring on the illuminated side of a
planet. This phenomenon is produced when atmospheric atoms or molecules interact with incoming
solar radiation. Direct resonant absorption and scattering of the solar light make a first contribution
to the dayglow. lonization of the atmospheric gas by energetic solar radiation, mainly extreme
ultraviolet and X-ray photons, produces photoelectrons carrying an excess energy. When these
electrons collide with atmospheric atoms and molecules, they can transfer energy to these targets
and trigger a broad set of photochemical reactions, many of which produce excited atoms and
molecules. When these atoms and molecules de-excite radiatively, they release photons at specific
wavelengths and altitudes, generating airglow. Several space missions since the 1970s observed the
Mars ultraviolet dayglow. The NOMAD/UVIS instrument, currently orbiting Mars since 2016, is
however providing new insights on this phenomenon. In this study, we describe the results of the

observations of the Martian UV dayglow by NOMAD/UVIS.
1.1. Martian ultraviolet dayglow emissions

Martian ultraviolet dayglow spectra were first observed during the Mariner 6 and 7
flybys, with a spectral resolution of 1 nm between 110 and 210 nm and 2 nm between 190
and 430 nm (Barth et al., 1971). Their analysis revealed the presence of the CO (a’n-x's)
Cameron and (A'N-X'Z") Fourth Positive bands, the CO," (AZI'IU—XZI'Ig) Fox-Duffendach-Barker
(FDB) bands and (BZZU+-X2I'Ig) ultraviolet doublet (UVD) at 288-289 nm, the HI Lyman-a line at
121.6 nm, the Ol UV multiplets at 130.4, 135.6 nm and 297.2 nm and the Cl emissions at
156.1 and 165.7 nm. They analyzed the altitude distribution and excitation mechanisms of
these emissions and drew conclusions concerning the atomic oxygen and CO," abundance.
They found that the altitude distribution of all the emissions was the same, except for the
Lyman-o. and Ol 130.4 nm lines and part of the CO," FDB bands. They also derived
temperatures of the upper atmosphere from the scale height of several emissions.

Stewart (1972) conducted a detailed study of the limb profiles of the CO Cameron, the
CO," UVD and the FDB bands collected during Mariner 6 and 7 limb scans. However, the UVD
and FDB bands were saturated below 140 km, so that the peak intensity and altitude of
these emissions could not be determined. He also concluded that the spectral features in the
middle ultraviolet (MUV) arise predominantly from the interaction of solar photons with

CO,, the major atmospheric constituent, unlike the far ultraviolet emissions that originate
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from minor constituents. The [Ol] 297.2 nm line (Barth et al., 1971; Stewart, 1972) limb
intensity reached 20 kR (kilorayleigh) at 120 km but no usable measurements were available
at lower altitude. Fox and Dalgarno (1979) and Jain and Bhardwaj (2012) implemented
models indicating that solar fluorescence is a negligible source of the CO," UVD emission, but
may be important for the FDB bands.

The ultraviolet spectrometer on board Mariner 9 obtained spectra in the 190-340 nm
range every 3 seconds during 120 days (Barth et al., 1972; Stewart et al., 1972). They
confirmed that most emissions, with the exception of Lyman-a and Ol emissions are excited
by the interaction of solar ultraviolet radiation with CO,.

The Mars far ultraviolet (FUV) disk spectrum was measured between 82 and 184 nm at a
resolution of 0.4 nm with the Hopkins Ultraviolet Telescope (HUT) on board the Space
Shuttle (Feldman et al., 2000). Beyond 125 nm, it is dominated by the CO Fourth Positive
(A'N-X'2") band system and strong Ol and CI multiplets. The distribution of the CO Cameron
and CO," UVD bands have then been measured in the dayglow with the SPectroscopy for the
Investigation of the Characteristics of the Atmosphere of Mars (SPICAM) instrument on
board Mars Express (MEx). The results were described and analyzed by Bertaux et al. (2006),
Leblanc et al. (2006), Shematovich et al. (2008), Simon et al. (2009), Cox et al. (2010), Stiepen
et al. (2015) and Gonzalez-Galindo et al. (2018). They found that the peak brightness and
altitudes of CO," UVD and CO Cameron are, on average, 23 kR at 119 km and 120 kR at 124
km, respectively. However, Montmessin et al. (2017) explained that, because of an increase
of the effective area, the calibration had to be corrected. Hereafter, previous intensities
derived from SPICAM data are corrected to account for this updated detector effective area.

The oxygen 297.2 nm line, originating from the O(S) level, was observed in the SPICAM
dayglow spectra analyzed by Leblanc et al. (2006). It was weaker relative to CO Cameron and
CO," UVD in the SPICAM data than in the Mariner 9 data. Fox and Dalgarno (1979) listed
photodissociative excitation by solar EUV radiation and photoelectron impact dissociative
excitation of CO,, photoelectron impact on O(*P) atoms and dissociative recombination of
0," as potential sources of O('S) atoms. Their model calculations indicated that
photodissociation of CO, was by far the dominant source, especially for the lower peak
region. The same list of processes was used by Gérard et al. (2020, 2021) to successfully
compare their model simulations with the characteristics of the Ol 557.7 nm emission that

originates from the same O('S) level as the 297.2 nm airglow.
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Even though the spectral range of the SPICAM instrument on board MEx extends up to
320 nm, its sensitivity rapidly decreased beyond ~300 nm. No useful information about the
CO," FDB bands could thus be collected.

An extensive set of ultraviolet dayglow spectra has been collected with the Imaging
UltraViolet  Spectrograph  (IlUVS) on board the Mars Atmosphere and
Volatile Evolution Mission (MAVEN) orbiter since November 2014 (McClintock et al., 2015;
Jain et al., 2015). The spectral coverage of the MUV channel extends up to 330 nm. Many
different spectral features have been analyzed and modeled. Gérard et al. (2019) presented
averaged limb profiles of the Cameron bands and UV doublet. They compared them with
numerical simulations using neutral densities from the Mars Climate Database (MCD, Millour
et al., 2012) adapted to the conditions of the observations. They showed that the altitude
and simulated peak intensities of the UVD and Cameron bands are in good agreement with
the observations. The limb intensity distribution of the [Ol] 297.2 nm emission has been
described by Gkouvelis et al. (2018). They found that this emission presents a double
maximum and that the altitude of its lower peak varies during the course of a Martian year
as a result of the seasonal expansion of the atmosphere as the planet approaches perihelion.
Gkouvelis et al. (2020) showed that the altitude of the lower intensity peak follows the
location of the 0.39-mbar level and depends on the atmospheric dust load of the lower
atmosphere. Jain et al. (2015) reported that only the CO," FDB (3-0) and (2-0) bands could be
analyzed in the MAVEN/IUVS spectra. Based on 744 altitude profiles, they estimated the
peak altitude to be located at ~130 km.

Recently the Nadir and Occultation for MArs Discovery (NOMAD) UltraViolet and Visible
Spectrometer (UVIS) instrument on board the Trace Gas Orbiter (TGO) has been orbiting
Mars since October 2016. So far, only the visible part of the dayglow spectra was described.
The oxygen green line at 557.7 nm was detected for the first time in the Mars atmosphere
(Gérard et al., 2020). Statistical studies of this emission were performed by Gérard et al.
(2021), Aoki et al. (2022) and Soret et al. (2022). The intensity ratio |(557.7 nm/1(297.2 nm)
could have been estimated for the first time in the Mars atmosphere. A value of 16.5 + 0.4.
was determined from a limited sample of NOMAD/UVIS dayglow observation (Gérard et al.,

2020). This value agreed with the NIST recommended value of 16.7 (Kramida, 2022).



157

158

159

160

161

162

163

164

165

166

167

168

169

170

171

172

173

174

175

176

177

178

179

180

181

182

183

184

185

186

In this study, we concentrate on the ultraviolet part of the UVIS dayglow spectra. The
UVIS instrument is described in Section 1.2. A validation of our data processing and
calibration is performed with a comparison to the MAVEN/IUVS data in Section 2. Section 3
presents an averaged NOMAD/UVIS dayglow spectrum and Section 4 focuses on the
intensity ratio between the Ol 557.7 nm and 297.2 nm emissions that both originate from
the O('S) metastable state. In Section 5, we generate limb profiles of the dayglow emissions,
study their seasonal variations and calculate UV emission ratios. Finally, in Section 6, we
compare the observed emissions with model simulations and discuss the relative importance

of their different source processes.
1.2. The ExoMars/TGO/NOMAD/UVIS instrument

TGO started orbiting Mars on 19 October 2016 on a quasi-circular orbit at about 400 km,
inclined by 74° relative to the equator. On board, the NOMAD/UVIS spectrometer was
mainly designed to perform solar occultations in the ultraviolet and measure ozone
absorption in backscattered solar radiation. Detailed information about the UVIS
spectrometer can be found in Patel et al. (2017) and Vandaele et al. (2018a, 2018b). In a
special mode, limb measurements are also performed between 200 and 650 nm, with a
spectral resolution that varies from 1.2 nm at 200 nm to 1.6 nm at 650 nm. Part of the CO
Cameron bands, the CO," UV doublet, the FDB bands and the [Ol] line at 297.2 nm can
consequently be observed simultaneously with the oxygen forbidden transitions at 557.7
and 630-636.4 nm (Gérard et al., 2020, 2021; Soret et al., 2022).

In this study, only limb pointing observations are used. They can be made either in the
inertial mode (where a whole range of altitudes of the tangent point is scanned) or the
tracking mode (the altitude of the tangent point is constrained to remain almost constant
during the time of the observation while a latitudinal scan is performed). In the limb tracking
mode, the tangent altitude usually stabilizes within ~20 km during the course of an
observation sequence. Acquisition of inertial limb observations began on 23 April 2019 (MY
35, Ls = 15°) while limb tracking observations started on 3 February 2021 (MY 35, Ls = 358°).
Regarding the data processing pipeline, the instrumental background and dark current (DC)
on the CCD frame is first removed. In a second step, the noise is corrected from cosmic rays,

anomalous and hot pixels. The 81 fully illuminated CCD lines are binned to increase the
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signal-to-noise ratio of the spectrum. Finally, the count rate is converted into brightness
units (kR) based on laboratory measurements obtained during the ground-based and in-
flight calibration campaigns. During these dayglow limb measurements, stray light can easily
be removed thanks to the non-illuminated regions at the top and bottom parts of the CCD.
However, the background noise removal is important as the dayglow signal is very faint. In
addition to the statistical error on the brightness, a possible systematic error is associated
with the uncertainties of the relative instrumental calibration estimated to be less than 10%.

More details about calibration can be found in Willame et al. (2022).

2. NOMAD/UVIS and MAVEN/IUVS concurrent observations

The most recently published UV dayglow observations have been performed by IUVS
(McClintock et al., 2015; Jain et al., 2015) onboard the ongoing NASA MAVEN mission. It has
been orbiting Mars since 21 September 2014 along an elliptical orbit and has acquired a
considerable amount of data. The aim of the MAVEN/IUVS instrument is to study the
Martian upper atmosphere in the far (110-190 nm) and the middle (180-340 nm)
ultraviolet. In the following paragraphs, we compare NOMAD/UVIS limb measurements with
quasi-concurrent MAVEN/IUVS limb observations (Deighan, 2018). Coincidental observation
of the same region by both spacecraft only occur seldom. We searched through the
NOMAD/UVIS database looking for MAVEN/IUVS limb observations acquired at the same
date, at a similar solar zenith angle (SZA) and latitude. The best match was found on 8 July
2020. The UVIS observation started at 11:40:46 UTC time and two IUVS scans performed this
day during MAVEN orbit #11894 were made at about the same time in the vicinity of the
NOMAD observations (about the same latitudes and SZA). Figure 1a shows the comparison
between the averaged 110-130 km UVIS (black) spectra and the two corresponding IUVS
(red) spectra (scans #5 and #6). IUVS Level 1 C (L1C; Schneider et al., 2020; 2021; Jain et al.,
2015) spectra are corrected for detector dark current, background subtracted and calibrated
in physical units. The MUV brightness data carry an estimated systematic uncertainty of
30%. Cleaned data are archived in the NASA Planetary Data System (PDS, see Data
Availability Statement). Despite the fact that observations are not perfectly simultaneous in
time and location, the agreement between the NOMAD and MAVEN spectra is excellent. The

linear Pearson-R correlation coefficient of the spectra reaches 0.85. We thus confirm that

8
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MAVEN/IUVS and NOMAD/UVIS dayside limb observations provide similar ultraviolet
brightness under similar observing conditions. Other quasi-simultaneous observations with
the two instruments confirmed the agreement.

Limb profiles of selected UV dayglow emissions can be compared as well. The procedure
to generate average limb profiles based on individual spectra will be described in Section 5.1
but it is important to underline here that NOMAD/UVIS spectra observations only cover the
passband longward of 200 nm, thus missing the short wavelengths bands of the CO Cameron
system below 200 nm. Based on the comparison with the complete MAVEN/IUVS CO
Cameron spectrum, the UVIS missing part of the Cameron bands corresponds to 22 % of the
total Cameron emission. Hereafter, intensities retrieved from the UVIS spectra between 200
and 260 nm are multiplied by 1.22 to compensate for the missing bands. The limb brightness
of the CO Cameron, CO," UVD and [Ol] UV emissions is plotted as a function of altitude of
the tangent point in panels 1b, Figure 1c and 1d, respectively. Here again, we compare
NOMAD/UVIS (black circles) and MAVEN/IUVS (red lines) measurements. The agreement
between the two instruments is quite good, especially for the UV doublet and [Ol] 297 nm
emissions. The brightness at the peak differs by 6 to 17 %, depending on the emission. The
peak altitudes of the emissions are in excellent agreement: a difference of 5, 2 and 10 km is
observed for the CO Cameron, [Ol] and UVD emissions, respectively. We definitely establish

that MAVEN/IUVS and NOMAD/UVIS provide similar results that can directly be compared.
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Figure 1: a) An averaged NOMAD/UVIS spectrum (black) is shown together with the average
of two nearly coincident MAVEN/IUVS spectra (red, orbit #11894, UTC times 11:38:59 and
11:40:49), acquired on the 2022/07/08 between 110 and 130 km. MAVEN/IUVS (red) limb
profiles of the CO Cameron (b), Ol at 297.2 nm (c) and CO," UVD (d) are overplotted on top
of NOMAD/UVIS (black) measurements.

3. Average UV dayglow spectrum

The NOMAD/UVIS limb database used in this study is composed of a total of 214 orbits,
acquired between 23 April 2019 (MY 35, Ls = 15°) and 31 October 2022 (MY 36, Ls = 330°),
thus covering almost two Martian years. Among these, 145 limb observations have been
performed on the dayside of the planet. The geometry of all the spectra acquired for a SZA
less than 70° and a tangent point altitude between 50 and 200 km is illustrated in Figure 2. It
shows the altitude and latitude of the 7164 dayside limb spectra. Figure 2b indicates that all
altitudes are well covered by these observations (at least 100 observations per altitude bin)
and is thus a representative sample for a statistical study. Panels 2c and 2d respectively
represent the latitudinal and solar longitudinal distributions of the observations. Owing to
the small orbital inclination, low latitudes have been more frequently observed than other

regions. Seasons are also well covered with the exception of the northern summer period.
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Figure 3 shows the average spectrum generated using all UVIS spectra between 105 and
135 km to focus on the altitudes of the maximum of the UV emissions and to limit
contamination either by solar scattered light at low altitude or sky background at higher
ones. Spectra have been corrected by subtracting the average background noise levels that
were estimated in the [249:253], [279:287], [292.5:294.5], [300:304] and [371:375] -nm
wavelength intervals and connected together either with polynomial (for the CO Cameron
and CO," FDB systems) or linear (for the other line emissions) fits. Several of the CO Cameron
bands between 200 and 270 nm can be seen in this averaged spectrum, as well as the CO,"
UVD (288-289 nm) and the [Ol] emission at 297.2 nm. The A *IT,-X 2I—Ig FDB bands were first
identified in a celestial object by Swings and Page (1950) in the spectrum of comet Bester. A
detailed study of the excitation mechanisms of both the FDB bands and the UV doublet in
cometary spectra was published by Festou et al. (1982). For the first time since the detection
in the Mars atmosphere by the Mariner missions in the 1970s (Barth et al., 1971), a large
fraction of the CO," FDB system between 300 and 400 nm is observed with NOMAD/UVIS.
The FDB Mariner spectrum is shown in red in Figure 3. This spectrum has been generated
using four observations acquired between 160 and 180 km. Intensities have been multiplied
by 2 to match the NOMAD/UVIS spectrum (in black). This scaling factor has been applied
because observing conditions were not the same: different solar activity, SZA, latitude and
longitudes. The entire FDB system has not been observed since Mariner in the Mars
atmosphere. Indeed, MAVEN/IUVS detects the (3,0) and (2,0) bands (Jain et al., 2015) but
only NOMAD/UVIS is currently able to observe all the bands. As for the comparison shown
with MAVEN/IUVS in Section 2, the agreement between the Mariner and NOMAD spectra is
excellent. Hereafter, a fit (using a least mean-squares method) of the Mariner FDB spectrum
is performed on each UVIS spectrum between 302 and 399 nm to retrieve the brightness of
the full CO," FDB band system in the NOMAD/UVIS spectra.

No other emission has been identified above the background noise level in the

NOMAD/UVIS spectra.
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correspond to limb tracking data at different altitudes. Distributions of the spectral
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Figure 3: Average of 1480 spectra acquired on the dayside between 105 and 135 km. Four

distinct emissions can be observed: several of the CO Cameron bands between 200 and 270 nm, the

CO," UVD (288-289 nm), the [Ol] emission at 297.2 nm, as well as a large fraction of the CO," FDB
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system starting from 300 nm. The Mariner/UVS CO," FDB spectrum from Barth et al. (1971) scaled to

the IUVS spectrum is overplotted in red.
4. The oxygen visible/UV ratio

The forbidden oxygen lines at 557.7 and 297.2 nm both originate from the same O('S)
excited level. Therefore, their relative intensity corresponds to the ratio of the two transition
probabilities of the 'S > D and 'S = 3P transitions, which is constant at low pressure levels
and equal to 16.7, according to the National Institute of Standards and Technology (NIST)
(Kramida, 2022). The value of this ratio has been controversial for many years as the
theoretical value differed from that observed in the terrestrial airglow by nearly a value of 2:
ratios of 9.8 + 1.0 and 9.3 + 0.5 were found in the terrestrial nightglow and in the Earth
aurora, respectively (Slanger et al., 2006; Gattinger et al., 2009). However, as explained by
Gérard et al. (2020), these values rely on the instrumental calibration of two distinct spectral
windows. Yet, this value is of great importance since this ratio is used to calibrate the
ultraviolet and visible spectral regions. Recently, Gérard et al. (2020) measured this ratio in
the Martian dayglow based on 16 inertial limb scans by NOMAD/UVIS. Contrary to previous
studies based on visible and UV intensities measured with different instruments and with
different absolute calibration, the NOMAD/UVIS instrument allows to directly compare the
relative ratio of the two emissions. The uncertainty of the relative spectral calibration
between the visible and the ultraviolet domains is estimated less than 10%. Based on 104
spectra with a high signal to noise ratio, Gérard et al. (2020) found a value of 16.5 with a
standard error on the weighted means of 0.4, in close agreement with the theoretical value
of 16.7. Using the NOMAD/UVIS dayside limb observations, Soret et al. (2022) found that the
main emission peak of the oxygen green line was statistically located at 82.5 km with a
brightness of 115 kR but did not perform the same analysis for the UV part of the UVIS
spectra. However, with its extended spectral coverage from 200 to 650 nm, UVIS is now able
to measure simultaneously both the oxygen UV and visible emissions in the Martian
dayglow. In this study, we use this opportunity to re-examine the value of this ratio, taking
advantage of the larger number of limb observations at the altitude of the emission peak

now available.

13



325

326

327

328

329

330

331

332

333

334

335

336
337

338

339

340

341

342

343

Figure 4 shows the 557.7nm/297.2nm intensity ratio averaged in 5-km altitude bins. The
variations with altitude have no physical basis and are probably due to the varying signal
to noise ratio and imperfect background removal of the solar scattered radiation. The
mean value is 15.8, with an absolute uncertainty due to the background noise level in the
vicinity of the emissions of 2.4. This ratio is in close agreement with the value

recommended by NIST (vertical grey line) and the earlier determination by Gérard et al.
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Figure 4: Measurements of the intensity ratio of the 557.7 nm/297.2 nm oxygen dayglow
emissions (black dots). The limb data have been binned into 5-km intervals. The vertical line
indicates the theoretical value of 16.7. The grey color represents an estimate of the value of
the absolute uncertainty of the ratio, based on the 1-c deviation of the background noise in

the neighborhood of the emissions.

5. Limb profiles

5.1. Average limb profiles

As was shown in Figure 2a, 7164 spectra have been collected in both the inertial and
tracking limb modes by UVIS on the dayside and are well distributed in altitude. In order to

generate average limb profiles in the UV (as previously done for the visible by Soret et al.,

2022), all spectra have been grouped into 5 km bins (30 bins from 50 to 200 km) of altitude
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of the tangent point of the observation. Then, an average spectrum is estimated in each bin
and corrected from the background noise (see Section 3). Finally, the brightness of every UV
feature is extracted. For each dayglow emission, an averaged brightness is thus obtained at
each altitude, which allows the construction of a mean limb profile. Such limb profiles are
plotted with black dots in panels (a) to (d) of Figure 5 for the CO Cameron, the Ol 297.2, the
CO," UVD and FDB emissions, respectively. The grey color represents an estimate of the
value of the 1-o deviation of the noise in the neighborhood of the emissions.

The Cameron, UVD and FDB emissions all peak at 122.5 km. The Ol 297.2-nm emission,
similarly to the oxygen green line (Gérard et al, 2020; Aoki et al., 2022; Soret et al., 2022),
presents two peaks, the main one being located at 92.5 km. Additionally, colored dots
represent values of measurements from previous observations: red dots refer to Mariner 6
and 7 (Barth et al., 1971; Stewart, 1972) for the UVD and FDB emissions and Mariner 9
(Stewart et al., 1972) for the CO Cameron bands, green dots to MAVEN/IUVS (Gkouvelis et
al., 2018; Gérard et al., 2019) and blue dots to MEx-SPICAM missions (Cox et al., 2010).
Regardless of the emission, NOMAD/UVIS brightness values are always larger than
MEx/SPICAM measurements and smaller than MAVEN/IUVS and Mariner/UVS observations.
The altitudes of the peaks are in very good agreement with previous missions except for
Mariner that detected emission peaks higher in the atmosphere. However, we point out
once again that NOMAD/UVIS results presented here correspond to average values, mixing
all seasons, longitudes and latitudes for solar zenith angles up to 70°, while measurements
from previous missions were made under specific conditions. This is for example the case of
the MAVEN/IUVS data: while IUVS performs observations under various conditions, the
observations presented here correspond to values that have been measured between
October 2014 and June 2018. This time period actually corresponds to the beginning of the
decreasing phase of solar cycle 24 (i.e. a somewhat high solar activity). This is in contrast
with the UVIS limb observations that started in April 2019, a period of deep solar minimum.
Mariner measurements were limited to a few observations, acquired during a very high solar
activity period (solar cycle 20) near perihelion (when the Mars atmosphere is expanding) of
MY 9. MEx/SPICAM observations, on the other hand, have also been performed during a

solar minimum.
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Figure 5: Average limb profiles of the CO Cameron, CO," UVD, Ol 297.2 and CO," FDB dayglow
emissions derived from NOMAD/UVIS observations (black dots). Emission peaks are indicated with
dashed lines and brightness and altitude peak values are mentioned on the bottom left part of each
panel. Results from earlier missions (MAVEN/IUVS in green, MEx/SPICAM in blue and Mariner/UVS in

red) are also indicated for comparison.

5.2. UV emission ratios

Several UV emissions can be observed with the same instrument in the Mars dayglow.
Brightness ratios can thus be directly calculated. Using the generated mean limb profiles of
Figure 5, it is now possible to deduce intensity ratios of the dayglow emissions. Figure 6
shows these ratios (black dots) as well as some comparisons with results from previous
missions (colored dots). It is important to note that while the Cameron and UVD brightness
have been extensively measured during the previous decades, it is not the case for the CO,"
FDB emission. Thus, the determination of ratios with this emission from simultaneous
observations is an important result as described hereafter. Small variations with altitude that

can be observed in the plots are not necessarily real: intensities (and thus ratios) are smaller
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at low and high altitudes and approach the background noise level. The measured values
near the peak of the emissions (between 110 and 130 km) are the most reliable.

As mentioned above, the Cameron/UV doublet ratio has been measured in the past with
Mariner, Mex/SPICAM and MAVEN/IUVS (Barth et al 1971; Leblanc et al., 2006; Cox et al.,
2010; Gonzalez-Galindo, 2018; Jain et al.,, 2015; Gérard et al.,, 2019). From the UVIS
observations, we deduce an average value of 6.6+2.0, consistent with earlier determinations
of about 6.7. This value is also in excellent agreement with the mean ratio of 6.6 measured
in the nightside discrete aurorae (Soret et al., 2021).

Near the peak of the CO Cameron and CO," FDB emissions (between 110 and 130 km), a
Cameron/FDB ratio of 2.3+0.8 is derived from the UVIS observations (Figure 6b). It agrees
relatively well with the nadir model result of 1.5 by Fox and Dalgarno (1979). Finally, this
model predicted a value of 2.7 for the CO," FDB/ CO," UVD ratio to be compared with our
value of 2.8+0.5 and the Mariner ratio of 3.2 (Figure 6c).

In conclusion, UVIS ratios essentially confirm previous measurements and model but are
more precise since many more spectra have been included in this study and values are

provided versus altitude between 90 and 160 km.
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Figure 6: Ratios of the UV emissions derived from NOMAD/UVIS spectra (black dots) and
comparison with results from MAVEN/IUVS (green), MEx/SPICAM (blue) and Mariner/UVS (red). The

grey color areas represent the absolute uncertainties of the ratios.
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5.3.Seasonal variations

In this section, data are now grouped by seasons, in contrast to Section 5.1 where all
observations were combined. Figure 7 shows limb profiles of the UV emissions generated
according to solar longitude (Ls) and latitude. Thus, the first column corresponds to mean
limb profiles in the equatorial region (30° S-30° N), near aphelion (Ls = 71° £ 40 °). The
second column shows averaged limb profiles also acquired in the equatorial region, near
perihelion (Ls = 251° % 40°). Finally, column 3 and 4 represent limb profiles derived from
summer, respectively in the northern and southern hemispheres (a similar figure can be
seen for the visible emissions in Figure 7 of Soret at al., 2022). The rows illustrate, from top
to bottom, the CO Cameron (blue), the Ol 297.2 (red), the CO," UVD (green) and the CO,"
FDB (purple) emissions. As mentioned by Soret et al. (2022) for the visible dayglow
emissions, the UV emissions also exhibit an increase of their peak altitude during the second
part of the Martian year (second and fourth columns). This is a consequence of the inflation
of the atmosphere when approaching perihelion. We note that the Ol emission at 297.2 nm
that originates from the same upper state level as the 557.7 nm line described in Soret et al.
(2022) also shows two peaks: one near 80-100 km (depending on season) and the other near
100-130 km. Finally, the peak brightness is, as expected, stronger near perihelion (second
and fourth columns) than aphelion (first and third columns), due to the increased solar EUV
flux reaching the planet during these periods. Only the CO," FDB limb profiles during the first
part of the Martian year (Figures 7m and 70) are not well defined. The intensity is quite low
during this period and spreads over ~100 nm making it more difficult to detect above the
background noise level. Only reliable brightness are shown in those plots, which prevents

from showing a clear peak in the limb profiles.
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Figure 7: Limb profiles of UV dayglow emissions (Cameron bands in blue, Ol 297.2 nm in
red, UVD in green and FDB in purple, organized by rows, from top to bottom) averaged in
the equatorial region near aphelion (first column) and near perihelion (second column), in
the northern summer hemisphere (third column) and during the southern summer (last

column).

Another way to illustrate the seasonal variations is to plot the peak parameters (altitude
and brightness) of the average limb profiles along solar longitude. All spectra corresponding
to a given solar longitude bin are averaged according to their altitude. Emission brightness
are then determined from these mean spectra to generate average limb profiles of the UV
emissions. The peak altitude and brightness are finally extracted from each average limb
profile to study the seasonal variations of these peak parameters. Such plots are presented
in Figure 8. The top panels represent the variations of the peak altitude while the bottom
ones show the changes of the peak brightness of the UV emissions. The grey lines represent
the solar flux with a 1/r? function that has been normalized and shifted to the mean of the
observed data points, where r is the Sun-Mars distance. These panels globally demonstrate

an increase of both the altitude and the brightness of the emissions near perihelion
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(maximum of the grey line). The increase of the peak altitude near perihelion is a
consequence of the thermospheric temperature increase and the expansion of the upper
atmosphere near perihelion causing the isobar levels to move up (Gérard et al., 2019;
Gkouvelis et al., 2020; Soret et al., 2022). The change in altitude is thus expected at this time
of the Martian year. The increase in the brightness near perihelion is directly explained by
the larger EUV solar photons flux reaching the Martian atmosphere and thus causing
enhanced dissociation and ionization during this period. Some variability in the data can be
observed and can easily be explained since the observations included in each dot do not

share the same properties (latitudes, longitudes, local times and solar zenith angles).
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Figure 8: Peak altitudes (top row) and peak brightness (bottom row) of the UV dayglow
emissions (Cameron bands in blue, Ol 297.2 nm in red, UVD in green and FDB bands in purple) as a
function of solar longitude (Ls). The grey lines illustrate the inverse of the square of the Sun-Mars
distance, normalized and shifted to the mean of the observed data points. It shows that both

guantities generally increase when approaching perihelion (Ls=251°).

6. Sources of the FDB A-X bands

Fox and Dalgarno (1979) explained that the CO," FDB bands are produced by three
mechanisms: photoionization of CO,, fluorescent scattering of sunlight by CO," and electron
impact ionization of CO,. Their model estimates that photoionization of CO, is the major
source of the FDB bands (~60%), while fluorescent scattering produces ~25% of the
emission. They conclude that electron impact excitation is a minor source (~15%). Hereafter,

we thus decide to neglect this last source, since it remains somewhat marginal, and we do

20



482

483

484

485

486

487

488

489

490

491

492

493

494

495

496

497

498

499

500

501

502

503

504

505

506

507

508

509

510

511

512

not expect to be able to finely assess its importance based on the analysis of the recorded
spectra. The contributions that we will estimate for the two other mechanisms can then be
considered upper bounds, though quite close to the actual values.

The spectral composition of the FDB bands observed in the Mars dayglow during the
Mariner 6 and 7 missions have been analyzed by Barth et al. (1971). They compared the
spectral distributions expected from solar resonance scattering (fluorescence) and produced
in the laboratory by photoionization (Figure 9a). They commented that the observed spectral
composition demonstrates that the production of this emission is mainly due to
photoionization excitation of CO,. CO," fluorescence was estimated to account for only 10%
of the total emission. This conclusion was confirmed by model calculations by Stewart et al.

(1972).

Cometary spectra showing CO," bands have later been analyzed by Festou et al. (1982) and
Kim (1999) who found that both UVD and FDB systems are excited by fluorescence
scattering of CO," ions. Kim (1999) compared a spectral model of the A-X and B-X bands
with observations of comets Austin (1989c1) and P/Giacobini-Zinner. They derived the
values of the fluorescence efficiencies (101 g-factors, number of photons scattered per atom
in s™) that can be used to construct a synthetic spectrum based on the relative intensity of
the emission bands. Figure 9b shows this spectrum smoothed to the spectral resolution of
the UVIS instrument. Comparison with Figure 9a showing the photoionization spectral
distribution indicates some important differences. Photoionization mainly populates the FDB
bands at shorter wavelengths ((3,0), (2,0) and (1,0) bands) in contrast with fluorescence that
populates wavelengths longer than 335 nm (the (1,0), (0,0), (0,1) and (0,2) bands). Here,
every 5 km of altitude bin, we minimize the least mean squares of the linear combination of
the photoionization and fluorescence spectra to find the best fit of the observed UVIS
dayglow spectrum. Our statistical analysis of the best fits indicates that photoionization is
the main process producing the FDB bands in the Mars dayglow and contributes ~70 % of
the total intensity with a 30% contribution from resonance scattering. This result is in good
agreement with Fox and Dalgarno (1979)’s model that estimates photoionization to
represent ~60 % of the total CO," FDB brightness at the peak but not with Barth’s analysis of
the Mariner spectra. Based only on the (3,0) and (2,0) FDB bands observed with
MAVEN/IUVS, Jain et al. (2015) found that the scale heights of the CO," FDB and UVD
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emissions are similar, indicating the same production source. This is consistent with the fact
that photoionization produces the UVD emission and largely dominates the shorter
wavelengths of the FDB system. However, it does not reflect the fluorescence component
observed in the FDB spectral composition at longer wavelengths. Similarly to Stewart et al.
(1972)’s analysis, no evidence of a change with altitude in the CO," FDB spectral composition

is observed in the analyzed NOMAD/UVIS spectra.
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Figure 9: a) Laboratory photoionization spectrum from Barth et al. (1971) for a
monochromatic illumination at 58.4 nm, b) Synthetic fluorescence spectrum smoothed to
the UVIS spectral resolution (adapted from Kim, 1999), c) Best least mean squares fit of the
linear combination of the photoionization (blue, 70%) and fluorescence (green, 30%) spectra
(total in red) to match the observed UVIS dayglow spectrum (black) acquired between 125
and 130 km.
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7. Conclusions

This study focuses on the UV emissions of the Mars dayglow observed with
NOMAD/UVIS. Between 200 and 400 nm, four emissions have been observed: CO Cameron,
CO," UVD and [OI] UV and CO," FDB. The first three emissions have already been studied
with past and ongoing missions, such as Mariner, Mars Express and MAVEN. However, it is
the first time that they are simultaneously observed with visible emissions, such as the
oxygen green and red line. The oxygen 557.7nm/297.2nm intensity ratio of 15.8 &+ 2.4 has
been derived from a large statistical database. The value of this ratio has been controversial,
yet it is critical to the calibration of UV and visible instruments. The CO," FDB emission,
however, had not entirely been observed since the Mariner era in the 1970s. A comparison
of the NOMAD/UVIS CO," FDB spectrum with photoionization and resonance scattering
spectra confirms that photoionization is the main mechanism for the FDB bands excitation
(~70 %). Photoionization populates wavelengths between 300 and 345 nm, but fluorescence
makes a non-negligible contribution to the excitation of the longer wavelengths. Our
statistical study of this emission has shown that its peak is located between 120 and 140 km,
depending on season. We also demonstrate that all the UV dayglow emissions are brighter
and occur at higher altitudes when approaching perihelion.

Additionally to the seasonal effect, we expect global dust storm to have a non-negligible
impact on the emission characteristics. An increase of the peak brightness and altitude is
also expected with a stronger solar activity. Keeping track of these dayglow emissions in the
future would thus allow to quantify the interannual variability of these emissions, especially
during special events such as dust storms or a stronger solar activity. The dynamics of the
upper atmosphere could thus be tracked over time and provide strong constraints to
models. Additionally, the main asset of these measurements is to probe the atmosphere at
all local times, while other NOMAD instrument measurements mostly occur at the

terminator, during solar occultations.
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